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Microfluidic field-effect flow control (FEFC) modifies the
¢ potential of electroosmotic flow using a transverse
electric field applied through the microchannel wall.
Previously demonstrated in silicon-based and glass mi-
crosystems, FEFC is presented here as an elegant method
for flow control in polymer-based microfluidics with a
simple and low-cost fabrication process. In addition to
direct FEFC flow modulation, independent transverse
electric fields in connected microchannels are demon-
strated to produce a differential pumping rate between the
microchannels. The different electroosmotic pumping
rates formed by local £ potential control induce an internal
pressure at the microchannel intersection, resulting in
hydrodynamic pumping through an interconnecting field-
free microchannel. Modulation of the voltages applied to
the gate electrodes adjusts the magnitude and direction
of the bidirectional pressure pumping, with fine resolution
volume flow rates from —2 to 2 nL/min in the field-free
microchannel demonstrated.

Electroosmotic flow (EOF) is a suitable method for bulk fluid
pumping in disposable microfluidic systems since it requires no
mechanical parts, greatly simplifying device fabrication.!™* An
electric field applied longitudinally through a microchannel
containing an electrolyte solution generates EOF pumping.® Within
a few nanometers from the microchannel wall, a potential differ-
ence, known as the ¢ potential, develops due to the charge
separation of the electrolyte counterions and the surface charge
of the wall. For a negative ¢ potential, the applied longitudinal
electric field drives the accumulated positive counterions at the
solution—wall interface electrokinetically toward the cathode. The
momentum of the counterions imparts a velocity on the solvent
molecules from viscous interactions to produce bulk fluid pumping
in the direction of counterion transport.

From the Navier—Stokes relation for incompressible fluid flow
with wall-slip boundary conditions, the electroosmotic velocity can
be expressed as

Ug, = —(es/n)E

where ¢ is the dielectric constant, # is the fluid viscosity, E is the
longitudinal electric field, and ¢ is the zeta potential.® Assuming
that the values of € and » remain constant everywhere in the
microchannel, then EOF flow direction and magnitude are pro-
portional to both the ¢ potential and the applied EOF electric field.

For coupled microchannels in a microfluidic network, adjusting
the individual flow velocities in each of the microchannels can be
difficult to achieve by changing the applied EOF voltages, due to
splitting or summing of the electric fields at the intersections
within the network. As one solution to this challenge, surface
coatings on glass™® and plastic®~!! substrates have been used to
locally modify the ¢ potentials, and thus the flow rates, in
microchannel systems. However, this method does not allow
dynamic control over flow. An alternate method used to dynami-
cally adjust the ¢ potential involves applying a transverse electric
field through the microchannel wall. The term “field-effect flow
control” (FEFC) is used here to describe this technique. The
transverse electric field has been generated through fused-silica
capillaries'?~4 and through the walls of microchannels composed
of silicon nitride,* glass,* and thermally grown silicon dioxide."18
The degree of EOF control is inversely proportional to the wall
thickness and proportional to the dielectric constant of the wall
material and the applied transverse electric field.?® Thus, it is
critical in FEFC applications for the wall material to exhibit
adequate voltage breakdown strength to withstand high transverse
electric fields across thin-film walls possessing a relatively high
dielectric constant.

FEFC offers several important benefits for bioanalytical ap-
plications using polymer microfluidics. In addition to enabling EOF
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control using only low-voltage signals for general micropumping
needs in disposable plastic chips, the use of differential electroos-
mosis is promising for localized pressure pumping in microfluidic
networks. Capillaries with two different ¢ potential regions, hence
differential EOF pumping rates, generate a hydrostatic pressure
at the intersection of the two regions in order to satisfy continu-
ity.2 Visualization experiments of caged fluorescent dye in coupled
capillaries show that parabolic flow profiles exist in the capillaries
due to the pressure induced at the capillary union.?t Similar
velocity profiles results were confirmed with finite element
modeling of a T-channel intersection with differential ¢ potentials.??

Beyond general on-chip micropumping applications, FEFC
technology also provides the ability to fine-tune EOF velocities
during biomolecular separations. For example, it is important to
control the magnitude and direction of EOF when performing
electrophoretic or chromatographic separations in order to control
the precision of analyte migration times and to maximize separa-
tion efficiency and resolution. Furthermore, when performing
multiple separations across different chips, or parallel separations
on a single chip, maintaining the same EOF conditions for all
separations is critical to ensure uniform results from each
separation channel. Significant nonuniformities in EOF within
microfluidic systems can occur naturally as a result of variations
in as-fabricated channel dimensions and surface properties,
variations in postfabrication surface modifications and analyte
adsorption, and variations in buffer conditions. FEFC thus provides
a mechanism for dynamic control of EOF, with the potential to
optimize separation efficiency and resolution while improving
uniformity across multiple separations, all through the application
of only low-voltage bias signals.

This paper reports the use of FEFC to dynamically modulate
the ¢ potential in a polymer microchannel network. Pressure-
driven flow in a field-free microchannel located at the T-intersec-
tion of two microchannels with separate FEFC gate electrodes
results from the differential EOF pumping rates. Figure 1 depicts
the cross-sectional layout along the two main microchannels and
shows representational velocity profiles from the modulated &
potentials due to FEFC in the main microchannels. As illustrated
in Figure 2, varying the FEFC gate voltages under constant
longitudinal EOF electric field strength manipulates the magnitude
and direction of the pressure-driven flow velocity in the field-free
microchannel.

In addition to the use of differential EOF for generating
pressure-driven flow, this work demonstrates FEFC in a plastic
microfluidic system. The use of plastic materials for microfluidic
applications shows great promise for the realization of disposable
bioanalytical platforms. Plastics that are popular for use in
microfluidics include poly(carbonate) (PC),23~% poly(dimethylsi-
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Figure 1. Cross-sectional schematic of the FEFC gate electrodes
in a T-intersection microchannel network. The field-free microchannel
(ff) is shown between the two FEFC gate electrodes.
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Figure 2. Differential EOF pumping rates from gate voltages applied
to the FEFC electrodes producing (a) positive pressure for flow down
and (b) negative pressure for flow up the field-free microchannel (ff).

loxane) (PDMS),%-2 poly(ethylene terephthalate),22 poly(methyl
methacrylate),®3! polystyrene,®> and SU-8.3 A promising plastic
for disposable bioanalytical platforms is Parylene C, which is a
vapor-deposited polymer with fine film-thickness control that can
be used as a conformal coating with no residual film stresses. It
has been used in numerous microfluidic applications for micro-
channel structures, electrospray tips,% microcheck valves,’ and
integrated on-chip detectors.” Compared to other polymers,
Parylene C offers particular advantages for polymer-based FEFC
devices due to its highly conformal thin-film deposition, moderate
dielectric constant, and relatively high voltage breakdown strength.3®
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EXPERIMENTAL SECTION
Fabrication. The FEFC gate electrodes were deposited on

PC substrates (Sheffield Plastics Inc., Sheffield, MA) with 200 A
of Cr and 3500 A of Au evaporated onto the surface. The metal
was patterned with standard lithography techniques, and the
exposed metal areas were removed with aqueous Au and Cr
etchants (Transene, Danvers, MA). While solvents present in
commercial photoresist are known to damage PC substrates,
the metallization used here is sufficiently thick to prevent solvent
diffusion to the PC surface. Parylene C was deposited to a
thickness of 1.22 um on the entire wafer surface using a dedicated
vapor-phase system (Specialty Coating System, Indianapolis, IN).

The microchannels were molded from PDMS (Sylgard 184,
Dow Corning, Midland, MI) that was poured onto a silicon wafer
master and cured to replicate the microstructures on the silicon
master. The master mold was fabricated by bulk etching of a 100-
mm silicon wafer coated with a 2-um thermal silicon dioxide layer
(Silicon Quest Intl., Santa Clara, CA). Two microchannel layout
designs were fabricated—a straight microchannel for direct
polymer FEFC characterization and a T-intersection microchannel
network for induced pressure pumping. After patterning with
photolithography, the silicon dioxide was etched with 5:1 buffered
oxide etchant (J.T. Baker, Phillipsburg, NJ) and the underlying
bulk silicon was etched in anisotropic silicon etchant (Transene,
Danvers, MA) at 60 °C. After pouring the PDMS on the master
mold, it was cured for 2 h at 60 °C in a convection oven. The
PDMS microchannels used in this work were trapezoidal in cross-
sectional shape with a height of 45 um and widths varying from
100 (top) to 165 um (bottom) due to the angled sidewall geometry
of the silicon master mold.

Current Monitoring. To characterize the modulated EOF
velocity due to FEFC, current monitoring was performed in the
straight microchannel. The approach follows the work of Zare et
al.,® with the time history of current measured as electrolytes of
different concentrations, and thus different conductivities, migrate
through the microchannel due to EOF. Three power supplies (E-
3612A, Agilent, Palo Alto, CA) were used to apply the electric field
between the reservoirs and voltage bias to the single FEFC gate
electrode. The current-monitoring experiments were performed
on a probe station (REL-4800, Cascade Microtech, Beaverton, OR).
The micromanipulators were fitted with Pt electrodes (Fisher
Scientific, Pittsburgh, PA) to make contact with the buffer solution
in the reservoirs, and a tungsten probe tip was used to make
electrical contact to the FEFC gate electrode. The current was
recorded by reading the voltage drop across a 1-MQ resistor with
a data acquisition unit (34970A, Agilent). The modulated EOF
velocity was measured from the time it took the current to reach
a steady-state value as the low concentration buffer solution
replaced a high-concentration solution in the microchannel.

Flow Visualization. Fluorescent microbeads were individually
recorded in the microchannel network for velocity measurements
of the induced pressure pumping at the T-intersection. The image
recording was performed on a Nikon TE-2100-S fluorescent
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inverted microscope (Nikon) using a B-2E/C FITC filter (excita-
tion 465—495 nm, emission 515—555 nm). Two power supplies
were used to apply the EOF electric field, and three power supplies
were used for the two FEFC gate electrodes. For the experiments,
the three-gate power supplies were set to a positive gate voltage,
a negative gate voltage, and zero gate voltage, respectively. Control
of which power supplies biased the two-gate electrodes was
performed with LabView software (National Instruments, Austin,
TX), amultiplexer card (PCI-6711, National Instruments), and two
relays (MR62-6S, NEC Tokin, Seoul, Korea). The bias voltages
of the FEFC gate electrodes were switched at 10-s intervals
between four voltage configurations. A 640 x 480 pixel CCD
camera (DKF-4303, The Imaging Source, Charlotte, NC) was used
to record the flow of the microbeads in the microchannels at 30
frames/s.

Postprocessing of the velocity measurements was performed
with the aid of the Image Processing Toolbox in Matlab (The
Mathworks, Natick, MA). A Sobel edge detection method was
used to determine boundary pixels of each of the microbeads.
The position of the center pixel for each of the microbeads was
measured every 10 image frames, corresponding to a 0.33-s time
interval. A scale conversion of 0.75 um/pixel was used to measure
the position of the microbeads in each frame. The velocity for
each voltage configuration of the FEFC gate electrodes was
determined from the slope of a linear best-fit line through the
position measurements.

Reagants. Acetic acid buffer solutions (Fisher Scientific,
Pittsburgh, PA) for the current monitoring experiments were
prepared to 10 and 20 mM concentrations and adjusted to pH 3.1
using hydrochloric acid. For the flow visualization experiments,
2.0-um-diameter polystyrene microparticles (Fluorobrite beads,
Polysciences, Warrington, PA) were treated for 12 h in 25 mM
Fe(NH,)2(S0,),+6H,0 (Fisher Scientific) to reduce their surface
charge, eliminating their electrophoretic mobility that would
otherwise interfere with the EOF measurements. The microbeads
were filtered from the Fe solution with a syringe filter (0.45-um
MCE filter, Fisher Scientific), rinsed with deionized water, and
extracted into 2 mM acetic acid buffer at pH 3.8 to be used for
the flow visualization experiments.

RESULTS AND DISCUSSION
FEFC Characterization. The EOF is directly proportional to

the applied transverse electric field from the voltage applied at
the gate underneath the Parylene C microchannel wall. The double
capacitor theory?® states that the change to the zeta potential, Ag,
due to FEFC can be approximated by

Ag = (Cy/Cp)(Vs — Vo) 1)

where Cy is the wall capacitance, Cp is the diffuse layer
capacitance, Vs is the voltage applied to the FEFC gate, and V¢ is
the voltage in the microchannel at the FEFC gate due to the
applied longitudinal electric field. In the experiments, V¢ varies
linearly along the microchannel, with Vo = 0 at the midpoint
between the anodic and cathodic reservoirs, so that the average
change in the ¢ potential may be expressed as A = Cw/CpVe.
For an applied negative gate voltage, the change in the ¢ potential
is negative, resulting in larger EOF velocity in the microchannel.
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Figure 3. EOF mobility measurements versus voltage applied to a
single FEFC gate electrode in a straight microchannel from current
monitoring of 10 mM/20 mM acetic acid buffer solution at pH 3.1.
The theoretical double capacitor linear relationship is plotted (dashed—
dot, — - —) for comparison.

Likewise, for a positive gate voltage, the EOF velocity will be
reduced. To investigate the feasibility of Parylene C as an effective
material for FEFC, the EOF velocity was measured by current
monitoring for positive and negative gate voltages in a straight
PDMS microchannel. The bottom microchannel wall was com-
posed of Parylene C, and a single FEFC gate spanned the full
length of the microchannel.

Initial tests to evaluate baseline FEFC performance used a 1.70-
cm-long microchannel with a FEFC gate electrode of equal length.
Current monitoring was used to determine average flow velocity.
All experiments were carried out in acetic acid buffer at pH 3.1.
Acetic acid is an excellent buffer solution for low-pH applications
and is commonly used for capillary zone electrophoresis and
capillary isotachophoresis separations of peptides. The Pt elec-
trode in the anodic reservoir was biased at +60 V. The Pt electrode
at the cathodic reservoir was connected in series with the resistor
and with a power supply biased at —60 V. The change in voltage
across the resistor was monitored with the data acquisition unit
to determine the flow velocity in the microchannel. This config-
uration resulted in an applied longitudinal EOF electric field of
70.5 V/cm. The third power supply was used to bias the FEFC
gate, applying the transverse electric field to generate FEFC. The
EOF was allowed to reach a steady state for 10 min prior to
beginning each test. Five FEFC gate voltages were analyzed
ranging from —120 V to +120 V. Since current monitoring is
known to result in substantial uncertainty in velocity measure-
ments, all EOF experiments were repeated five times at each gate
voltage to improve confidence in the average measurements. The
measured velocities with error bars are given in Figure 3.

Applying the double capacitor theory for the microchannel wall
thickness t = 1.22 um and relative permittivity ¢, = 3.15 for
Parylene C, the wall capacitance is

Cuw = (e,6/t) = 2.29 x 107° (F/m?)

For an average buffer concentration of ¢ = 15 mM with valence

z = 1 for acetic acid buffer solution and an unmodified ¢ potential
of & = —13.5 mV, the diffuse layer capacitance® is

Cp, = 2.2852+/c cosh(19.462¢,) = 0.236 (F/m?)

Thus, the theoretical velocity control slope for the applied gate
voltages is equivalent to —0.435 um (V+s)~%, and this relationship
is plotted along with the experimental results in Figure 3. The
experimental results agree with the linear relationship with some
deviation at high negative gate voltages.

It should be noted that the microchannels used in this
experiment were fabricated using two microchannel wall materials,
namely, Parylene C above the FEFC gate and PDMS surrounding
the remaining three channel walls. Thus, while the applied gate
voltage directly affects the ¢ potential of the Parylene C layer, it
is not known how the ¢ potential of the PDMS walls will change.
The disagreement between experimental and theoretical velocities
at higher gate voltages may be a result of this constraint.

Differential EOF Characterization. Voltages applied to the
FEFC gates modulated the local ¢ potentials in two connected
microchannels inducing pressure pumping due to the differential
electroosmosis. The induced pressure pumping was studied with
a microfluidic network consisting of three microchannels at a
T-intersection as shown in Figure 1 and Figure 2. The micro-
channel length between anodic and cathodic reservoirs was 1.83
c¢m, and the length of the field-free microchannel was 0.54 cm.
Two independent FEFC gate electrodes, each with a length of 2
mm and positioned at a distance of 1.5 mm from the intersection,
were used to modify the ¢ potential in the anodic and cathodic
microchannels. The field-free microchannel did not have a FEFC
gate electrode, and its reservoir was kept at a floating potential
to ensure no EOF in the microchannel. The EOF electric field
was held constant at 30.1 V/cm between the anodic and cathodic
reservoirs for all tests. The microchannels were filled with acetic
acid buffer solution at pH 3.8, and neutralized fluorescent micro-
beads were injected into the anodic reservoir to begin the flow
visualization analysis. As illustrated in Figure 4, a voltage sequence
of the FEFC gate voltages was initiated in LabView to automate
the modulation of the ¢ potentials during the experiments.
Because the 2-um polystyrene beads were neutralized to eliminate
electrophoretic mobility, deposition of beads onto the channel
walls was a concern. To prevent deposited beads from significantly
affecting the baseline ¢ potentials of the Parylene C or PDMS
surfaces, extremely low bead concentrations were used in these
experiments.

The generation of negative or positive induced pressure was
instantaneous to the change in applied FEFC gate voltage. The
microbeads in the field-free microchannel flowed away from the
intersection when the gate voltage in the anodic microchannel
was lower than that of the gate voltage in the cathodic, due to a
positive hydrostatic induced pressure at the intersection. Likewise,
the microbeads in the field-free microchannel flowed toward the
intersection when the cathodic gate voltage was greater than that
of the anodic due to a negative induced pressure. The plot of
average velocity and microbead position measurements over time
in Figure 5 illustrates the bidirectional switching of the field-free
flow rate for a test conducted at +70 and —70 V applied to the
FEFC gates. The results for the tests show that the flow in the
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Figure 5. Microbead velocity measured from video particle tracking
in the field-free microchannel from differential EOF of 2 mM acetic
acid buffer solution at pH 3.8 for 70 V gate voltages. The average
velocity (solid, —) and the microbead position (dashed—dot, — - —)
are plotted versus time (bottom axis) and FEFC gate configuration
(top axis).

field-free microchannel could be switched with reasonable repeat-
ability. With zero gate voltages applied to the FEFC gate
electrodes, the microbeads exhibited negligible flow in the field-
free microchannel due to the lack of induced pressure as expected
for equal EOF pumping rates.

The induced pressure also affected the microbead flow in the
anodic and cathodic microchannels. During tests at +90 and —90
V gate voltages, the FEFC gate voltages were switched to generate
negative pressure when a tracked microbead was in the anodic
microchannel, causing its velocity to increase from 72.5 to 80.2
um/s due to the induced pressure pumping toward the T-
intersection. After the microbead crossed over the intersection
and into the cathodic microchannel, the gate voltages were
switched to +90 V at the anodic FEFC gate and —90 V at the
cathodic and the microbead velocity increased from 64.4 to 70.9
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Figure 6. FEFC gate voltages of —90 V at the anodic gate and
+90 V at the cathodic gate produced flow down the field-free
microchannel in the first row of images (a—c). At 13.9 s (image d),
the voltages were switched to +90 V at the anodic FEFC gate and
—90 V at the cathodic FEFC gate inducing flow up the field-free
microchannel in the second row of images (d—f). For both gate
configurations, the top microbead continues toward the cathodes.
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um/s due to the positive pressure pumping. Figure 6 shows a
sequence of images taken at the T-intersection where a microbead
in the anodic and cathodic microchannels continues toward the
cathode while a microbead in the field-free microchannel changes
flow direction when the FEFC gate voltages are switched. For
voltage breakdown of the Parylene C or high charge leakage, the
additional longitudinal electric fields would be greater than that
of the EOF electric field due to the applied gate voltages and
distances between FEFC electrodes and/or the reservoirs. In
particular, for a negative gate voltage in the anodic microchannel
and positive gate voltage in the cathodic microchannel, the
microbead flow direction in the main microchannels would be
reversed with the onset of electrical breakdown or charge leakage.
For all the tested gate voltages, the absence of observed flow
reversal in the anodic and cathodic microchannels during the
FEFC gate switching shows that the gate electrodes influence only
the ¢ potential but not the EOF electric field.

As expected, the average velocity in the field-free microchannel
was found to be linearly dependent on the difference between the
voltages applied to the FEFC gates. Using a voltage control
sequence loop, the induced pressure pumping was characterized
for three voltage pairs (£90, £70, £50 V) applied to the FEFC
gate electrodes and an “off” configuration (0 V). The average flow
rates are plotted in Figure 7 along with a best-fit line. For
simplification of the microchannel flow, the trapezoidal sidewalls
were modeled as rectangular for theoretical comparison. The flow
rate for incompressible, steady flow in a rectangular cross section*!
without electrokinetic forces is

aba’[ op 192a = tanh(izb/2a)
Q=—1—||1- @)

3u |\ o b i=135,.. i°

where 2a is the distance between sidewalls, 2b is the distance
between top and bottom walls, and dp/dx is the pressure gradient.
For a positive induced pressure at the T-intersection, the pressure

(41) White, F. M. Viscous Fluid Flow; McGraw-Hill: New York, 1991.
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Figure 7. Average induced pressure pumping rates in the field-
free microchannel for FEFC gate voltage configurations. Positive flow
rate is toward the field-free reservoir, and the best-fit line id shown
(dashed, - -) for comparison.

gradient along the field-free microchannel is negative, canceling
the negative sign in the coefficient to produce mass flow toward
the field-free reservoir. The flow rate equation suggests a linear
relationship between the flow in the microchannel and the induced
pressure at the T-intersection. Solving for the pressure gradient
in eq 2, maximum negative and positive pressure gradients of
—36.0 and 36.1 Pa/m were determined from the experimental flow
rates.

During the tests, a small inherent pressure difference existed
between the field-free reservoir and the intersection that resulted
in a measurable microbead velocity of the microbeads in the field-
free microchannel for equal voltages applied to the FEFC gate

electrodes. This is shown in the graph as a small negative pumping
rate for equal gate voltages (0 V). For all tests, the induced
pressure from the FEFC gate voltages was sufficient to counteract
this flow and thus change the velocity of the microbeads.

CONCLUSIONS
A polymer-based FEFC micropump has been successfully

demonstrated and characterized for dynamic control of pressure
induced pumping. The pumping mechanism has been shown to
enable fully bidirectional hydrodynamic flow by coupling multiple
FEFC gate electrodes in a microchannel network for differential
EOF. This flow control technique does not require adjustment of
the reservoir pressure or manipulation of the longitudinal EOF
electric fields at the fluid reservoirs, nor does it need complex
methods to dynamically modify the microchannel surface chem-
istry. Pumping rates from approximately —2 to 2 nL/min were
readily achieved in the field-free microchannel using differential
EOF in the anodic and cathodic microchannels. Differential EOF
by means of FEFC makes tunable pumping possible at internal
nodes within microfluidic networks, providing dynamic flow
control within field-free microchannels.
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