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Theory, fabrication, and testing of an electrokinetic pump.that uses Induced Charge Electro-Osmosis
(ICEO) to generate on-chip pressures.
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We report on a microfluidic AC-driven electrokinetic pump that uses Induced Charge Electro-Osmosis (ICEO) to generate on-
chip pressures. ICEO flows occur when a bulk electric field polarizes a metal object to induce double layer formation, then drives
electroosmotic flow. A microfabricated array of metal-dielectric Janus micropillars breaks the symmetry of ICEO flow, so that
an AC electric field applied across the array drives ICEO flow along the length of the pump. When pumping against an external
load, a pressure gradient forms along the pump length. The design was analyzed theoretically with the reciprocal theorem. The
analysis reveals a maximum pressure and flow rate that depend on the ICEO slip velocity and micropillar geometry. We then
fabricate and test the pump, validating our design concept by demonstrating non-local pressure driven flow using local ICEO slip
flows. We varied the voltage, frequency, and electrolyte composition, measuring pump pressures of 15-150 Pa. We use the pump
to drive flows through a high-resistance microfluidic channel. We conclude by discussing optimization routes suggested by our

theoretical analysis to enhance the pump pressure.

1 Introduction

Significant research continues into the development of mi-
crofluidic devices for diverse applications including medical
diagnostics, high-throughput chemistry and biology, and an-
alyte monitoring and detection!. Novel methods for pump-
ing?” and valving®® in microchannels are helping to increase
the portability of standard devices”®, along with the develop-
ment of capillary-driven paper devices”. Nonlinear electroki-
netic (EK) flows'Y have been demonstrated as one class of
low-volume, low-power micropumps. For example, AC elec-
troosmotic (ACEO) "4 pumps generate high velocities on-
chip (often mm/s) with an AC field applied to an array of
microelectrodes.

Here we demonstrate a new AC electrokinetic approach
for pressure generation and fluid delivery on chip. We adapt
the classic strategy for electrokinetic pressure generation’® to
be compatible with Induced-Charge Electro-Osmotic (ICEO)
flows'7*22. ICEO flows arise when an applied electric field
polarizes a metal surface, inducing a non-uniform electric
double layer, then drives that induced double layer into elec-
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troosmotic flow. Like conventional methods for eletroki-
netic pressure generation, the ICEO strategy described here
exploits the ease of driving flows electrokinetically through
small pores, so that large pressures naturally arise to estab-
lish mass-conserving backflows. Specifically, our strategy
uses oriented arrays of Janus metallo-dielectric micropillars
to break the symmetry of the ICEO flow (fig. [Th), so that AC
electric fields applied across the pumping channel drive ICEO
flows along the channel. In so doing, higher field strengths
can be achieved with a given potential difference than in DC
electrokinetic flow, where electric fields must be applied along
the length of a pumping channel. Our proof of concept device
(fig. [Ib) establishes pressures comparable to standard ACEO
pumps, suggesting that further optimization and enhanced fab-
rication methods will enable higher pressures.

We begin by describing electrokinetic flows (Sec. and
electrokinetic pressure generation (Sec.[2.2). We then describe
the strategy for ICEO-based pressure generation using arrays
of asymmetrically metallized micropillars (Sec. [3.1). We ana-
lyze the theoretical performance of such arrays (Sec.[3.2)), us-
ing the Lorentz Reciprocal Theorem to derive expressions for
the maximum pressure APy, and flow rate QQ,ax to enable
the rational analysis and design of such pumps. We then de-
scribe a method to microfabricate such arrays, and the experi-
mental setup used to measure the pressure generated (Sec. ).
Sec. [5] presents pressure results for a range of electric field
strengths and frequencies, as well as electrolyte compositions.
Finally, Sec. [6] discusses these results more broadly and sug-
gests improvements and future research directions to optimize

This journal is © The Royal Society of Chemistry [year]
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ICEO-based pressure generation.

2 Background and relevant physics

2.1 Electrokinetic flows

Electrokinetic (EK) flows have long been exploited to drive
microscale flows22. Solid surfaces are typically charged when
in contact with electrolytes, wherein a diffuse layer of ions
forms to screen the surface charge. The thickness of this elec-
tric double-layer (EDL) depends on the ionic strength of the
electrolyte, but typically ranges from nanometers for ~1-100
mM electrolytes to hundreds of nm for ~10 M electrolytes.
An electric field applied along such a charged surface — e.g.
the wall of a microchannel or capillary — forces the EDL
into electroosmotic flow (EOF) (fig. |Zla), with Helmholtz-
Smoluchowski velocity

uns = 22, M)
n

Here upg is the ‘slip’ velocity that is driven just outside the
EDL, € and 7 are the electrolyte permittivity and viscosity,
and F is the applied electric field. The potential drop across
the diffuse layer, ¢, depends upon the surface charge den-
sity and electrolyte characteristics, and typically inferred from
electrokinetic measurements.

The discovery of AC electroosmotic (ACEO) flow over mi-
croelectrodes™ inspired significant research into understand-
ing and controlling nonlinear EK flows 101204 ACEO flows
occur when AC potentials are applied between closely spaced
microelectrode pairs. In a particular range of frequencies, the
transient EDLs that form over each electrode are driven by
the transient applied fields, driving non-zero, time-averaged
counter-rotating flow rolls over the electrode pair. Moreover,
asymmetric electrodes break the symmetry of the rolls, driving
a directed net flow 2423, Interdigitated electrode arrays, both
planar and three—dimensional, drive strong ACEO
flows and generate increased pressures. Typical velocities and
pressures in ACEO devices are ~0.1-1 mm/s and 10-100 Pa,
with fully optimized serpentine ACEO pumps achieving up to
1300 Pa22. Other nonlinear electrokinetic effects have also
been explored for microscale pumping, including traveling
wave electroosmotic pumps and electrothermal pumps@.
More recently, nonlinear flows due to conductivity and permit-
tivity gradients has been explored, both in dielectric liquids
and electrolytes undergoing Faradaic reactions® or local heat-
ing.

Induced Charge Electro-Osmosis (ICEO) occurs when
an electric field is applied along a polarizable (e.g. metal) sur-
face. The applied electric field initially polarizes the metal, in-
duces an electric double layer in the electrolyte (fig. Zb), then

@
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Fig. 1 (a) ICEO pumping using an array of width W and length L
of rectangular metallo-dielectric Janus micropillars. An AC field £
drives a flow Qcro from the array. Mass conservation requires a
pressure driven backflow @) p, forcing a pressure difference along
the pump. (b) Flow profile within ICEO pump is shown using a long
exposure image of fluorescent tracer particles (100 V,,,, 1 kHz).
Dashed lines show outline of a Janus pillar and the region coated
with gold. (See experimental section. Scale bar: 10 pm.)

forces the induced double layer into induced-charge electro-
osmotic flow (fig. k). Reversing the field direction also re-
verses the charge in the induced double layer, but the flow
direction (which depends on the product of the two) is un-
changed (fig. ). Although ACEO and ICEO share
their central physical mechanism — an electric field that in-
duces, then forces, an EDL — in ACEO, the electric field and
induced double-layer are both driven on the same structure,
whereas the driving field in ICEO is established by external
electrodes, and the induced double-layer forms over electri-
cally floating objects. The ICEO velocity obeys eq. (I); un-
der an AC applied field, however, only the induced potential
(¢; ~ Fa, where a is the length of polarized surface) con-
tributes to the time-averaged flow (uicpo) ~ (E(;) to give

eE?a

UICEO ~ 2

Although ICEO is most easily observed over solid metal
surfaces, theoretical and experimental studies have also in-
volved more exotic surfaces2Z2%,  Previous experiments

have investigated ICEO flows near individual polarizable ob-
jects, measured the induced-charge electrophoretic
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velocity of metallodielectric colloids 40 and used conductive
micropillars for ICEO-driven mixing*'#2. More recently, ex-
perimental application of ICEO has focused on local flow con-
trol within microchannels, for example by using electroplated
gold* or carbon derived from pyrolyzed photoresist** to gen-
erate tall conducting structures for local ICEO flow.

Fig. 2 Electroosmosis and ICEO. (a) Electroosmotic flow occurs
when an electric field is applied along a charged surface in an
electrolyte, exerting a body force on the ionic screening layer.
(Dashed red line: edge of screening layer.) (b) ICEO pumping using
a rectangular metallodielectric Janus micropillar. Upon application
of an electric field in the electrolyte, a dipolar charge is induced on
the metal surface, driving dipolar double layer formation. (Solid
purple lines: initial electric field.) (¢) After charging of the double
layer, the electric field runs tangent to metal surface, driving
electroosmosis perpendicular to the surface. (Dashed purple lines:
steady electric field. Solid green lines: velocity profile.) (d) The
same flow profile occurs upon reversal of the electric field. Steady
flow is driven with an AC field. (Adapted from ref.*". Field lines
computed with COMSOL.)

Although the u ~ E? scaling holds theoretically and exper-
imentally at small ¢, additional physico-chemical effects can
reduce the ICEO velocity, in some cases by orders of magni-
tude. Electrode contamination reduces uicgo via dielectric
capacitance, with reductions from pH surface equilibration
and ion adsorption due to “buffer capacitance”?22%> Capaci-
tive coupling of the floating electrode to external metal such as
microscope stages can introduce stray flows=>, although this
effect can be eliminated by reducing the area of floating elec-
trodes.

At larger ¢ (¢ > kpT/e) — typical for micropumps — fur-
ther physical mechanisms may suppress ICEO, even affect-

ing the £? scaling in . Important factors can include con-
centrated ionic environments“®, changes in material proper-
ties such as viscosity and permittivity*’, and surface conduc-
tion*¥2, Surface conductivity can suppress ICEO flows near
electrode edges and corners, or along surfaces with nanoscale
roughness®” or nonuniform (. Surface conduction also
drives concentration polarization, which was recently shown
to suppress ICEO by inducing chaotic flows>?. To succinctly
quantify the disagreement between observed velocity Uexpt
and theoretical velocity Utheory, Bazant* introduced a cor-
rection factor,

A= ot (3)

Utheory

which in this work we define ¢heory = ums, in order to quote
measured velocities in the form

eE2a
Uexpt ~ A n . “)

Notably, A may depend on F, (, geometry, and interfacial
chemistry. Furthermore, eq. (2) for the ICEO slip velocity
assumes a fully-charged induced EDL, an assumption that is
violated at sufficiently high frequencies'722. Eq. 4] then, rep-
resents the low frequency limit, and provides a simple met-
ric for ICEO velocity under various experimental conditions.
While A ranges between 1072 and 1 in the published litera-
ture, systems with high ¢ generally show A < 147,

2.2 Pressure generation using electrokinetic flows

Electroosmotic pumps exploit the ease with which EK flows
can be driven through small spaces, forcing nature to estab-
lish the high pressures required to drive whatever backflow is
required by mass conservation. Electrokinetic pressure gener-
ation was studied by Rice and Whitehead'® and Morrison and
Osterle®. An electric field applied along a microchannel (or
capillary) with cross-sectional area A establishes an electroos-
motic slip uys, driving a volumetric flow rate Q%9

eF
QEO ~ upsA~ ATC. (5)

If the capillary is closed, mass conservation requires an equal
and opposite pressure driven flow, Qp ~ QE9 . where Qp is
given by Poiseuille flow,

(6)

Here L is the channel length, AP is the pressure drop along
the channel, and s is the smallest cross-sectional dimension
(height or width for microchannels, radius for capillaries).
Matching these two flow rates reveals the pressure that nat-
urally builds to satisfy mass conservation,
eECL
s2

APEO ~

max

(7

This journal is © The Royal Society of Chemistry [year]
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This APFO ~ 1/s? dependence has been exploited both to
generate pressure within microfluidic channels® and to cre-
ate high-pressure pumps by applying electric fields through
porous structures such as membranes, frits, and gels290728
(fig. Bp). Nanoscale pores result in high pressure pumping,
with pressures from O(10 — 10%) bar®8%, The pressure de-
creases from its maximum value when electroosmotic pumps
are used to drive flows through a load channel (fig. 3p-c). To
understand the interaction between pressure and flow rate, we
turn to hydraulic circuits.

Hydraulic circuits allow simple flow calculations in low
Reynolds number microchannels because of the linear rela-
tion between pressure and flow rate®. Following others</2%,
we will use this technique to characterize our pump, so we re-
view the relevant background here. These equations are valid
for both standard electroosmotic pumps described above and
nonlinear EK pumps. In both cases, the maximum obtainable
pressure, AP,,.x, depends on the pump’s internal hydraulic
resistance Rp and maximum flow rate Q,ax via

APmax = QmaxRP- (8)

The maximum (“open-circuit”) pressure APy, is the pres-
sure that would be established along the pump in a completely
closed channel (fig. Bld). Electrokinetic pump pressures can
therefore be increased by increasing Qn,ax (e.g. increasing
slip velocity) or Rp (i.e. decreasing pore size). When the
pump circuit is closed, however — e.g. by attaching a load with
hydraulic resistance Ry, (fig. ), the pressure A P established
by the pump is generally reduced, as the flow is split between
the pump and load resistances Rp and R, according to

AP Ry,

= . 9
AI)max RL + RP ( )
In this case, the flow rate () through the load is given by
Q Rp (10)

Qmax - RP + RL.

Equations [O{T0] enable the design of EK micropumps and
interpretation of experiments. For high pressure pumping, the
experiment should be designed so that Ry, > Rp and AP =~
APyax- If R < Rp, the pressure drop across the pump is
nearly zero and ) ~ Qnax, analogous to an electrical “short-
circuit.”

The above equations assume steady-state flow rates and
pressures. Long equilibration times can arise if the system is
deformable, contains bubbles, or is open to external reservoirs
(hydraulic capacitance, C = dV/dP with volume V€Ul
Such capacitances give startup transients for EK pumps which
will occur as deformable walls and tubing relax, bubbles com-
press, and external reservoirs fill. The resulting pressure tran-
sients decay over a time scale 7 ~ AV/Qmumax with dis-
placed volume AV'. High pressure pumps must be designed to

I — |l
Piof 22| Phi [APmax
© =t
P max P
[|O <—QB l QAP

M  Ap

Fig. 3 (a) An electric field applied through a charged porous frit
results in an electroosmotic velocity us. An equal and opposite
pressure driven backflow, u,, superposes at steady state. (b) A
porous frit (grey square) inside a rigid microchannel imposes an
electroosmotic flow QImax. An equal and opposite backflow @) g is
driven by pressure A Ppax. (¢) When the pump is driving a flow Q
through a load, the pressure AP is reduced according to [J] (d-e)
Hydraulic circuit diagrams for (b) and (c) respectively. (f)
Transients can develop, for example when microchannels are left
open to external reservoirs. The left reservoir drains and the right
reservoir fills until the pump has supplied enough volume to reach
steady state, where Qg = Qmax. (d-¢ adapted from?.)

have adequate flow rates to overcome this effect and quickly
reach steady state. In particular, pumps contained within
microchannels will often have small Q. due to the small
channel area. To ensure pressure generation and avoid tran-
sients, small Qu.x pumps should be mechanically isolated
with valves from all sources of macroscale compliance, such
as open reservoirs or bubbles.

In electrolytes, DC applied fields require Faradaic reactions
to be maintained at electrode surfaces, which present an en-
gineering hurdle in DCEO pumps by causing bubble gener-
ation, electrode dissolution, changes in electrolyte composi-
tion, and concentration polarization in the electrolyte%?. Sev-
eral creative solutions have been developed to overcome these
problems and enhance long-term pump stability298163  Re-
cently, new designs of electroosmotic pumps have continued
to optimize designs for high flow rate or pressure® or low
voltage®*>, Nonlinear electrokinetic flows represent an alter-
native solution; the capacitive AC current used to drive such
flows alleviates Faradaic reactions. However, the pressures
achieved in ICEO pumps are typically orders of magnitude
smaller than those achieved with DC electroosmosis through
porous structures, largely due to the limited ‘pore size’ s in

4| Journal Name, 2010, [vol] 1-{13]
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typical ACEO systems (A Pypax ~ 1/52) compared with the
small s possible in DCEO through porous frits. Generat-
ing ICEO within anisotropically metallized arrays is meant to
achieve the benefits of both approaches: small pores (s) estab-
lish a high AP, while AC fields alleviate Faradaic reactions.

3 ICEO Pump: Concept and Theory

3.1 Design Concept

Fig. [Th shows the design of the ICEO pump described in this
work. A ‘North-South’ AC electric field is applied across a
Janus micropillar array, whose ‘Eastern’ faces are metallic
and ‘Western’ faces are dielectric. The N-S AC field drives
ICEO flows on the eastern face of each pillar, which con-
verge and push fluid eastward along the array, resulting in an
ICEO driven flow rate Qcgo. If the array were completely
closed, an equal and opposite pressure-driven backflow @ p
must arise, naturally establishing a pressure drop along the
pump (eqn. [/) which varies inversely with the squared size
(s2) of the gap between pillars. In principle, any 2D geometry
could be used for ICEO pumping, as long as it provides an
asymmetric ICEO flow20, We selected a rectangular array be-
cause the straight paths between driving electrodes maximize
the applied electric field, given a particular electrode separa-
tion. ICEO pumping using a rectangular array is shown in
Video 1 in ESI. We illustrate the geometric flexibility of the
ICEO pump concept in Video 2 in ESI, which shows ICEO
pumping in an array of diamond-shaped Janus micropillars.

3.2 Theoretical Analysis

To calculate the theoretical pressure and flow rate of the pump,
we consider a micropillar array with total length L and width
W. The array can be broken into NxM/ unit cells (fig. @) of
length [ = L/N and width w = W/M. Each unit cell has
pressure drop AP, and flow rate Q.. The array pressure
AP will then be the series sum, AP = NAP,, and the
array flow rate ) will be the parallel sum, Q@ = M Qccp- The
maximum pressure and flow rate of the pump, AP, and
(Qmax, can be calculated from the maximum pressure and flow
rate of the individual unit cell using this method.

We assume zero Reynolds number so that the fluid follows
the Stokes equation and incompressibility,

nV?u=Vp (11)
V-u=0 (12)

with viscosity n, velocity field u, and pressure p. The dielec-
tric surfaces all exhibit a no-slip condition,

u|diclcctric =0. (13)

diis,
=

a)

Fig. 4 (a) Unit cell of the micropillar array used for theoretical
analysis. The boundary condition for the unknown (ICEO driven)
flow along the metal surface (‘slip’) is given by the ICEO slip
veloicty us. (b) The reference flow Q is Poiseuille flow through a
rectangular channel.

By symmetry of the flow, the y— and z— components of the
fluid velocity are zero along the North and South (top and bot-
tom) edges of the unit cell,

u|North,South = (uw; 07 0)7 (14)

and the velocity profiles at the West and East (left and right)
edges of the unit cell are identical,

u|West = u‘East- (15)

However, the stress tensors at the West and East outlets vary
by AP.

ICEO slip velocities establish “sliding wall” boundary con-
ditions on the eastern faces of the pillars that vary along the
surface,

u|slip = uS(y)a (16)

where we have assumed thin double layers (A\p < s). The
slip velocity ug depends upon the electric field, frequency,
electrolyte composition, and surface chemistry, and can be
measured experimentally, or computed analytically or numer-
ically. Our analysis holds for an arbitrary ug, assuming quasi-
steady flow.

We now compute the flow rate ()..) and pressure difference
AP, between the West and East edges of the unit cell. The
Lorentz Reciprocal Theorem7 allows integrated quantities
of an unknown flow (here, the ICEO driven flow, u, fig. Eh) to
be computed from a known reference flow, @, via

/ﬁ-T-ﬁdA:/u.T-ﬁdA, (17)

where T and T are the stress tensors for the ICEO-driven and
reference flows, respectively, and the integration is performed
over all the surfaces A bounding the fluid.

This journal is © The Royal Society of Chemistry [year]
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Because the gaps are long and slender, we approximate the
reference flow as fully-developed Poiseuille flow (fig. @), al-
though the full 3D pressure driven flow could be computed if
desired.

Inserting boundary conditions into Eq. gives

QaP-@ap— 1 [ u(pay [ F2
slip slip Oz

dz, (18)

=0

where details of the derivation are shown in the ESI. Taking i,
to be Poiseuille flow in a rectangular channel gives an equation
for the unit cell pressure and flow rate,

3252AP

aap-Qar = 20 ) /Shpus@)dy, (19)

where

A 2 A
=35 (1 ~ .~ tanh ”g) (20)

and b
A= —, 21
s

with unit cell perimeter p, channel height h and aspect ratio
A.

The maximum flow rate for the unit cell, Qc11, occurs when
the unit cell has no pressure-driven backflow (AP = 0), giv-
ing

1652

pm?

chll =

£4) [ s 22

By contrast, the maximum pressure A P, established along
the unit cell occurs when the total flow rate () through the unit
cell is zero, giving

Ajt)cell = M@/

2
eyl L 23)

where

contains the geometry dependence of Q.

The maximum pump pressure for an array is given by
adding N cells in series, APpn.x = NAP., while the
maximum flow rate is given by adding M cells in parallel,
Qmax = M Qcen1, giving total pump performance

W 1652
Qmax = E p7'('2 f(A> L]ip Us (y)dy (25)
_ L*p f(4)
AP)max - 7872@ /S]ip Us (y)d% (26)

for general arrays of rectangular micropillars.

In the experiments described below, we employ a pump ge-
ometry with A=1, [ = 4s, and w = 2.4a, giving a maximum
pressure and flow rate

L
AP = 3620 | uy(y)dy 27)
5 slip
Q —021W52/ us(y)d (28)
max — Y- a (a+25) clip s\y)ay

for the specific geometry used in our experiments. The
APypax ~ 1/53 scaling indicates that higher pressure can be
attained by decreasing the gap width between micropillars, al-
beit at the expense of lower Q<. We expect this scaling
result to hold for unit cells where the gap size s is on the
same order as the cell length [, giving N ~ L/l ~ L/s and
APpax ~ N/s?> ~ L/s3.

Proceeding further requires the quasisteady ICEO slip ve-
locity us(y) — which depends on the electric field, frequency,
and ¢ — to be specified. To derive a simple and approximate
design equation, we will employ an analytical approximation
which follows from a simple estimate of the local electric
field. We consider an AC potential A¢sinwt with ampli-
tude A¢ and frequency w applied across the array, and neglect
edge effects around each pillar to yield a uniform electric field
Esinwt = A¢sinwt/W along each metal surface. Using the
time averaged ICEO velocity?2“> in the low frequency, small
¢ limit (¢ < kpT/e) gives

AeLE?a?

A-Pmax,sm =09 3
S

. (29)
where A will depend upon many factors, as discussed in the
introduction. Note that the spatially dependent A is effectively
averaged over each micropillar. Knowledge of the magnitude
of A, however, is important for designing pumps with ade-
quate pressure and flow rate for the desired load.

4 Fabrication and Testing Method

Here we describe the successful fabrication and operation of
an ICEO pump by developing a novel fabrication process for
arrays of electrically isolated Janus micropillars and measur-
ing the pressure generated by the pump.

4.1 Janus array fabrication

To make arrays of Janus micropillars, we began by photolitho-
graphically patterning arrays of rectangles. The total array
size was 1.8 cm x 1.6 mm and contained a 900x27 array of
pillars. Each pillar was 50x10 gm with 10 um spacing be-
tween pillars in both directions. The photoresist was patterned
on fused silica using 10 pxm tall SU-8 (fig. [5h). (Fabrication

6| Journal Name, 2010, [voI]‘1
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details in ESI). A second 2 pm tall photoresist was then pat-
terned to form a liftoff mask for the subsequent evaporation,
defining the driving electrode geometry (fig. [5b). The driving
electrodes were 1.8 cm x 300 pm long and began 50 um away
from the array.

The key fabrication step, tilted electron-beam evaporation,
is shown in fig. k. The substrate was held at a constant 40°
angle with the vertical axis during evaporation (similar 108
but with no sample rotation). The pillars were then coated
on the downward facing side (5 nm Ti/50 nm Au), but the
back side and channel floors are shadowed and remained un-
coated. This resulted in electrically isolated Janus micropillars
(fig. ). The driving electrodes were also deposited simulta-
neously. A gentle solvent liftoff was then performed by rinsing
in acetone and isopropanol.

Fig. 5 (a) Photolithography with SU-8 (10 pm thick) is used to
pattern the array of rectangles. (b) A thin liftoff resist is patterned to
allow evaporation windows for driving electrodes and array. (c)
Ti/Au is evaporated at a tilt to coat half the pillar with gold and
deposit driving electrodes while selectively shadowing the back side
of the micropillars and the fused silica substrate between pillars. (d)
SEM showing micropillar array after tilted evaporation, with
gold-coated side facing up. The channel floor is shadowed by the
pillars except the 10 m at the center of the pillars (Scale bar: 10

pim.)

4.2 Experimental setup

We designed and fabricated a microfluidic device to measure
the pressure. The array and driving electrodes were enclosed
in a microfluidic channel which was 1.82 cm x 2.0 mm, with
a4.22 cm long, 100 pm wide, 10 pum tall channel loop from
front to back of the pump (fig. [Bh-b, based upon previous ex-
periments by Studer et al”? and Huang et al ). The channel
was fabricated in PDMS using Multilayer Soft Lithography
(MSL)&+71 using “push-up” valves 23 which allowed valves
to be fabricated at the inlets to aid in channel filling and stray
flow elimination (fig. [Bf).

After soft lithographic patterning of the channels, the re-
maining device fabrication steps were performed. Holes were
cut in the PDMS with a scalpel to make electrical contact to
the driving electrode pads, while holes were punched with a
hole puncher (Syneo Inc.) to the flow inlets and control chan-
nels. Just prior to use, the pump was treated with oxygen
plasma for 10 minutes to aid in wetting of all surfaces within
the pillar array. The pump and PDMS were then ozone treated
for 5 minutes, aligned under a stereomicroscope, and bonded
together by baking at 120°C for 10°. Wires were attached to
electrical contacts for the driving electrodes using conductive
epoxy and an additional 10 minute, 120°C cure.

The channel housing the array must be wide enough to al-
low alignment tolerance between the PDMS and substrate,
so 200 pm gaps were left between the array and PDMS
walls. For optimal pump performance, these gaps were
plugged to avoid “short-circuit” backflows that would re-
duce the pump pressure. To plug the gaps while maintain-
ing electrical conductivity, we photopolymerized PEG-DA
gel plugs (fig. [Bd) periodically along the side channels using
Microscope Projection Photolithography@'m. The channels
were filled with a PEG-diacrylate solution (95% v/v PEG-
DA, n=400, Polysciences Inc. and 5% v/v photoinitiator, 2-
hydroxy-2-methylpropiophenone, Sigma Aldrich). The field
diaphragm was set to 1 mm diameter and the microscope UV
lamp was used to polymerize 200 um diameter circular gel
barriers approximately every 500 pm along the driving elec-
trode by stepping the stage in 500 pm increments and expos-
ing for 1 second to form a gel. The PEG-DA solution was
then flushed from the channels. During the flushing step, the
gels shifted in location due to lack of adhesion to the untreated
PDMS; however, they still blocked most of the backflow over
the driving electrodes while allowing good contact with the
electrolyte and a corresponding high electrical conductivity.

The final device is shown in fig. [6e. The pumping channel
contains the array and driving electrodes, which ran along the
length of the 2.0 mm wide channel, covering the 300 pm clos-
est to the channel walls. These were electrically connected to
the external world via micropatterned contacts that were con-
nected to wires. The PDMS walls prevented electrolyte from

This journal is © The Royal Society of Chemistry [year]
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flowing out of the channel. The average electrode separation
was 1.85 mm.
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Fig. 6 (a) Microfluidic channel geometry. The pressure generated
by the pump was used to drive a flow in a microfluidic loop. The
velocity profile in the loop was measured with PIV. PDMS valves
were used to eliminate stray flows. (b) Side view of array region. (c)
Side view of multilayer PDMS channels at inlets. (d) Electrically
permeable hydrogel plugs were periodically photopolymerized
along the driving electrodes to block backflow. (Scale bar: 50
pm).(e) Final device picture. (Scale bar: 1 cm).
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4.3 Testing method

Seven electrolyte solutions, each with 100 M salt concentra-
tion, were prepared (preparation and conductivities in ESI):
two used strong electrolytes (KCI and NaCl) and five used
weak electrolytes (chloroacetate, acetate, MES, MOPS, and
Tris). Because of the large number of variables, we chose
not to vary the salt concentration, but instead varied the buffer
composition to vary the solution pK,. ICEO velocities are
typically highest in low ionic strength solutions such as these,
but the dependence upon pH may vary depending on the sur-
face and solution pK, through the buffer capacitance?278, or
high-¢ nonlinear effects. Each solution also contained fluores-
cent polystyrene tracers (Bangs Labs FSO3F, 50x dilution, 500
nm diameter polystyrene). Channels were loaded by flushing

for at least 5 minutes at 5 psi with new solution. Removal of
all bubbles was verified throughout the array and loop before
commencing data collection. MSL valves were then closed by
applying 8 psi of air pressure to sealed water vials which were
connected to the control channels.

The microscope was focused on a region near the low-
pressure side of the loop using a 20x ELWD objective (Nikon,
NA 0.45), and the focus was adjusted to the center of the
channels. A function generator (Agilent 33220A) and ampli-
fier (Trek PZD350 M/S) were connected to the driving elec-
trode wires and a voltage and frequency sweep was performed
(automation program described previously=®). Voltages were
applied between 100-175 V,,,, and frequencies between 1-20
kHz. After turning on the voltage, 10 seconds were allowed to
reach steady state, then the flow velocity profile was measured
in the loop channel by recording 5 second videos of the flow
tracers using a fluorescence camera (Andor iXon 885). This
procedure was repeated for each voltage-frequency combina-
tion for a given electrolyte.

4.4 Data Analysis

Micro-Particle Image Velocimetry (uPIV)?8Y was used to
measure velocity profiles in the loop channel. First, a uPIV
MATLAB algorithm was applied to the videos (64x64 pixel
interrogation regions with 75% overlap) to give a 2D, depth-
averaged velocity field that was uniform along the channel
length y. Averaging along y to reduce statistical noise gives a
one-dimensional velocity profile u,, (x) that varies only across
the channel width x. The full velocity profile, however, varies
with both depth and width u,(z, z). Microscopy with finite
depth of focus introduces a weighing function W (z) to the
recorded images,

() — [ uy(z,2)W(2)dz

which is given by®H82

W(z) = (1 + (3@;%))7 - . 31)

Here the focal plane was centered (2¢,. = h/2), and the depth
of correlation 220,y is 10.6um=8L. The 3D profile obeys
Poiseuille flow in a rectangular channel o0

4h? AP cosh ™2\ nrz
" L. nzm;d n3 ( cosh 73’;:”) ST
(32)

with width w, height h, length L., and channel domain
—w/2 < x < w/2and 0 < h < z. Combining eqns.

uy(x, 2)
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Fig. 7 ICEO pump pressure. (a) Pressure was measured for 10 frequencies between 1-20 kHz, 4 voltages between 100-175 Vp,;, (100 Vpy,
circles; 125 Vy,p, triangles; 150 Vp,;,, squares; 175 V,,;,, diamonds) and 7 electrolytes (KCl, black; NaCl, blue; Chloroacetate, pK, 2.9, yellow;
Acetate, pK, 4.8, cyan; MES, pK, 6.2, green; MOPS, pK, 7.2, red; Tris, pK, 8.3, magenta). (b) Pressure naively nondimensionalized by
theoretical maximum pressure computed using Helmholtz-Smoluchowski velocity and charging time. The y-axis also corresponds to the
correction factor A. (¢) Nondimensional pressure plotted against ¢ using scaling factors derived in text.

[32] the weighted, depth-averaged velocity profile is

> 1 cosh "7 b nrz
n,odd
(33)
where
4h2AP
— 4h (34)
m3nL, fo dz

For each experiment, o was determined by a least-squares fit
to Eq. (33), from which AP was determined using eqn.
Computing the loop resistance R, using standard expressions
for Poiseuille flow® and the pump resistance Rp using eqns.
and27}28]then allows the maximum (open-circuit) pump pres-
sure A Py« to be determined from the measured A P via (9).

5 Results and Discussion

The pump pressures measured for the seven electrolytes, each
with 40 different combinations of frequency-voltage (w-¢),
are shown in fig. [7p. Observed pressures varied between 15-
150 Pa (1-1.5 mbar). An enhancement of 3x was observed be-
tween the lowest pressure (100 4M KCl) and highest pressure
(100 uM Tris) buffers. A AP  logw scaling was observed
for each individual electrolyte-voltage combination (fig. [7j).
To calculate A for design purposes, fig. [7b shows the max-
imum pressure nondimensionalized by the pressure computed
from the Helmholtz-Smoluchowski velocity, APy ax sm (cal-
culated using eqn.[29| with A = 1). The x-axis is nondimen-
sionalized by a charging time 7 = ae/o\p22 with conduc-
tivity o and Debye length Ap. The correction factor A varies

between 0.005 and 0.025 which is within the range of typical
ICEO velocities over bare metal surfaces*’.

The data for different voltages does not collapse in fig. [7p,
even for the same electrolyte, indicating that the pump is op-
erating outside the low-¢ Helmholtz-Smoluchowski regime,
which predicts AP ~ ¢?2. Instead, AP was observed to vary
with ¢°~2 depending on the frequency, electrolyte, and volt-
age. Generally, the highest frequencies show an initial scaling
of AP ~ ¢? at low voltage. To obtain a better understanding
of the pressure scaling with voltage and frequency, we look at
the scaling using Gouy-Chapman theory.

When ¢ < (r (thermal voltage (r = kpT/e =25 mV
for 1:1 electrolytes), the EDL charging time can be calculated
using an RC time, with resistance R = a/c and capacitance
C = ¢/Ap. When ¢ > (r, the double layer capacitance C'
diverges according to Gouy-Chapman theory’

¢
20

0q

— ~ cosh ——

d¢

Equation [35] implies that the double layer may not be fully
charged in our high-( experiments. A charge balance on the
double layer in the high frequency limit (7w > 1) with small
surface conduction (Dukhin number Du < 1) gives

C= (35)

0
—q:jLzaELsinwt,

ot (36)

with perpendicular current 7, and field amplitude £, . The
time averaged induced charge in the double layer is then

O’EL
o

(lgl) = 37

This journal is © The Royal Society of Chemistry [year]
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When ¢ > (p, the nonlinear Poisson-Boltzmann equation

predicts
q ) ¢ e6/2Cr
— =sinh — = 38
w2 2 7 %)

where g9 = +/8ekpT'] with ionic strength I. Combining
eqns.[37and [38when ¢ > (7 givesSi84

2F
S 2B (39)
¢r wqo
and 5
2E
g ~ ASBUT y 2Bi0 (40)

n qow

with parallel electric field E. The correction factor A depends
upon surface chemistry? through the buffer capacitance and
Stern layer, and is therefore expected to change for different
electrolytes. We cannot calculate AP, .« (eqn. without a
more detailed computation of the spatially dependent velocity,
which we do not perform here. Instead, we again note A Py,ax
of an electrokinetic pump generally scales with u4 from mass
conservation, which for our ICEO pump design gives

nLa

APmax ~ STUS. 41)

Eqns. [A0}4T] give the pressure scaling,

eEy(rLa  2E,c
In .

APpax ~ A 3
S qow

(42)
A full description would require precise computation of F
and E , but we simply assume that both scale with E to obtain
the pressure scaling,

AP, 2Fc
WA U Aln T/ 43
APmax,T " wqo ’ ( )
where el
APy = I (44)

At lower frequencies (larger E/w, 7w < 1) we expect this
scaling to become invalid because the charge balance used to
derive it is no longer valid.

To test this voltage and frequency scaling, we plot the data
in fig. [7c. Indeed we see that the data collapses by voltage
for each electrolyte at the lowest ( potentials tested. The data
initially follows a linear trend, as predicted by this scaling.
The slopes also differ between electrolytes, which suggests an
electrolyte-dependent A. However, at higher (, the pressure
increases either nonlinearly or with a different slope, and the
voltages no longer collapse, indicating the scaling is no longer
valid. This could be due to high-¢ nonlinear effects, as well
as a fully charged double layer at lower frequencies. To show

1 | |
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A
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Fig. 8 Replot of highest and lowest pressure data from fig.[7| The
data collapses for different applied voltages and frequencies at low ¢
and becomes linear. At high ¢ the data no longer collapses. (100
Vpp, circles; 125 Vp,,, triangles; 150 V,,p, squares; 175 Vp,,
diamonds. KClI, black; Tris, magenta.)

the data trends more clearly, we replot the lowest and highest
pressure electrolytes in fig.

Other ICEO suppression mechanisms could also be at work.
The magnitude of ¢/(r is often necessary to determine if a
given high-¢ model is relevant (i.e. chaotic ICEO™?). A max-
imum value for ¢/{r can be found by estimating the aver-
age electric field £ = ¢/W and computing ¢/{r ~ Ea/(r,
which is 30-50 thermal volts in our experiments. However,
the true /{r is typically smaller than Fa/(r, perhaps even
by orders of magnitude, as discussed in the review of ICEO
literature in sec.

6 Conclusions

We have designed, fabricated, and tested a microfluidic pump
that uses ICEO to generate chip-scale flows and pressure from
application of an AC voltage. The pump successfully drove
chip-scale flows in standard microfluidic channels, validating
the central design idea for pressure generation. The theoretical
framework we presented suggests clear optimization routes,
which can help navigate a path toward higher flow-rate and
pressure applications.

The design expressions (eqns. suggest several routes
to optimize the pump pressure and flow rate. Higher pres-
sures can be achieved by decreasing s, the gap spacing within
the pump (e.g. increasing the aspect ratio A = h/s). Sev-
eral challenges would be faced in applying this strategy to the

10| Journal Name, 2010, [vol], 113]
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fabrication method presented here. Smaller evaporation an-
gles are required as aspect ratio increases, which can cause
nonuniform angle and shadowing across large samples (L ~
cm). Conversely, fixing the aspect ratio (A = 1) and decreas-
ing s lowers the maximum flow rate Qnax (eqn. . Flow
rates must be maintained at a high enough level to avoid slow
response to compliances, causing “short-circuit” performance.
Further optimization of ICEO pumps may be possible using
the fabrication method presented here, but these issues would
need to be overcome or minimized.

Alternatively, an entirely new fabrication method could be
developed to fabricate high-A, small-s Janus micropillar ar-
rays, which would increase both the pressure and flow rate
by eqns. 25]26] Others have successfully demonstrated lo-
cal ICEO flows using high aspect ratio conducting micropil-
lars, for example via Bosch etching®!, electroplating®?, or C-
MEMS*#, These methods could potentially be used to create
ICEO pumps by fabricating asymmetric shapes, which can be
designed to exert a net ICEO flow", eliminating the need for
Janus micropillars. Closer spacing between pillars would be
a necessity, which would require further fabrication process
development. Alternatively, high- A Janus micropillars could
be achievable via other enhanced fabrication methods, either
by asymmetrically coating (e.g. improved tilted evaporation
methods), or removing (e.g. tilted ion milling*") thin metal
films.

Less fabrication-intensive routes to enhance pump perfor-
mance could also be explored. For example, numerical simu-
lations could be applied to optimize the pump geometry (i.e.
as in®® but optimized for pressure). Surface chemistry could
also be further optimized by exploring more electrolytes, sur-
face functionalizations and coatings, and electrode materi-
als8,

The central design idea of our pump was to generate AC-
driven electrokinetic flows within “porous” channel structures
in order to increase Rp (and APy, ,.x) of the pump. The same
strategy could be applied to increase the pressure of other non-
linear electrokinetic pumps (e.g. creating electrokinetic “slip”
flow within sidewall-coated micropillar arrays). Continued
improvements of AP, ., in nonlinear electrokinetic pumps
could allow their use for high-load applications, e.g. HPLC-
on-a-chip®9,
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