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AC Electric-Field-Induced Fluid Flow in Microelectrodes
ome
arr
n u
pre
4).
los
ior

tern
quid
de

es u
of

on

ctio
yer
ctu
r (5
in

es
th

ted
loc
flow
e t

f AC
(5)

of t
ctro
u, 1

enc

l were
u olution
o re
o video.
O plane
o

Fig.
1 ctrode
s e and
d .
T ocity
f nd
e tial of
5 n
F e
f m the
e r
f with
f ing to
z y
o an be
s

id by
t and
c rces
( rela-
t t fluid
m

served
fl fluid
v al
o
t ntial
i
t

w timate
t arge
d ut the
m field,
a
s epre-
s
v fects
m n
t charge
c ss
t of the
e e layer
a cies the
During the AC electrokinetic manipulation of particles in sus-
ension on microelectrode structures, strong frequency-dependent
uid flow is observed. The fluid movement is predominant at
requencies below the reciprocal charge relaxation time, with a
eproducible pattern occurring close to and across the electrode
urface. This paper reports measurements of the fluid velocity as
function of frequency and position across the electrode. Evidence

s presented indicating that the flow occurs due to electroosmotic
tress arising from the interaction of the electric field and the
lectrical double layer on the electrodes. The electrode polarization
lays a significant role in controlling the frequency dependence of
he flow. © 1999 Academic Press

Key Words: electroosmosis; microelectrode; ac electrokinetics;
lectrohydrodynamics; electrode polarization.

Recent work in the field of AC electrokinetics has shown that submicr
er particles can be characterized and manipulated in microelectrode
sing dielectrophoresis (1–4). Advanced fabrication methods have bee

o manufacture complicated electrode structures that can generate
lectric fields up to 107 V m21 over a wide range of frequencies (2–
owever, the high electric fields give rise to fluid movement, particularly c

o the electrode surface. The observation of the dielectrophoretic behav
ubmicrometer particles in electrolytes has revealed a reproducible pat
uid flow at frequencies below the charge relaxation frequency of the li
easurements show that the velocity of the fluid is frequency depen

ending to zero at upper and lower frequency limits, and with magnitud
o 500 mm s21. This field-induced fluid flow is likely to be the cause
reviously unexplained phenomena in the dielectrophoretic manipulati
articles on microelectrodes (3).
We postulate that the driving force for this flow arises from the intera

f the nonuniform electric field with the charge in the diffuse double la
ther authors have also observed particle motion in microelectrode stru
nd have related these effects to electrical stresses on the double laye

n these references the motion of the particles was attributed to gradients
onduction current arising due to the collective interaction of the particl
nhomogeneities in the surface conductivity of the microstructures. In
aper we present measurements of fluid motion in AC fields genera
icroelectrodes and show the frequency dependent nature of the fluid ve
novel mechanism is postulated for the underlying physical origin of the
hich takes into account the polarization of the electrodes. This could b
rigin of previously observed phenomena resulting from the action o
elds on fluids, in particular, the cessation of fluid motion above 1 MHz
e term this mechanismAC electroosmosis.
Experimental observations were made on microelectrodes, consisting

arallel coplanar plates fabricated on planar glass substrates. The ele
ere made from a series of metal layers: 10 nm Ti, 10 nm Pd, 100 nm A
m Ti, and each plate was 0.13 2 mm in size separated by a 25-mm gap.
lectric fields were generated in the electrodes using signals with frequ
n the range 20 Hz to 1 MHz and potentials up to 5 V peak to peak. Fluorescent
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atex particles of 557 and 216 nm diameter (Molecular Probes, Oregon)
sed as markers to observe the fluid flow and were suspended in a KCl s
f conductivity 8.6 mS m21 at 23 1023 % by volume. Particle trajectories we
bserved with a microscope and CCD camera and recorded on S-VHS
nly particles in focus in the digitized images, and therefore in the focal
f the objective (;1 mm above the electrode), were measured.
At frequencies below 1 MHz the pattern of fluid flow was as shown in

. The particles moved from the interelectrode gap out across the ele
urface. The maximum velocity was observed near the electrode edg
etermined to be over 500mm/s for an applied potential of 5 V peak to peak
his velocity is significant when compared with the dielectrophoretic vel

or these particles, which is in the range 1–10mm/s for the same potential a
lectrode gap (7). Particle velocities were recorded for an applied poten
V peak to peak and the velocity, plotted againstvz (m 3 rad/s), is shown i
ig. 2 for a series of positions on the electrodes. The variablez is the distanc

rom the center of the gap between the electrodes, i.e., the distance fro
dge (marked on the Fig. 1) plus 12.5mm in this case andv is the angula

requency of the electric field. It can be seen that the velocity varies
requency, reaching a maximum at a characteristic frequency and tend
ero at low and high limits. When plotted againstvz, the maximum velocit
ccurs at approximately the same point along the horizontal axis. It also c
een that the velocity decreases asz increases.
One possible mechanism for the source of the flow is heating of the flu

he electric field. Localized heating creates gradients in permittivity
onductivity of the fluid, which in turn can give rise to electrical volume fo
electrothermal). However, the fluid flow due to this mechanism has a
ively low velocity and cannot explain the observed frequency-dependen
otion (7).
The mechanism that we are proposing as the explanation for the ob

ow is electroosmosis, a well-known phenomena in DC fields (8). The
elocity is proportional to the tangential electric field,Et, and the zeta potenti
f the surface,z, according ton 5 eEtz/h, whereh is the viscosity ande is

he permittivity of the medium. In the linear approximation, the zeta pote
s proportional to the surface charge density in the diffuse double layers q, so
hat

v 5
Etsq

kh
, [1]

herek is the reciprocal Debye length. This equation can be used to es
he velocity of the fluid given a value for the tangential field and surface ch
ensity. In classical electroosmosis the driving field is constant througho
edium and tangential to the surface. In the case of a nonuniform electric
component of the field lies tangential to the electrode surface,Et, as shown

chematically in Fig. 1. The charge in the diffuse double layer can be r
ented as a constant term and a time dependent excess charge,Ds q(t) which
aries with the electric field. For AC voltages, double layer polarization ef
ean that the magnitude ofEt(t) andDs q(t) will depend on frequency (9). I

he linear approximation and neglecting the compact layer, the excess
an be estimated to beDs q 5 ekVd whereVd is the induced potential acro
he double layer (10). We have measured the complex impedance
lectrode array and analyzed the results by treating the electrolyte/doubl
s impedances in series. These measurements show that at high frequen
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otential is dropped entirely across the electrolyte, while at low frequenci
pplied potential is dropped almost entirely across the double layer, sh

hat our electrodes are close to being perfectly polarizable at these frequ
s a result, sinceVd and Ds q(t) tend to zero at high frequencies, Eq.

ndicates that AC electroosmotic flow will stop. At low frequencies,
lectric field in the medium tends to zero implying that, since the tange
eld must be continuous,Et(t) in the double layer is also zero and again,
lectroosmotic flow will cease. Therefore, the velocity profile for AC e

roosmosis in perfectly polarizable electrodes is zero at high and low fre
ies and maximum at a intermediate characteristic frequency (11), wh
imilar to the measured frequency dependent fluid velocity (Fig. 2).
Further analysis can be performed using the circuit model shown in F
hich can be analyzed to give the frequency dependence ofVd and the velocity
rofile across the electrode. For a small electrode gap, the system c
odeled with the electrolyte represented as discrete current flux tub
arallel, with the electric field lines assumed to lie mainly along the circ

erences of the flux tubes. The double layer is represented as a distr
apacitor of constant valueDC 5 ekdDz, whered is the electrode length
m). At low frequencies (v ,, s/e, wheres is the conductivity) the imped

FIG. 1. Diagram illustrating a cross-section of the microelectrode use
f the electric field can exert a force on the double layer and cause fluid
hown.

FIG. 2. A graph showing the fluid velocity measured using latex sph
t a number of positionsz on the electrode surface. The velocity is plot
gainst the product of the frequency and the distance of measurement fr
enter of the two plates, i.e., 22.5mm for a measurement position of 10mm.
he
ng
ies.
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nce of the electrolyte is purely resistive and the resistance of each t
( z) 5 pz/sdDz. Since each incremental flux tube is different in length, e

ncremental capacitor will charge in a different time. The time constant o
ncremental circuit elements is given by the product of the capacitance an
he resistance of the tube. The voltage across the double layer as a func
istancez can then be obtained,

Vd~ z! 5
Vo

2 1 jvpz
e

s
k

, [2]

hereVo is the amplitude of the AC potential. The charge distribution
angential electric field can be evaluated from this model asDs q( z) 5 ekVd

nd Et 5 2­Vd/­ z. Estimating the time averaged electroosmotic velo
rom Eq. [1] gives

^v& 5
1

2
ReHDsqE*t

hk J 5
1

8

eVo
2V 2

hz~1 1 V 2! 2 , [3]

here

V 5 v
e

s

p

2
zk. [4]

quation [3] gives a velocity profile which tends to zero at low and
requency limits with a maximum velocity atV 5 1. As Fig. 2 shows, th
elocity curves for the differentz appear to have their maxima at the sa
osition along thevz-axis. Using Eq. [4], the value ofvz for whichV 5 1 can
e calculated to be 0.094 m3 rad/s for an electrolyte conductivity of 8.6 m
21. The calculatedvz matches the value determined by inspection of
xperimental graph. Although the predicted velocity magnitudes are h

han the experimental data, the variation in magnitude withz is approximately
/z as indicated by Eq. [4]. Equation [4] also indicates that the frequenc

he maximum velocity should increase with conductivity as has been obs
reviously (11).
The experimental measurements presented in this paper demonstr

xistence of a previously unexamined type of fluid flow in an aqueous sy
ualitative evidence has been presented to indicate that the mechanis

measure particle velocities. The figure also illustrates how the tangentiaonent
tion. The direction of movement of the latex spheres on the electrode sus also
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rning the fluid flow is related to electroosmosis and electrode polariz
he phenomenon has therefore been termed AC electroosmosis. A
odel based on this idea has been presented which describes the fre

ariation of the fluid velocity accurately but not the correct order of magni
n order to account fully for the observed flow, a rigorous theoretical appr
ossibly considering nonlinear effects in the double layer capacitance,

rode geometry, and the charge, velocity, and electric field distribution
equired. A research study, with more detailed measurements in a ra
edium conductivities and experimental conditions, is being carried o
rder to better characterize AC electroosmotic flow.
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simple model for calculating the velocity of the fluid. In this model the
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