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Pumping of water with ac electric fields applied to asymmetric pairs of microelectrodes
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Bulk fluid flow induced by an ac electric potential with a peak voltage below the ionization potential of
water is described. The potential is applied to an ionic solution with a planar array of electrodes arranged in
pairs so that one edge of a large electrode is close to an opposing narrow electrode. During half the cycle, the
double layer on the surface of the electrodes charges as current flows between the electrodes. The electrodes
charge in a nonuniform manner producing a gradient in potential parallel to the surface of the electrodes. This
gradient drives the ions in the double layer across the surface of the electrode and this in turn drags the fluid
across the electrode surface. The anisotropic nature of the pairs of electrodes is used to produce a net flow of
fluid. The flow produced is approximately uniform at a distance from the electrodes that is greater than the
periodicity of the electrode array. The potential and frequency dependence of this flow is reported and com-
pared to a simple model. This method of producing fluid flow differs from electrical and thermal traveling-
wave techniques as only a low voltage is required and the electrode construction is much simpler.
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I. INTRODUCTION

Interest in controling the movement of small volumes
fluid has been growing rapidly in recent years. This is i
portant in the field of biotechnology as single cells and th
surrounding fluid need to be manipulated. Micromachin
are also being developed and it is expected that they
play significant roles in diverse areas such as analyt
probes, drug delivery systems, and surgical tools. To perf
these tasks means are required to pump fluids either
mechanism of propulsion for the micromachines, or to mo
materials across the surface of an analytical probe. Curre
there are several means by which microscopic pumps ca
achieved. These include the use of thermal gradients@1#,
electric fields@1#, magnetic fields@2,3#, as well as electrome
chanical means such as piezoelectric actuators@4#.

Recently pairs of microelectrodes subjected to alterna
electric fields have been reported to drive a new type of fl
flow @5–8#. The mechanism has involved creation of vortic
and these have been used to move fluids and cluster par
over the surface of an electrode. This technique has not b
used to produce a net flow of fluid over an entire electro
array. However, it has been suggested@9# that a net flow
could be driven with an array of electrodes that are modifi
so that each electrode is anisotropic in shape, potentia
capacitance. In this way each electrode produces an an
tropic force on ions in a fluid that can drive the flow acro
the electrodes.

In this paper net fluid flow is produced using a relat
method. Pairs of electrodes are fabricated so that, as a
they are anisotropic in shape and thus provide a directio
which the fluid is pumped. The present paper describe
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simple theoretical model that describes the movement of i
in an aqueous solution near the surface of an electrode.
assumed that these ions drag solvating water molecules
producing fluid flow. This theory is compared with the ele
trical response of the electrode array and observations of
fluid flow. The flow is observed by tracking the motion o
colloidal particles with an optical microscope as they mo
with the fluid.

II. EXPERIMENT

An array of interdigitated electrodes was built consisti
of a small electrode~4.2 mm wide! separated from the larg
electrode~25.7 mm wide! by a 4.5mm gap. Pairs of such
electrodes were repeated at 50mm intervals, leaving a gap o
15.6 mm between the small electrode in one pair and
large electrode in the next pair. The shape of the grid w
defined using photolithography and contained 130 repeat
was made by evaporating 10 nm of Nichrome and th
100 nm of gold onto a glass slide, patterned with photores
The purpose of the Nichrome was to provide good adhes
with the glass. Gold was chosen as the electrode mate
rather than titanium@5#, as gold does not form an oxide laye
in water which would add to the surface capacitance. T
cell was then assembled as shown in Fig. 1, and the sam
was viewed in dark field under reflected light. The electrod
were driven using a lock-in amplifier which allowed th
measurement of the complex impedance of the cell.

The sample investigated was a very dilute dispers
~;0.0005 v/v! of 0.5 mm polystyrene latex spheres i
1024 M solution of NaNO3. These particles were observed
move above the electrodes. The velocity of the fluid w
measured by capturing images of the particles over the
at regular time intervals and then using these images to t
the motion of the particles. The distance between the p
ticles observed and the electrodes was controled by adjus
the focus of the microscope. The range of distances obse
depended upon the depth of field of the objective and
©2000 The American Physical Society05-1
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acceptance levels allowed by the analyzing program. Ty
cally particles were accepted within a range of approxima
610 mm.

III. MEASURED FLUID VELOCITIES

When an ac field was applied to the electrodes, the p
ticles were observed to move perpendicular to the length
the electrodes. The direction of motion was away from
small electrode, across the narrow gap, towards the la
electrode, i.e., from the near~bottom! to the far~top! side as
the electrode grid is shown in Fig. 1. It is assumed that
particles move with the fluid, and so can be used to mea
the motion of the fluid. In general this is not true, as t
particles are charged, and so will experience an electros
force. However, as long as the time over which the partic
are observed is longer than the period of the applied po
tial, this force will average to zero and have no effect.
high field gradients, particles will also experience a for
arising from the difference between their dielectric propert
and that of the surrounding water. Again this effect is n
expected to be significant in this experiment where the v
ages are in the region of 1 V and particles are tracked at la
distances from the electrode surfaces where the highest
gradients are located.

Figure 2 shows the velocity of the fluid as it varies wi
height above the electrodes. The distance from the electr
to the bottom surface of the cover slip was found to
340mm. The flow rate has been fitted with a quadratic fun
tion, and constrained to have no velocity at the upper surf
of the fluid. The flow rate does not vary linearly with heig
due to the pressure distribution generated within the cel
the flow. The shape of the curve is simply dependent on
ratio between the pressure and the velocity of the fluid. T
curve can be extrapolated to the surface of the electrode
give a fluid velocity that would be observed if there was
back pressure generated, and if the top surface of the
was not constrained to be stationary. Assuming the fluid fl
is laminar at all flow rates investigated, the shape of
curve will remain the same for all pumping velocities. Th
means that the ratio between the velocity in the absenc
back pressure, and the observed velocity at a given dista
will remain constant for all pumping rates.

At distances below 50mm the tracer particles were ob
served to move out of focus and then back into focus as t

FIG. 1. A cross section of the cell used. The PTFE spacer p
vided a gap of 340mm above the electrodes which was complete
filled with solution. The electrodes were driven with a lock-in am
plifier that allowed the impedance of the cell to be measured.
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moved across the electrode array. This shows that near
electrodes the flow is not simply in a horizontal plane, b
has vertical components as well. This vertical velocity ma
it difficult to track the motion of particles, and so all furthe
measurements were made at a height of 80mm above the
electrodes. In order to make measurements from differ
experiments comparable, the velocities measured w
scaled to give the velocity in the absence of back pressu

Figure 3 shows the fluid velocity as it varies with applie
frequency at an applied voltage of 0.8 Vrms at 1 h intervals,
before, during, and after the other measurements were m
The velocity decreases slightly with use of the electro
When the electrodes were viewed after the experiment,

-

FIG. 2. Observed fluid velocity as it varies with distance abo
the surface of the electrodes. Error bars are shown where the
is larger than the point size. The data points have been fitted w
quadratic function. This is the form expected if a back pressur
present. The straight line is the profile that would be expected in
absence of any back pressure. The curve is extrapolated to the
face of the electrode to give the velocity that would be observed
the absence of any back pressure and in the absence of an
static boundary condition.

FIG. 3. The scaled fluid velocity plotted against applied fr
quency at a potential of 0.8 Vrms, before the experiment~s!, during
the experiment~h!, and after the experiment~3!, at approximately
1 h intervals. The fitted Gaussian curves are to aid the eye.
5-2
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narrow electrode appeared slightly roughened and sph
were observed to have deposited on the electrodes, par
larly on the small electrode.

Figure 4 shows the fluid velocity as it varies with appli
frequency for different values of the applied voltage. T
curves have been fitted with a Gaussian with no backgrou
and the variation of peak height and peak position with
plied voltage are shown in Figs. 5~a! and 5~b!. The peak
increases in size and moves to lower frequency as the am
tude of the applied signal is increased.

IV. THEORETICAL MODEL

Consider two infinitely long electrodes of different width
placed next to each other on a nonconducting substrate
mersed in an aqueous solution as shown in Fig. 6~a!. If an ac
potential is applied to these electrodes then a current wil
induced in the solution. If the frequency is low enough
that ions can equilibrate locally~i.e., below;10 MHz for
1024 mol dm23 monovalent salt!, and if the applied potentia
is below the ionization potential, so that electrolysis does
occur at the electrode surfaces, then the bulk water will
have in a resistive manner. At the electrode surfaces a do
layer with a separation of charge will form. This double lay
will behave in a capacative manner. When a potential is
plied, and if the distortion of the field lines at the edges
the electrodes is ignored, the field lines are approxima
semicircular. Away from the surface of the electrodes
current will flow parallel to the field lines from one electrod
to the other. As it does so, the amount of charge separate
the double layers increases. If the fluid is divided up in
tubes parallel to the field lines and terminating at the el
trodes, then these tubes can each be modeled by a re
with a capacitor at each end as shown in Fig. 6~b!.

Let the large electrode have widthL and the small elec-
trode widthS and let the gap between them beG as illus-
trated in Fig. 6~a!. In order to simplify the algebra it is usefu
to have a variablex that describes the position of both en
of a conduction path across the surface of the electrodes

FIG. 4. The scaled fluid velocity plotted against the appl
frequency at six different values of the applied potential: 0.2 Vrms

~s!, 0.4 Vrms ~h!, 0.6 Vrms ~L!, 0.8 Vrms ~3!, 1.0 Vrms ~1!, and 1.2
Vrms ~n!. The fitted Gaussian curves are to aid the eye.
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the ratio of the electrode widths~i.e.,L/S! bek. Let an origin
be chosen between the electrodes such that a conduction
that starts at a distance ofxAk from this origin over the large
electrode will end at a pointx/Ak from this origin over the
small electrode. Letxmin and xmax be chosen such that th
large electrode lies between pointsxminAk andxmaxAk from
the origin and the small electrode lies between poi
xmin /Ak andxmax/Ak from that same origin, as shown in Fig
6~a!. This means thatxmin is equal toG/(Ak11/Ak), and
xmax is equal to (G1L1S)/(Ak11/Ak). Using this notation
the electrode array used in the experiment described ab
has values ofk56.12,xmin51.6mm, andxmax512.0mm for
each pair of electrodes.

Assuming the field lines are approximately semicircular
tube of thicknessdxAk over the large electrode, at a poin
distancexAk from the origin, will reach the small electrod
at a pointx/Ak from the origin where it will have a thicknes
dx/Ak. The resistanceR(x) of this tube per unit length of
electrode is given by

FIG. 5. ~a! The maximum velocity plotted against applied vo
age~c! fitted with v5Bc2 whereB is a constant as predicted in Eq
~1!. ~b! The frequency at which the velocity is a maximum plott
against applied voltage.
5-3
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R~x!5
px~Ak11/Ak!

2sdx

wheres is the conductivity of the solution.
The distribution of charge at a surface will follow a sol

tion of the Poisson-Boltzmann equation. Some ions may
tightly bound in a Stern layer while the rest are distributed
a diffuse layer characterized by a screening distancelD @10#.

The distance by which charge is separated in the S
layer is very small. However, only a limited amount
charge can dwell in this layer. At present there is no mo
that satisfactorily predicts the nature of the Stern layer as
dependent upon the ion species, electrode material, and
plied potential.

In the limit of a small applied potential~,25 mV! the
screening distance or thickness of the diffuse layer is gi
by the Debye-Hu¨ckel approximation@10#, giving 30 nm for a
1024 mol dm23 solution of monovalent ions, and is indepe

FIG. 6. ~a! A pair of differently sized gold electrodes on a gla
substrate in water at the instant that the large electrode is
positive potential and the small electrode is at a negative poten
The continuous lines indicate the direction of the field lines alo
which the solution conducts.~b! The equivalent electrical circuit
The double layer acts as a capacitor while the bulk of the water
as a resistor. The value of the resistance varies fromRmin between
the near edges of the electrodes toRmax between the far edges of th
electrodes.
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dent of the applied voltage. However, when larger potent
are placed across the interface, the diffuse layer compres

It is not clear how the capacitance of the Stern layer a
the diffuse layer might combine. In the following calculatio
it is assumed that the total capacitance can be describe
an effective value oflD for a given applied amplitude. It is
also assumed that all the ions in this separation of charge
mobile. The capacitance of the double layer at each en
the tube per unit length of the electrode is therefore given

CDL5«dxAk/lD

at the large electrode and

CDS5«dx/AklD

at the small electrode, where« is the permittivity of water.
If a potentialC5C0 exp(ivt) is applied to the electrode

then the potential across the double layer on the large e
trodeCDL will vary as

CDL~x!5C2IR2
I

ivCDs
5

C

11k

1

11 iv«px/2lDs
,

where I is the current through the tube under considerat
and is equal toC divided by the total impedance of the tub
The potential across the double layerCDL(x) is a function of
position on the electrode. This variation will give rise to
horizontal electric fieldEH above the double layer. Over th
large electrode this horizontal field is given by

EHL5
1

Ak

dCDL

dx

52
C

Ak~11k!

iv«p/2lDs

~11 ic«px/2lDs!2 .

The ions in the double layer will move in this horizont
field. Within the double layer the concentration of ions
sufficiently high that the fluid surrounding the ions mov
with them. The velocity of the ions and the fluidnDL is
determined by the condition that the viscous drag across
layer per unit area (F/A) is equal to the electrostatic force

F/A5rDLEHL5hnDL /lD .

Therefore

nDL5
lDrDLEHL

h
,

whererDL is the charge per unit area of ions in the doub
layer over the large electrode andh is the viscosity of the
water.

rDL is given by

rDL5CDLCDL /~dxAk!

5CDL«/lD .

Thus, the velocity of the fluid above the large electrod
averaging over an entire cycle, is given by

a
l.

g
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^nDL~x!&5
1

2
ReH lDrDLEHL*

h J 52
nL0

x
C0

2 ~vx/v0!2

@11~vx/v0!2#2 ,

where

nL05
«

2hAk~11k!2
,

v0

x
5

2lDs

«px
.

Similarly, above the small electrode

^nDS~x!&52
nS0

x
C0

2 ~vx/c0!2

@11~vx/v0!2#2 ,
d
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where

nS052
«Ak

2h~111/k!2

52k3nL0 .

For electrodes of the same size, i.e., whenk51, we obtain

^nD~x!&52
«

8hx
C0

2 ~vx/v0!2

@11~vx/v0!2#2 ,

which is in agreement with the equation used by Ramos@5#.
The average velocity over the electrode surface can

obtained by integrating across the electrode. This aver
velocity is given by
Vave5

E
xmin

xmax

^nD~x!&dx

xmax2xmin
5

C0
2n0

2~xmax2xmin!S ~vAxminxmax/v0!2S xmax

xmin
2

xmin

xmax
D

S ~vAxminxmax/v0!21
xmin

xmax
D S ~vAxminxmaxv0!21

xmax

xmin
D D . ~1!
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Thus the average velocity over the surface of the electro
will be a maximum at a frequency ofv0 /A(xminxmax).

If some values are inserted into the above equations
assumptions and approximations upon which these calc
tions are based can be reassessed. TakinglD530
31029 m, s50.001 23V21 m21 for a 1024 mol dm23 solu-
tion of NaNO3 andk56.12~the value for the electrodes use
in the experimental part of this work! we obtainnL052.82
31029 m2 V22 s21 andv050.033 18 rad s21 m.

For electrodes wherexmin51.6mm and xmax512.0mm
the maximum velocity at the electrode surface would be a
frequency ofv0 /A(xminxmax)57572 rad s21 ~i.e., 1.21 kHz!.
Therefore the average velocity at this frequency on the
face of the large electrode if a potential difference of 0.8 Vrms

is applied between the electrodes would be^nDL(x)&
566.4mm s21. The flow rate over the equivalent point o
the small electrode would be a factor ofk3 larger than that
over the large electrode, thus^nDL(y)&515 000mm s21.

The flow induced in the bulk of the fluid cannot be simp
determined from the forced flow at the surface of the el
trodes. This bulk flow will not be the integration of the v
locity of the fluid over the electrode surfaces, rather it will
determined by the flow pattern that forms. This flow patte
will form so as to minimize the dissipation of energy with
the fluid. If we consider the onset of flow at the electrod
over each electrode the shear will decay over a character
distancey0 into the bulk, wherey0 is defined by
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e
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,
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wheret is a time over which the shear is applied to the flu
andd is the density of the fluid. If the time taken for water
flow over the electrode is taken as the unit of time, then o
the large electrode the vorticity will diffusek2 times further
than over the small electrode. This means that the total
mentum contained in the fluid over the large and small el
trodes is the same, but the flow over the large electrode p
etrates much further into the bulk of the fluid. However, tw
assumptions are made in the model which, if taken into
count, would decrease the fluid velocity over the small el
trode.

The model assumed that the ions in the double layer m
a negligible distance across the surface of the electrode
ing one cycle, i.e., the double layer at one point on the e
trode surface will not charge significantly due to char
flowing into it from another portion of the surface. On th
large electrode this is a reasonable approximation; as w
the above values the ions will only move a distance of
nm during half a cycle. However, the small electrode is o
3.9mm across and the ions will move 1.1mm in half a cycle.
This will significantly discharge the horizontal charge dist
bution, thus reducing the rate at which the fluid flows ov
the small electrode.

It was assumed that the thickness of the double layer
the same on both electrodes. However, the charge densi
the double layer over the small electrode will always bek
times larger than that over the large electrode. At large
tentials the double layer will be compressed, increasing
capacitance, and thus reducing the potential gradient ac
the surface of the electrode. Thus the double layer over
small electrode will be more compressed than that over
large electrode. Hence the fluid velocity over the small el
trode will be decreased by this effect more than the fl
5-5
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velocity over the large electrode. The average charge den
may be increased above the bulk concentration and this
significantly alter the thickness of the double layer.

It would be expected that the resulting bulk velocity of t
fluid would vary with applied voltage and frequency in th
same manner as the flow at the electrode surfaces. As we
comparing this model with the bulk fluid velocity in the ce
it can be tested by comparing it with the electrical impeda
of the cell.
ch

it
ll
e
n

en
ud

t
pe

he
low
ng
le

0

01630
ity
ay

as

e

V. COMPARISON OF THEORY WITH MEASURED
IMPEDANCE

The impedance of the simple circuit shown in Fig. 6~b!
can be calculated, by integrating across the surface of
electrodes, to give

Z5
p~Ak11/Ak!

2ls

ln A2 iu

~ ln A!21u2 ,

where
A5
A@~2lDs!21~v«p!21xmin xmax#

21@2lDsv«p~xmax2xmin!#
2

~2lDs!21~v«pxmin!
2 .
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tanu5
2lDsv«p~xmax2xmin!

~2lDs!21~v«p!2xmin xmax

and l is the total length of the electrodes in the cell whi
was 23.5 cm.

By comparing the phase and amplitude of the current w
that of the applied voltage it was possible to experimenta
determine the magnitude and the phase of the impedanc
the sample. Figure 7 shows the magnitude of the impeda
as it varies with applied voltage for a few selected frequ
cies. The impedance shows no variation with the magnit
of the applied voltage from 0.001 Vrms up to 0.1 Vrms, at any
frequency between 1 Hz and 100 kHz. This indicates tha
these voltages the thickness of the double layer is not de
dent upon the applied voltage.

Figure 8~a! shows the magnitude of the impedance of t
cell as it varies with the applied frequency at a voltage be
0.1 Vrms. The model is fitted to these data points by varyi
the conductance~s! and the effective thickness of the doub
layer (lD). The values obtained from the fit ares

FIG. 7. Magnitude of the cell impedance for 1024 mol dm23

NaNO3 as it varies with the applied potential at frequencies of 1
Hz ~s!, 1 kHz ~h!, 10 kHz ~L!.
h
y
of

ce
-
e

at
n-

50.018V21 m21 and lD54.56 nm. Figure 8~b! shows the
phase of the impedance as it varies with frequency at a v
age below 0.1 Vrms. The solid line is the phase predicted b
the model for the values ofs andlD determined by fitting
the magnitude of the impedance. The difference between
observed and predicted phases arises from the approxim
in the model that the ions do not move significantly acro
the surface of the electrode within half a cycle. As discus
earlier this is not true at the surface of the small electro
The small electrode has the lower capacitance and so d
nates the capacitive term which controls the phase of
impedance. However, while the model does not predict
identical phase to that observed, it does show similar f
tures.

The value oflD determined from fitting the impedance
a factor of 7 less than that predicted by the Debye-Hu¨ckel
approximation, while the conductivity is a factor of 1
greater than that expected for a 1024 M solution of NaNO3.
These discrepancies show the importance of some fur
assumptions made in this simple model. The lower value
lD could be due to the diffuse layer compressing due to
potential placed across it and might also be due to charg
a Stern layer.

The larger conductivity could also be expected as the fi
lines are assumed to be semicircular which will not be
case particularly near the edge of the small electrode.
actual field lines will provide wider conduction paths with
lower resistance than their semicircular counterparts. T
model also ignores conduction between different pairs
electrodes, which would decrease the measured resistan

Perhaps the most important factor which might acco
for the discrepancies is that the conductivity and the dou
layer are both dependent on the salt concentration whic
assumed to remain constant. However, in reality the salt c
centration just above the electrodes may be significa
greater than the bulk value of 1024 mol dm23.

The charge per unit area required in the double laye
produce a potential drop ofCD is given by

sD5
CD«

lD

0

5-6
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This charge density can be directly related to an ion den
at the surface. Thus the concentration of ions within
double layer must be given by

c5
CD«

lD
2 eNA

.

For a potential difference of 0.1 V this gives an ion conce
tration within the double layer of 0.035 mol dm23, i.e., much
higher than the 1024 mol dm23 in the bulk fluid. This high
surface concentration will diffuse away from the surfa
when a lower potential is placed across the double la
Using a typical diffusion rate for Na1 and NO3

2 ions, at a
frequency of 10 kHz, the distribution of ions would broad
to ;600 nm in half a cycle. Thus when driving the ele
trodes at 10 kHz there would be a higher concentration
salt near the electrode surface which would decay away f
the electrode over a length scale of half a micron. At low
frequencies it would decay over a larger distance.

Figure 7 shows that above 0.1 V the magnitude of
impedance decreases with applied voltage. Assuming th
first order the conductivity of the solution is independent

FIG. 8. ~a! The predicted magnitude of the impedance~solid
line! was fitted to the experimentally observed magnitude~open
circles! by varying values for the conductance of the solution a
the thickness of the double layer.~b! The phase predicted~solid
line! and observed~open circles! using the values obtained from
fitting the magnitude of the impedance.
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applied voltage, then this reduction in impedance must c
respond to a compression of the double layer. The fact
the effect is larger at lower frequencies supports this con
sion, as at lower frequencies a higher fraction of the app
voltage is placed across the double layer. In this region
model would not be expected to make any quantitative p
dictions, as the thickness of the double layer would be d
ferent on each electrode, would differ across each electr
and would vary as the potential varies within each cycle.

VI. DISCUSSION

The fluid is observed to flow from the small electrod
across the narrow gap, towards the wide electrode@i.e., right
to left as the electrodes are represented in Fig. 6~a!#. This
means that the effect of the flow induced on the large e
trode dominates over that induced on the small electrode
possible flow profile is shown in Fig. 9, where the flow i
duced over the small electrode forms a vortex. Arrows un
the electrodes show the flow induced at the electrode
faces. The theory described earlier predicts that the flow
always be away from the gap between the electrodes,
will decrease in velocity with distance from that gap. Figu
9 includes some reverse flow on the electrodes which wo
be expected in an array of electrodes due to the interac
between the different pairs of electrodes. The fast flow p
dicted over the small electrode is shown to form a vor
over the small electrode. This small vortex is then s
rounded by the overall flow produced by the larger electro
This structure is supported by the fact that the flow over
small electrode would not diffuse very far into the bul
where as the flow over the large electrode has time to diff
much further. It is not possible to extract the magnitude
the bulk flow from the theory without a quantitative analys
of the flow profile induced by the electrodes. However, sin
the bulk flow would be expected to vary with frequency a
voltage in the same way as the average flow over the sur
of each electrode, some comparisons can be made.

The model predicts that the maximum velocity shou
vary with C2 @Eq. ~1!#. Figure 5~a! shows that the experi
mentally observed velocities fit well to this aspect of t
model. According to Eq.~1! the velocity should increase to
maximum value at a frequency determined
v0 /A(xmin xmax) ~1.21 kHz for these electrodes!, and then
decrease again at higher frequencies. This is qualitativ
observed; however, the position of the peak is not exactly

d

FIG. 9. A sketch of a possible flow profile over a series of pa
of electrodes. The flow over the small electrode forms a vortex
due to its small size; the shear does not penetrate as far into
medium as it does over the large electrode.
5-7
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predicted. This is due to the fact thatv0 is inversely propor-
tional to the capacitance. As has already been discussed
capacitance is poorly defined within the model.

According to the theory, the width of the peak shou
only be proportional to its position and dependent on
value ofxmax/xmin . At an applied voltage of 0.2 Vrms, where
the double layer is not compressed significantly by the
plied potential, the shape of the peak predicted by the mo
fits the observed curve reasonably well as shown in Fig.
However, as the applied voltage is increased, the positio
the peak moves to lower frequencies, and the width of
peak increases as shown in Figs. 5~b! and 4. This is due to
the fact that the potential across the double layer is great
lower frequencies, and so the double layer is more co
pressed at lower frequencies as observed with the imped
measurements~Fig. 7!. This compression increases the c
pacitance, meaning more time is required to achieve
same potential drop across the double layer as would be
served with an uncompressed layer, thus a particular velo
is observed at lower frequencies than if the double layer
not compress. This effect raises the velocity at lower f
quencies, thus broadening the peak and shifting it to lo
frequencies. In fact some slight broadening can even be
served at 0.2 Vrms ~Fig. 10!.

FIG. 10. The fluid velocity at an applied voltage of 0.2 Vrms as
it varies with frequency, fitted with Eq.~1!. The width of the peak
agrees well with the theory, suggesting that the theory corre
describes the variation of velocity with frequency at low appli
potentials.
ng
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VII. CONCLUSION

Water has been pumped across an array of electrode
the application of an ac electric field. Above a static ele
trode array at distances greater than the period of the e
trodes ~50 mm in the case considered here!, uniform fluid
flow is generated. A peak velocity was observed at a f
quency of a few kHz. Velocities up to 75mm s21 were ob-
served at voltages of up to 1.2 Vrms.

A simple model has been presented and compared to
observed fluid velocities. This model was in qualitati
agreement with the experimental observations. A numbe
approximations have been highlighted which significantly
fect the predictions of the model. In order to improve t
model these approximations would need to be addresse
would be necessary to include a description of the comp
sion of the double layer, allowing its capacitance to va
with the instantaneous potential across it, possibly acco
ing for a Stern layer. The spatial and possibly even tempo
variation in salt concentration would need to be modeled.
accurate description of the field lines and hence the cur
flow within the bulk solution would have to be made. Als
the movement of the ions within the double layer over t
small electrode would need to be accounted for. Finally
hydrodynamic model of the bulk fluid flow arising from th
flow on the surface of the electrodes would have to be g
erated. Theoretical contributions in this area would be w
comed. It should also be noted that for a model intended
describe an experiment where higher potentials were u
the injection of charge at the electrodes would also have
be considered.

The electrode array is very simple, and requires only t
electrical connections to drive it. The voltages required
low and easily generated. The model predicts that the fl
rate would be inversely proportional to the size of the el
trodes. A plug flow profile is observed, where the shear is
contained near the surface and any pressure opposing
flow determines the flow profile of the bulk. This flow profil
is ideally suited to pumping fluids through small chann
where the shear forces at the walls of the channel usu
provide the dominant resistance to the flow. The only len
scale inherent in the technique is the thickness of a dou
layer. Hence this pumping technique appears applicabl
fluid control on submicrometer length scales.
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