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Pumping of water with ac electric fields applied to asymmetric pairs of microelectrodes

A. B. D. Brown!* C. G. Smith*" and A. R. Rennig*
1semiconductor Physics, Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, United Kingdom
Department of Chemistry, Kings College London, Strand, London WC2R 2LS, United Kingdom
(Received 31 July 2000; published 20 December 2000

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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[. INTRODUCTION simple theoretical model that describes the movement of ions
in an aqueous solution near the surface of an electrode. It is

Interest in controling the movement of small volumes ofassumed that these ions drag solvating water molecules thus
fluid has been growing rapidly in recent years. This is im-producing fluid flow. This theory is compared with the elec-
portant in the field of biotechnology as single cells and theirtrical response of the electrode array and observations of the
surrounding fluid need to be manipulated. Micromachinedluid flow. The flow is observed by tracking the motion of
are also being developed and it is expected that they wilfolloidal particles with an optical microscope as they move
play significant roles in diverse areas such as analyticalvith the fluid.
probes, drug delivery systems, and surgical tools. To perform
these tasks means are required to pump fluids either as a
mechanism of propulsion for the micromachines, or to move
materials across the surface of an analytical probe. Currently An array of interdigitated electrodes was built consisting
there are several means by which microscopic pumps can ki a small electrodé4.2 um wide) separated from the large
achieved. These include the use of thermal gradig¢his electrode(25.7 um wide) by a 4.5um gap. Pairs of such
electric fieldq 1], magnetic field$2,3], as well as electrome- electrodes were repeated at & intervals, leaving a gap of
chanical means such as piezoelectric actug#js 15.6 um between the small electrode in one pair and the

Recently pairs of microelectrodes subjected to alternatingarge electrode in the next pair. The shape of the grid was
electric fields have been reported to drive a new type of fluiddefined using photolithography and contained 130 repeats. It
flow [5—8]. The mechanism has involved creation of vorticeswas made by evaporating 10 nm of Nichrome and then
and these have been used to move fluids and cluster particl&90 nm of gold onto a glass slide, patterned with photoresist.
over the surface of an electrode. This technique has not beérhe purpose of the Nichrome was to provide good adhesion
used to produce a net flow of fluid over an entire electrodevith the glass. Gold was chosen as the electrode material
array. However, it has been sugges{&d that a net flow rather than titaniuni5], as gold does not form an oxide layer
could be driven with an array of electrodes that are modifiedn water which would add to the surface capacitance. The
so that each electrode is anisotropic in shape, potential, arell was then assembled as shown in Fig. 1, and the sample
capacitance. In this way each electrode produces an anisesas viewed in dark field under reflected light. The electrodes
tropic force on ions in a fluid that can drive the flow acrosswere driven using a lock-in amplifier which allowed the
the electrodes. measurement of the complex impedance of the cell.

In this paper net fluid flow is produced using a related The sample investigated was a very dilute dispersion
method. Pairs of electrodes are fabricated so that, as a pair-0.0005 v/y of 0.5 um polystyrene latex spheres in
they are anisotropic in shape and thus provide a direction in0 *M solution of NaNQ,. These particles were observed to
which the fluid is pumped. The present paper describes move above the electrodes. The velocity of the fluid was

measured by capturing images of the particles over the grid
at regular time intervals and then using these images to track

II. EXPERIMENT

*Email address: ben@brownshouse.com the motion of the particles. The distance between the par-
TFAX: +44 1223 337271. Email address: cgs4@cam.ac.uk ticles observed and the electrodes was controled by adjusting
*FAX: +44 207 8482810. Email address: the focus of the microscope. The range of distances observed
rennie@colloids.ch.kcl.ac.uk depended upon the depth of field of the objective and the
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plifier that allowed the impedance of the cell to be measured.
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acceptance levels allowed by the analyzing program. Typi-

cally particles were accepted within a range of approximately FIG. 2. Observed fluid velocity as it varies with distance above
+10 um. the surface of the electrodes. Error bars are shown where the error

is larger than the point size. The data points have been fitted with a
IIl. MEASURED ELUID VELOCITIES quadratic function. This is the form expected if a back pressure is
present. The straight line is the profile that would be expected in the
When an ac field was applied to the electrodes, the parapsence of any back pressure. The curve is extrapolated to the sur-
ticles were observed to move perpendicular to the length oface of the electrode to give the velocity that would be observed in
the electrodes. The direction of motion was away from thene absence of any back pressure and in the absence of an upper
small electrode, across the narrow gap, towards the larggtatic boundary condition.
electrode, i.e., from the neébotton) to the far(top) side as

the electrode grid is shown in Fig. 1. It is assumed that then,\eq across the electrode array. This shows that near the

particles move with the fluid, and so can be used to measUl§acirodes the flow is not simolyv in a horizontal plane. but
the motion of the fluid. In general this is not true, as the bY P !

. ; : has vertical components as well. This vertical velocity made
particles are charged, and so will experience an electrostat

force. However, as long as the time over which the parﬂcleé{;d'mcu“ to track the motion of partl_cles, and so all further
. . . measurements were made at a height of 80 above the
are observed is longer than the period of the applied poten- .
. . . electrodes. In order to make measurements from different
tial, this force will average to zero and have no effect. In . .
) . ) 4 . . experiments comparable, the velocities measured were
high field gradients, particles will also experience a force ; L
scaled to give the velocity in the absence of back pressure.

arising from the difference between their dielectric properties Figure 3 shows the fluid velocity as it varies with applied

and that of the surrounding water. Again this effect is notfre uency at an applied voltage of 0.8\at 1 h intervals
expected to be significant in this experiment where the volt; d Y bp 9 i !

ages are in the region of 1 V and particles are tracked at Iarg$6fore’ during, and after the other measurements were made.

distances from the electrode surfaces where the highest fie r1eer\1/etlr$e(:neyle?:ter((:)rc(ia:s,8(\e/vsersell%/?etzl\)//vevéltgftgrs?hce)f;Qeerei:ﬁgtnrfciﬁe
gradients are located. P '

Figure 2 shows the velocity of the fluid as it varies with
height above the electrodes. The distance from the electrodes
to the bottom surface of the cover slip was found to be
340 um. The flow rate has been fitted with a quadratic func-
tion, and constrained to have no velocity at the upper surface -
of the fluid. The flow rate does not vary linearly with height
due to the pressure distribution generated within the cell by
the flow. The shape of the curve is simply dependent on the
ratio between the pressure and the velocity of the fluid. This
curve can be extrapolated to the surface of the electrodes to
give a fluid velocity that would be observed if there was no
back pressure generated, and if the top surface of the fluid
was not constrained to be stationary. Assuming the fluid flow
is laminar at all flow rates investigated, the shape of the oL — et
curve will remain the same for all pumping velocities. This 0.1 ! 10 100
means that the ratio between the velocity in the absence of Frequency (kHz)
back pressure, and the observed velocity at a given distance FIG. 3. The scaled fluid velocity plotted against applied fre-
will remain constant for all pumping rates. guency at a potential of 0.8\, before the experimeri©), during

At distances below 5Qum the tracer particles were ob- the experimen(d), and after the experime(K), at approximately
served to move out of focus and then back into focus as the¥ h intervals. The fitted Gaussian curves are to aid the eye.

)

Velocity (ums”
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FIG. 4. The scaled fluid velocity plotted against the applied @
frequency at six different values of the applied potential: 0,2V 3
(0), 0.4 Vins (), 0.6 Vipns (¢), 0.8 Vs (X), 1.0 Vine (+), and 1.2 [ . °
Vims (A). The fitted Gaussian curves are to aid the eye. I
25 | .
narrow electrode appeared slightly roughened and spheres § [
were observed to have deposited on the electrodes, particu- [ .
larly on the small electrode. £ zr
Figure 4 shows the fluid velocity as it varies with applied -z
frequency for different values of the applied voltage. The E- 15 -
curves have been fitted with a Gaussian with no background, g [ .
and the variation of peak height and peak position with ap- * [
plied voltage are shown in Figs.(® and 3b). The peak Lr
increases in size and moves to lower frequency as the ampli- s
tude of the applied signal is increased. P P R P S R R T
0 02 04 06 08 1 12 14
IV. THEORETICAL MODEL Voltage (V)

Consider two infinitely long electrodes of different widths ©
placed next to each other on a nonconducting substrate im- FIG. 5. (a) The maximum velocity plotted against applied volt-
mersed in an aqueous solution as shown in Fig\.6f an ac  age(y) fitted withv =By? whereB is a constant as predicted in Eq.
potential is applied to these electrodes then a current will bél). () The frequency at which the velocity is a maximum plotted
induced in the solution. If the frequency is low enough soagainst applied voltage.
that ions can equilibrate locallgi.e., below~10 MHz for
10~*mol dm® monovalent salt and if the applied potential  the ratio of the electrode widttse., L/S) bek. Let an origin
is below the ionization potential, so that electrolysis does nNohe chosen between the electrodes such that a conduction path
occur at the _electrode surfaces, then the bulk water will beg, i «tarts at a distance otk from this origin over the large
r;a\/eer :/Cit?]raezlstlgfa?(?:gfghp\atrthe Q:;a;:trodgrﬁyrfgceslaldoub ectrode will end at a point/ Jk from this origin over the

y >€p . ge wiittorm. This double 1ayer g electrode. LeKin, and X, be chosen such that the
will behave in a capacative manner. When a potential is a farge electrode lies between points; VK andx.../K from
plied, and if the distortion of the field lines at the edges Oft L d th I FI) ‘ g i bm?X int
the electrodes is ignored, the field lines are approximatel € orgn an € smal electrode lies between points

min/ VK andxma,/\k from that same origin, as shown in Fig.

semicircular. Away from the surface of the electrodes th ; ,
current will flow parallel to the field lines from one electrode 8(@- This means thaky, is equal t0G/(Vk+1/Vk), and

to the other. As it does so, the amount of charge separated ifmaxiS €qual to G+ L+8)/(Vk+ 1/Jk). Using this notation
the double layers increases. If the fluid is divided up intothe electrode array used in the experiment described above
tubes parallel to the field lines and terminating at the elechas values ok=6.12,Xpj=1.6 um, andxma=12.0um for

trodes, then these tubes can each be modeled by a resis&#ch pair of electrodes. . o
with a capacitor at each end as shown in Fign)6 Assuming the field lines are approximately semicircular, a

Let the large electrode have widthand the small elec- tube of thicknesssx\k over the large electrode, at a point
trode widthS and let the gap between them Beas illus- distancex/k from the origin, will reach the small electrode
trated in Fig. ). In order to simplify the algebra it is useful ata pointx/ Vk from the origin where it will have a thickness
to have a variable that describes the position of both ends 6x/\k. The resistanc&®(x) of this tube per unit length of
of a conduction path across the surface of the electrodes. Letectrode is given by
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Lines along which the solution conducts dent of the applied voltage. However, when larger potentials
are placed across the interface, the diffuse layer compresses.
It is not clear how the capacitance of the Stern layer and

the diffuse layer might combine. In the following calculation
it is assumed that the total capacitance can be described by
an effective value oh for a given applied amplitude. It is

Water ~a

Doubl . . . .
1a§:r A also assumed that all the ions in this separation of charge are
mobile. The capacitance of the double layer at each end of
Gold the tube per unit length of the electrode is therefore given by
electrode 4 3 -
Glass * : e 5 CDL:85X\/E/)\D
substrate potenual
i L fG: S| at the large electrode and
x,,,a;\/k 0 x:nax/‘]k
@ Sk ik Cos=2x/ VKo
a
at the small electrode, wheteis the permittivity of water.
. Ry Cs If a potentialV =W, exp(wt) is applied to the electrodes
I WWA I then the potential across the double layer on the large elec-
MV trode ¥, will vary as
: : | | v 1
P TN | W —P_|R— =
W |EHL S i oL(X) iwCps 1+k l+iwemXx/2\po’
" : , wherel is the current through the tube under consideration
I VAL } and is equal toF divided by the total impedance of the tube.
N\ The potential across the double layep, (X) is a function of
\’\j position on the electrode. This variation will give rise to a
(b) horizontal electric fielde,; above the double layer. Over the

large electrode this horizontal field is given by

FIG. 6. (a) A pair of differently sized gold electrodes on a glass HL:i %
substrate in water at the instant that the large electrode is at a Jk o dx
positive potential and the small electrode is at a negative potential.
The continuous lines indicate the direction of the field lines along v iwem2\po

which the solution conducts.(b) The equivalent electrical circuit. == \/E(1+ K) (1+iye 7TX/2)\D0')2'

The double layer acts as a capacitor while the bulk of the water acts

as a resistor. The value of the resistance varies Ry between The ions in the double layer will move in this horizontal

the near edges of the electrodesip, between the far edges of the  fjo| Within the double layer the concentration of ions is

electrodes. sufficiently high that the fluid surrounding the ions moves

with them. The velocity of the ions and the fluiey, is

mx(Vk+11/k) determined by the condition that the viscous drag across the

T 20ox layer per unit areaK/A) is equal to the electrostatic force,

R(x)

FIA=pp By =nvpL/Np.

whereo is the conductivity of the solution. Therefore

The distribution of charge at a surface will follow a solu-
tion of the Poisson-Boltzmann equation. Some ions may be NoppLEnL
tightly bound in a Stern layer while the rest are distributed in VDL:T’

a diffuse layer characterized by a screening distangfl0].

The distance by which charge is separated in the Sterwherepp, is the charge per unit area of ions in the double
layer is very small. However, only a limited amount of layer over the large electrode angis the viscosity of the
charge can dwell in this layer. At present there is no modeater.
that satisfactorily predicts the nature of the Stern layer as itis pp_ is given by
dependent upon the ion species, electrode material, and ap-
plied potential. poL="po CoL/(8x k)

In the limit of a small applied potentigl<25 mV) the N
screening distance or thickness of the diffuse layer is given pL=ttD:
by the Debye-Haokel approximatiof10], giving 30 nm fora  Thus, the velocity of the fluid above the large electrode,
10~ *mol dm? solution of monovalent ions, and is indepen- averaging over an entire cycle, is given by
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1 R NopolEfL| v, (oXwg)? where
(roL0)=3 T x 1+ (wx/w)?]? ek
Vgo= — TR Y RV
+
where 27(1+1Kk)
e = _k3V|_0.
LN e . .
27Vk(1+k) For electrodes of the same size, i.e., whenl, we obtain
(Xl wg)?
wo_ 2hpo (vp(x))=— 0 w5 792
X emx 87X [1+ (wX/ wg)7]

which is in agreement with the equation used by Rapsds

Similarly, above the small electrode )
The average velocity over the electrode surface can be

2
=_ V_Soqu % obtained by integrating across the electrode. This average
(vps(X)) 011 To)212 Lo
X [1+ (oX/wg)?] velocity is given by
Xmax d o Xmax  Xmin
<VD(X)> X P2 (@ VXminXmax ©0) -
Vo = Xmin _ o?o Xmin ~ Xma o)
ave Xmax™ Xmin 2(Xmax_ Xmin) 2 Xmin 2 Xmax .
(0 VXminXmax ©0)“+ X (@ VXminXmaxwo) “+ X
ma min

Thus the average velocity over the surface of the electrodeshereris a time over which the shear is applied to the fluid,
will be a maximum at a frequency g/ (XminXmas- andd is the density of the fluid. If the time taken for water to
If some values are inserted into the above equations thBow over the electrode is taken as the unit of time, then over

assumptions and approximations upon which these calculdhe large electrode the vorticity will diffuse’ times further
tions are based can be reassessed. Takipg=30 than over the small electrode. This means that the total mo-

x10°9m, ¢=0.001230 " Im ! for a 10 *moldm 3solu-  Mentum contained in the fluid over the large and small elec-
tion of NaNO; andk=6.12 the value for the electrodes used trodes is the same, blut the flow over the Ia_rge electrode pen-
in the experimental part of this workve obtainv, o=2.82 etrates n_1uch further into the bulk of the flwd._ However, two
% 10" m?V 25! and w,=0.033 18 rad s* m. assumptions are made in the_model yvhlch, if taken into ac-
For electrodes where=1.6m and X a=12.0xm count, would decrease the fluid velocity over the small elec-

. . trode.
the maximum velocity at the electrode surface would be at a The model assumed that the ions in the double layer move

frequency ofwo/V(XminXmad = 7572 rad st(ie, 1.21kHz 4 negligible distance across the surface of the electrode dur-
Therefore the average velpcny at th.IS frgquency on the SUlng one cycle, i.e., the double layer at one point on the elec-
face of the large electrode if a potential difference of 0,8V trode surface will not charge significantly due to charge
is applied between the electrodes would bep (X))  flowing into it from another portion of the surface. On the
=66.4ums ' The flow rate over the equivalent point on large electrode this is a reasonable approximation; as with
the small electrode would be a factor kit larger than that the above values the ions will only move a distance of 3.3
over the large electrode, th{sp, (y))=15000ums 1. nm during half a cycle. However, the small electrode is only
The flow induced in the bulk of the fluid cannot be simply 3.9 um across and the ions will move 1xdm in half a cycle.
determined from the forced flow at the surface of the elecThis will significantly discharge the horizontal charge distri-
trodes. This bulk flow will not be the integration of the ve- bution, thus reducing the rate at which the fluid flows over
locity of the fluid over the electrode surfaces, rather it will bethe small electrode.
determined by the flow pattern that forms. This flow pattern It was assumed that the thickness of the double layer was
will form so as to minimize the dissipation of energy within the same on both electrodes. However, the charge density in
the fluid. If we consider the onset of flow at the electrodesN€ double layer over the small electrode will alwayskoe

over each electrode the shear will decay over a characteristfmes larger than that over the large electrodg. Al Iarge po-
distancey, into the bulk, wherey, is defined by tentials the double layer will be compressed, increasing the

capacitance, and thus reducing the potential gradient across
the surface of the electrode. Thus the double layer over the
small electrode will be more compressed than that over the
large electrode. Hence the fluid velocity over the small elec-

Yom Ng trode will be decreased by this effect more than the fluid

<
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velocity over the large electrode. The average charge density V. COMPARISON OF THEORY WITH MEASURED
may be increased above the bulk concentration and this may IMPEDANCE

significantly alter the thickness of the double layer. The impedance of the simple circuit shown in Figb)s

f l(; WOUI%be expe'tcrt]ed thlgtéhe rltfsultingclim;lk VeIOCity.OfttEecan be calculated, by integrating across the surface of the
uid would vary with applied voltage and frequency in the oo - oqec 1o give

same manner as the flow at the electrode surfaces. As well as

comparing this model with the bulk fluid velocity in the cell, 7™ Vk+1hk) InA-ig
it can be tested by comparing it with the electrical impedance 2lo (INA)?+ 62’
of the cell. where

\/[(2)\D0')2+ (w87)2+ Xminxmax]2+ [2Npowe T(Xmax— Xmin)]2

B (2N p0)°+ (we TXmin)°
|
¢ is given by =0.0180 "'m~! and A\p=4.56 nm. Figure &) shows the
2\ p o we T(Xmax— Xmin) phase of the impedance as it varies with frequency at a volt-

tanf= age below 0.1 Vs The solid line is the phase predicted by

the model for the values af and \p determined by fitting
and| is the total length of the electrodes in the cell whichthe magnitude of the impedance. The difference between the
was 23.5 cm. observed and predicted phases arises from the approximation
By comparing the phase and amplitude of the current witin the model that the ions do not move significantly across
that of the applied voltage it was possible to experimentallythe surface of the electrode within half a cycle. As discussed
determine the magnitude and the phase of the impedance e#rlier this is not true at the surface of the small electrode.
the sample. Figure 7 shows the magnitude of the impedancEhe small electrode has the lower capacitance and so domi-
as it varies with applied voltage for a few selected frequenhates the capacitive term which controls the phase of the
cies. The impedance shows no variation with the magnitudénpedance. However, while the model does not predict an
of the applied voltage from 0.001, ), up to 0.1 \},,x at any identical phase to that observed, it does show similar fea-
frequency between 1 Hz and 100 kHz. This indicates that afures.
these voltages the thickness of the double layer is not depen- The value ofn, determined from fitting the impedance is
dent upon the applied voltage. a factor of 7 less than that predicted by the Debyekél
Figure 8a) shows the magnitude of the impedance of theapproximation, while the conductivity is a factor of 14
cell as it varies with the applied frequency at a voltage belowgreater than that expected for a £V solution of NaNQ.
0.1 V.« The model is fitted to these data points by varyingThese discrepancies show the importance of some further
the conductancér) and the effective thickness of the double assumptions made in this simple model. The lower value of

layer (\p). The values obtained from the fit are \p could be due to the diffuse layer compressing due to the
potential placed across it and might also be due to charge in

100 ¢ a Stern layer.

; The larger conductivity could also be expected as the field
lines are assumed to be semicircular which will not be the
case particularly near the edge of the small electrode. The

(2)\D0')2+ (we 7T)ZXminXmax

ot °° e e actual field lines will provide wider conduction paths with a
: o lower resistance than their semicircular counterparts. The
[ ° model also ignores conduction between different pairs of
. o o o o 3 9 o 4 electrodes, which would decrease the measured resistance.
o040 Perhaps the most important factor which might account

for the discrepancies is that the conductivity and the double

Magnitude of cell Impedance (k<)

y < < < < < < < o O 000
layer are both dependent on the salt concentration which is
assumed to remain constant. However, in reality the salt con-
centration just above the electrodes may be significantly
0-(1)001 — ""‘0‘:)1 — ""‘(‘)'1 — ; greater than the bulk value of Z6mol dm 3,
Applied Voltage (V_ ) The charge per unit area rgquyred in the double layer to
rms produce a potential drop oF is given by

FIG. 7. Magnitude of the cell impedance for 0mol dm3 Vg

NaNG; as it varies with the applied potential at frequencies of 100 op= b

Hz (O), 1 kHz (0J), 10 kHz (). Ap
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e ; FIG. 9. A sketch of a possible flow profile over a series of pairs

of electrodes. The flow over the small electrode forms a vortex as
due to its small size; the shear does not penetrate as far into the
100 . ) RPN medium as it does over the large electrode.

@ Frequency (kHz) applied voltage, then this reduction in impedance must cor-
respond to a compression of the double layer. The fact that
1.4 the effect is larger at lower frequencies supports this conclu-
- sion, as at lower frequencies a higher fraction of the applied
voltage is placed across the double layer. In this region the
model would not be expected to make any quantitative pre-
dictions, as the thickness of the double layer would be dif-
ferent on each electrode, would differ across each electrode,
and would vary as the potential varies within each cycle.

Phase (radians)

VI. DISCUSSION

The fluid is observed to flow from the small electrode,
i v, across the narrow gap, towards the wide electfaée right
0.01 0.1 1 10 100 to left as the electrodes are represented in Fig)]6This
Frequency (kHz) means that the effect of the flow induced on the large elec-
(b) trode dominates over that induced on the small electrode. A
FIG. 8. (a) The predicted magnitude of the impedareelid  Possible flow profile is shown in Fig. 9, where the flow in-
line) was fitted to the experimentally observed magnitédpen  duced over the small electrode forms a vortex. Arrows under
circles by varying values for the conductance of the solution andthe electrodes show the flow induced at the electrode sur-
the thickness of the double layer(b) The phase predictetsolid ~ faces. The theory described earlier predicts that the flow will
line) and observedopen circley using the values obtained from always be away from the gap between the electrodes, and
fitting the magnitude of the impedance. will decrease in velocity with distance from that gap. Figure
9 includes some reverse flow on the electrodes which would
This charge density can be directly related to an ion densitype expected in an array of electrodes due to the interaction
at the surface. Thus the concentration of ions within thebetween the different pairs of electrodes. The fast flow pre-

double layer must be given by dicted over the small electrode is shown to form a vortex
N over the small electrode. This small vortex is then sur-

c= 2—D- rounded by the overall flow produced by the larger electrode.

ApeNy This structure is supported by the fact that the flow over the

small electrode would not diffuse very far into the bulk,

For a potential difference of 0.1 V this gives an ion concen-where as the flow over the large electrode has time to diffuse
tration within the double layer of 0.035 mol drfy i.e., much  much further. It is not possible to extract the magnitude of
higher than the 10 moldm 2 in the bulk fluid. This high the bulk flow from the theory without a quantitative analysis
surface concentration will diffuse away from the surfaceof the flow profile induced by the electrodes. However, since
when a lower potential is placed across the double layerthe bulk flow would be expected to vary with frequency and
Using a typical diffusion rate for Naand NQ,” ions, at a  voltage in the same way as the average flow over the surface
frequency of 10 kHz, the distribution of ions would broadenof each electrode, some comparisons can be made.
to ~600 nm in half a cycle. Thus when driving the elec- The model predicts that the maximum velocity should
trodes at 10 kHz there would be a higher concentration ofrary with V2 [Eq. (1)]. Figure %a) shows that the experi-
salt near the electrode surface which would decay away frormentally observed velocities fit well to this aspect of the
the electrode over a length scale of half a micron. At lowermodel. According to Eq(l) the velocity should increase to a
frequencies it would decay over a larger distance. maximum value at a frequency determined by

Figure 7 shows that above 0.1 V the magnitude of thewq/\(XminXma (1.21 kHz for these electrodgsand then
impedance decreases with applied voltage. Assuming that tdecrease again at higher frequencies. This is qualitatively
first order the conductivity of the solution is independent ofobserved; however, the position of the peak is not exactly as
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ST VII. CONCLUSION

- Water has been pumped across an array of electrodes by
4t the application of an ac electric field. Above a static elec-
¢ trode array at distances greater than the period of the elec-
trodes (50 um in the case considered hgreiniform fluid
flow is generated. A peak velocity was observed at a fre-
[ quency of a few kHz. Velocities up to 7ams * were ob-
2 L served at voltages of up to 1.2\

[ A simple model has been presented and compared to the
[ observed fluid velocities. This model was in qualitative
1 agreement with the experimental observations. A number of
® $ approximations have been highlighted which significantly ef-
fect the predictions of the model. In order to improve the
model these approximations would need to be addressed. It
would be necessary to include a description of the compres-
sion of the double layer, allowing its capacitance to vary

FIG. 10. The fluid velocity at an applied voltage of 0.2,yas  with the instantaneous potential across it, possibly account-

it varies with frequency, fitted with Ed1). The width of the peak ing for a Stern layer. The spatial and possibly even temporal
agrees well with the theory, suggesting that the theory correctlyvariation in salt concentration would need to be modeled. An
describes the variation of velocity with frequency at low applied accurate description of the field lines and hence the current
potentials. flow within the bulk solution would have to be made. Also
the movement of the ions within the double layer over the
small electrode would need to be accounted for. Finally a

Xdrodynamic model of the bulk fluid flow arising from the

ow on the surface of the electrodes would have to be gen-

Velocity (ums'l)
c=Y

0 AR L el
0.1 i 10 100

Frequency (kHz)

predicted. This is due to the fact thay, is inversely propor-
tional to the capacitance. As has already been discussed, t

Ca&iﬂﬁg?: 'S{Op?r?é%ﬁ:;'rnedth\’:tw%ttﬁeofmtohiel' eak should erated. Theoretical contributions in this area would be wel-
v b 9 " |t 'ty’ i dd pd ¢ th comed. It should also be noted that for a model intended to
only be proportional to s position and dependent on N&yagerine an experiment where higher potentials were used,

value OfXmay/Xmin- At an applied voltage of 0.2 s Where  ihe injection of charge at the electrodes would also have to
the double layer is not compressed significantly by the appe considered.

plied potential, the shape of the peak predicted by the model The electrode array is very simple, and requires only two
fits the observed curve reasonably well as shown in Fig. 1Ge|ectrical connections to drive it. The voltages required are
However, as the applied voltage is increased, the position gbw and easily generated. The model predicts that the flow
the peak moves to lower frequencies, and the width of theate would be inversely proportional to the size of the elec-
peak increases as shown in Figgh)Sand 4. This is due to trodes. A plug flow profile is observed, where the shear is all
the fact that the potential across the double layer is greater gontained near the surface and any pressure opposing the
lower frequencies, and so the double layer is more comflow determines the flow profile of the bulk. This flow profile
pressed at lower frequencies as observed with the impedantz ideally suited to pumping fluids through small channels
measurementg§Fig. 7). This compression increases the ca-where the shear forces at the walls of the channel usually
pacitance, meaning more time is required to achieve th@rovide the dominant resistance to the flow. The only length
same potential drop across the double layer as would be of§cale inherent in the technique is the thickness of a double
served with an uncompressed layer, thus a particular velocitfk{er- Hence this pumping technique appears applicable to
is observed at lower frequencies than if the double layer didluid control on submicrometer length scales.

not compress. This effect raises the velocity at lower fre-
guencies, thus broadening the peak and shifting it to lower
frequencies. In fact some slight broadening can even be ob- A B.D.B. thanks the Oppenheimer Trust and the Newton
served at 0.2 Vs (Fig. 10. Trust for research funding.
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