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Pumping liquids using asymmetric electrode arrays
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Following a general symmetry argument, | suggest using locally asymmetric electric geometries to pump
liquid in channels or drive droplets on surfaces. This strategy, which requires no global gradient in the pumping
direction, should be of interest for microfluidic devices and micro-electro-mechanical systems. A practical
realization consists in using polar periodic arrays of electrodes addressed by an ac voltage difference. A simple
electro-osmotic model provides an estimate of the pumping velocities achievable.

PACS numbgs): PACS: 85.90+h, 82.45+z, 83.50.Pk, 47.65%-a

[. INTRODUCTION to a directional pumping of the whole fluid.e., not re-

stricted to the surfaggFig. 3) and at a velocity proportional

to VS. The model an estimate of amplitude and frequency

dependence of the pumping effect. In a discussion section,
odifications brought in by the occurrence of charge injec-
n at the electrodes are briefly pointed out, and a few con-

cluding remarks exposed.

Microfluidics is a topic of great current interest due to the
development of “lab-on-a-chip* devices and micro-electro-
mechanical system$MEMS). The ability to move small
amounts of fluids containing various reagents along channe
is an important requirement, which has prompted the explo
ration of various pumping strategies not involving mobile
parts[1-7]. Pumping can be achieved by using separately or
in combination electrochemical reactiop, thermal gradi-
ents[1,2], piezoelectricity| 7], and electric field$5,3]. Elec- Consider the 2D geometry of Fig. 2: a flat surfacg (
trohydrodynamic devices mostly rely on two schemes: either 0) bearing a periodic array of electrodes faces a 1:1 elec-
the application of a dc electric field along the channel totrolyte described by the Debye-Huckel theory. The ac poten-
induce electro-osmos[$], or that of an(ac) traveling wave tial applied to the array is modelled by a surface potential
on an electrode array to create pumping, thanks to couplinfex= Vocos@y)e*, taken small enough for the electric re-
to thermal gradientéthemselves also induced by the travel- SPonse of the system to be linear. The thicknegsof the
ing wave [1,2]. charged Debye layers in the vicinity of the surface is taken

In the present work, | propose an alternative strategy€dligibly small compared to the other lengths of the prob-
based on a symmetry argument similar to those underlyin¢m (QAp<<1). Then the bulk of the electrolytex xs
recent ratchet models for separation technidi@snd mo-  +Ap=Xs) is neutral and characterized by its conductiwity
lecular motors[gylo:l_ Generica”y’ if a fluid is p|aced in a and dielectric constané. The electric current is given by
locally asymmetric environment and if dissipation is inducedOhm’s lawJe=ocE, whereE= —V ¢ and the electric poten-
by external means, then the fluid shoulddiebally set into  tial satisfiesA=0.
motion in the direction of broken symmetry, even in the The fluid can be set into motion by electro-osmd4i3]:
absence of macroscopic gradiefitd, e.g., pressure or po-

Il. SIMPLE MODEL

tential. According to this argument, a fluid in the vicinity of _FLUID

an asymmetric periodic set of interdigitated electrogesg., XT_Q'
Fig. 1), should be pumped when the electrode array is ad- e e
dressed with a stationary ac voltage differenégeoswt),

provided the electrical activity inducdscally flow of the @
fluid.

Recent studies have shown how fluid circulation can be
created by AC potentials in the vicinity of electrodes
[11,12,17. | will focus here on the mechanism evoked in FLUID
[11,12), whereby the fluid is set into motion by electro- I -
osmosis, which occurs in situations of out of equilibrium
ionic distributions where thin charged layers are exposed to 4
tangential electric fields. A simple model will be used to
demonstrate that if irsymmetricgeometries the resulting
flow consists of a periodic pattern of rolls localized in the b

vicinity of the surface(Fig. 2), in alocally asymmetriage- FIG. 1. Schematic examples of periodic asymmetric arrays of
ometry an additional component is present, that correspondsectrodes. The asymmetry or polarity is obtained by a modulation
of (a) the surface electrochemical properties(lmrthe shape of the
surface. When an oscillating potential is applied pumping inythe
*Electronic address: armand@turner.pct.espci.fr direction results.
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With this simple model let us examine the flows created
by the applied potential in the absence of global gradients of
pressure along.

Symmetric array.lf Cq is constant(Fig. 2), then ¢
=Vo(iw/o* +iw)e''e”Pcogly and op=—qoVy(lo*
+iw)e'“'coqyy, where w*=Dq(1+ 8)/\p is roughly the
inverse of the RC time of the equivalent circuit. The tangen-
tial field is E (x=0)=—qVy(iw/w* +iw)e'“'singy, so

FIG. 2. Symmetric electrode array: schematic description of thd"omM Ed. (2) the slip velocity is periodic in time,
instantaneous recirculation flow for fast vorticity diffusion. The
flow alternates in time at a frequenay 7.

1 :
Vsip=V1i—————SiN(2qy) cog 2wt +6),  (3)
e olw* +o*lw

the charged layers are dragged by the tangential field in the

vicinity of the surfaces. As a result the velocity changes rapWherevl=[qu§/477(l+ 5)], and 6 is a frequency depen-

idly from 0 strictly on the surfacex;) to a valueysHP on th_e dent phase. This slip velocity induces a pattern of recircula-
outside of the Debye Iayemg+AD). The r.esultmg ﬂQW N tion rolls of spatial periodicityr/q and temporal perioér/ w
the (neutra} bulk elec.trolyte is then classically obtained by (the time average velocity is everywhere zeior fast vor-
solving Stokes equation ticity diffusion, the thickness of the rolls is=1/q (see
Fig. 2 [15]: v,=—vo(t)2qcos(y)xe ™ and v,
—Vp+nAv=pdiyv 1 =~ Vo(t)sin(zoy)(2gx— 1)e 2% In all cases, the flow decays
V.v=0, @ exponentially away from the surfacgover a length
maxq L, (n/pw)Y?]}. The effect is maximal forw=w*
when bothop andE, are not too small: at lower frequencies
the field relaxes fast in the bulk, at higher frequencies charge
does not have time to build Jd4].
Taking q~1=10 um for a microelectrode array)p
=1nm for salty waters=10, and values of; and € char-
acteristic of water, leads to;=1V2 mms ! with V, ex-

with aneffective boundary condition(Xx— Xs) = Vg, (77 and
p are the fluid viscosity and densjty

I limit myself here to situationsvith no charge injection
from the electroded also focus for simplicity on frequencies
lower than the Debye frequencyp= D)\,gz (where D
=a)\2D/e is a typical diffusion coefficient for the iohsso . ) o o q .
that the structure of the thin charged layers is equilibrategPT€SSed in volts. Taking furthéd=10"" m’s " gives »

T _l . -
These Debye layers are then fully characterized by their totat 19 S *» I-8., frequencies of order 100 kHz. ,
(surface charge densityop(y,t) which verifies diop Asymmetric array.Let us now address situations with

=—Jd,_0-x [the surface divergence term i®(q\p) broken left-righty< —y symmetry. The introductory sym-

smallef. A classical calculation[13] gives the electro- metry argument then predict; a net flow, which we are going
osmotic slip velocity: to quantify and characterize in two cases.

First, | consider the cas@ig. 3) where a surface modifi-
_ _ cation of the electrodes leads to a noncons@ntand thus
Vsiip=[Apap()/ 7] Ey(x=01)y. @ ). To proceed analytically | choose the simple forn
o o ) = o[ 1+ Bcos(y+W)], and calculate the solution to first
Taking into account an intrinsic capacitanCg of the  5.4er in B, writing =g+ gyD+... UDZU(DO)
surface, the potentia,bs= P(Xx—Xs) on the outer side of the +B0_(Dl)+ ..., etc. The zeroth order solution is the one ob-
Debze /Iayer S r8|6.‘t6d Wex Dy Cs_ancilthe E}fbye_layer tained in the previous paragraph. From the electrostatic
(Co=e/hp) in series, s0ys=Vea=(Cs +Cp)op=(1  poyngary conditiony!) contains a term proportional to
+8)Npop /e, whereazle/cs)\D is an adimensional measure cos(2y+W)cosgy) so that the first order solutionp(l),o(Dl)
of the electrode capacitance. is the sum of a term proportional to cqg(-¥) and of a term
proportional to cos(@y+W).

¥
f
f
¥
¥
{

Vpum The correction to the slip velocity to first order v }i)p
- = = = = = =(\o/M(eSEP+oEP). Factors such as cap
- - - - - - +W)sin(@Qy)=1/7 sin(Zqy+¥)—sin(¥)] lead tow/q periodic
- o - o= tgrms but also to spati.ally coqste}nt terms. Averaging over
B T A = T g ) time the value of the slip velocity is now
S JUCRNE N JUC PN DU Tiy (Vsipht(Y) = Vpumpt Spatially periodic terms,  (4)
V2% zzzz23 V7% zz2z2 V222z2z2:2
%\ 2
FIG. 3. Asymmetric electrode array: schematic representation of Vpum=Vp sin(¥) - + — (5)
the the time-averaged flow as the sum of spatially periodic flows o w

(dashed arrowsand of a homogeneous “plug” flowsolid arrows
due to a systematic bias in the slip velocity. and
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S CIEVZ A
0—02, (6) Vpump
Adn(1+ 6y) 0.5 F

Vp:
which corresponds to velocities of ord@v,. What is re-
markable is that whereas the spatially periodic slip velocities 0-25
lead to rolls of finite extension in thedirection, the constant
term corresponds to a plug flow of unlimited extens(after
a transient for vorticity to diffuse as in usual electro-osmosis 0 L ——=r
over uniform surfaces .o

In addition to surface rolls at velocities of orderv, R
(spatial extension at most a fegv 1) there is thus a homo- -0.25f—.-- s TTTT T
geneous “plug” flow of fluid along they direction of order
Bv1, which is the pumping effect announced in the Introduc-  FIG. 4. Scaled pumping velocity ,,m,/Ve as a function of
tion. The effect is again maximal fas=w*. Using the pre- log;((w/w*) for the geometry of Fig. 3y, given by Eq.(6), pa-
viously quoted values for the parameters g8e0.1 the rameters as in the textip =10 %, 8,=10. As charge injection is
pumping velocity is of Order\/pumpzloo,um s for Vo increased fromK=0 (_solid line to K=10° (dot_—dashed_ Iin)_e
=1 V, comparable to velocities achieved with other tech-throughK =1 (dashed-ling the peak at»* drops while pumping in
niques(3,1]. the reverse direction appears at low frequencies.

It is possible to perform the same kind of calculation for ) ) o
the case where thg— —y symmetry is broken by a modi- "9 direction by monitoring 'the frequency. A more complete
fication of the shape of the surface, i.€, const butxe account of the results of this model will be given elsewhere.
= Bcos(y+V) [Fig. 4(b)]. This modifies the electrostatic
boundary conditions, the expression of the electro- IV. CONCLUDING REMARKS
hydrodynamic slip, and the computation of the overall flow
pattern. At first order in3 and for the simplest casé=0,
pumping can be shown to obey E@), with in this case

(1) An even richer phenomenology is expected if one ad-
ditionally considers modulations of the spontaneous potential
of the electrodegtaken here to be zeraor of the charge

VP:B(QZEVSB")' injection parameters. Other geometries can be envisaged
(e.g., a flat electrode facing a sawtooth-shaped,dhe only
1. DISCUSSION requirement being an asymmetry of the pattern. A more
. i ) ) complete exploration of the various cases and frequency be-
To summarize, a simple electro-osmotic mog¢ielvali- haviors is under way.

dates the symmetry based pumping strategy presented in the () other electrohydrodynamic couplings may contribute
introduction, and(ii) shows that the pumping velocities a5 \ell. Joule heating induces temperature gradients and thus
achievable should be comparable to those obtained WitQonyniform permittivity and conductivity, which leads to
other methods and are frequency sensitive. space charges beyond the surface layers that also drive peri-
To elaborate on these results | have analyzed a more Congic recirculation patterns. This mechanism, at the basis of
plete electro-hydrodynamic model where ionic currents arggcent proposals using traveling wavi1], leads in the

specifically described and charge injection can occur at thgresent geometrieFig. 1) to pumping velocities propor-
electrodes by activated processes. In the linearized Versigfhnal to V4 at low voltages(the current-generated tempera-
that | have studied the influx of ions of typés proportional 0

. . ' ., . ture gradient scales 12]). The electro-osmotic pump-
to the difference between their electrochemical potential in 9 a&z’ [12] pump

the solutionz ey ksTlog(c) and in the metak; eV, (with ing described heréroportional toVg) should dominate for

z;e andc; the ion’s charge and concentration at the electrod(:gr"':ll.I Vo [16]. Currents thems_elves also induce con(_juctmty
surface. A proportionality constanK; quantifies the effi- gradients neglected here, which coupled to modulatlpns gen-
ciency 6f the charge transfer ! erate roll patterng17], and thus presumably pumping in

With this model | recover the results presented above fo symmetric geometries. Rectification should also be the rule

negligible charge injection and for frequencies lower thanlg:ggocgﬂggéipfsﬁnomena and instabilities that may occur at
@D - W_hen charge inje<_:t_ior_1 oceurs, charges are permanently (3) The effect.being nonlinear, the actual shape of the
maintained out of equilibrium by the injected currents, so '

that hydrodynamic flows persist even in the-0 limit (both spat|a_l and temporal. modulatlons matters. F?r example,
roll patterns[12] and homogeneous pumpingThis com- pumping can be obtained in a symmetric modulated geom-

e . _etry X;=acosQy+n/2) with a voltage modulationV,,,
pletely modifies the frequency dependence of the pumping_ N . . . o
achieved. As an illustration, Fig. 4 shows the rescaled pum I%V(Eﬁgsgg;f('g (IIf ftﬁte) Iss| r;%?_S{ntﬁ;eveerzsé?;t%{rgwfxéciﬁg,?{ o
ing velocity as a function of the logarithm of the frequency, Y P 9 9

for different values of a parameté&r controlling the rate at mo(rzll;olz;Zispifargﬁamf?osgeﬁlgg mmetric structures desianed
which one kind of charge can be transfered from the elec; y 9

trode to the solution. FOK=0 (no injection the functional for separation purposes have actually been repgitgd21]

. o but not thoroughly studied.
dependencéb) is recovered, but as is increased the peak at .
w* drops and pumping occuiis the opposite directiorat (5) The strategy proposed here has many advantages:

lower frequencies. This allows for the control of the pump- (A) Compared to electro-osmosis it requires only small
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voltages and no macroscopic voltage drop along the channatiques based on the generation of differences of surface ten-
(B) Compared to traveling waves it requires a more com-ion or contact line energy between the front and the back of
plex electrode desigfto get the asymmetiybut a simpler  the droplet3,4,6].
wiring as a single ac signal is required, which may be useful (6) Eventually, | recall that the underlying symmetry-
for the design of integrated systems. based argument extends beyond the specific mechanism
(C) Its efficiency increases with miniaturization. studied here: a fluid in éocally asymmetric geometrglo-
(D) The flow is surface generated: the complex pattern ohga|ly drifts in the direction of broken symmetry under any

rolls (thickness proportional to the pattern wavelength  external action that induceéscal flows.
topped by a homogeneous and continuous flow of liquid.

This permits pumping liquids in filled channels but also

moving droplets on surfaces: a droplet larger than the pattern ACKNOWLEDGMENTS

wavelength macroscopically “slips” on the surfacevgt,,p. )

This is of interest for applications where only minute  Useful comments from P. Andrél. Bazant, J. Prost, P.
amounts of fluid are handld®,4], as an alternative to tech- Silberzan, and H. Stone are gratefully acknowledged.
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