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ABSTRACT

We presenta micromixer fabricatedusing MEMS technol-
ogywhich takesadvantage of electoosmosiso mix uids. Atime
dependenglectric eld is appliedandtheresultingelectoosmo-
sis perturbsthe low Reynoldsnumber ow. It is shownthat the
electric eld canbedeemedjuasi-steadwandtheelectoosmotic
slip boundaryconditioncanbeappliedwhentheincompessible
Navier Stolesequationis solved.Boththe electric eld andthe
electoosmoticow are simulatednumerically Studyof the par-
ticle tracesshowsfolding and stretching of materiallines,anda
positiveLyapuna exponenis foundwhich indicateschaotic-like
mixing

INTRODUCTION

The ability to mix two or more uids thoroughlyandin a
reasonablamountof time s critical to thecreationof fully inte-
grated“on-chip” micro-electromechanicalid processingys-
tems. But mixng in micronsizedchannelss dif cult dueto the
low Reynoldsnumberghatcharacterizéhese o ws. The ow is
restrictedto the laminar o w region andthereis no turbulence
which could assisthe mixing. If we rely only on moleculardif-
fusionto mix the uids, themixing channemustbe extendedo
be extremelylong.

To achieve fastmixing, several passve micromixers have
beendevelopedandstudied suchastheT-type[1], L-shaped?2],

Addressall correspondenci this author

Yanting Zhang
Igor Mezic
Carl Meinhar t
Linda Petzold

Department of Mechanical and Environmental Engineering

University of California, Santa Barbara, CA 93106

zhyt,mezic,meinhart,petzold @engineering.ucsb.edu

serpentingipe[3], o w splitting [4], ridged- oor mixer[5] and
soon. They do notimprove mixing signi cantly, andneedto be
fabricateddelicately A few active micromixershave alsobeen
demonstratedA mixing chambemimicking a source/sinksys-
tem[6] is designedo stir uids effectively usingmicrofabricated
valves and phase-changéiquid micropumps. Pressuredistur

bancesrom sidechannel$ave alsobeenaddedo microchannel
0 wsto enhancenixing [7, 8]. Encouragingprogressn enhanc-
ing mixing hasbeenreported.

In the pasttwo decadedt hasbeendemonstratethatchaos
canbe usedto mix uids in laminar o ws [9], andthe chaotic
regimesare associatedvith stretchingand folding of material
lines[10]. Chaosmay arisein a nonlineardynamicalsystem
providedthatthe systemhasat leastthreedimensionsAdding a
time dependenéxternal perturbatiornto a two dimensionalo w
providesthethird dimensionandchaoticmixing mayarise.

Here we presenta silicon microfabricatedmixer with no
moving parts,whichmakesuseof time dependenglectroosmotic
ow to mix two uids. Numericalsimulationis carriedout to
helpunderstandhe mixing of uids in this micromixer.

DESCRIPTION OF THE MIXER

The geometryof our electroosmotianicromixer is shavn
in Figurel. It takestwo uids from differentinlets and com-
binestheminto a singlechannewhichis 10umwide. The uids
thenenterthe centralloop with the inner and outerradii being



5umandl5umrespectiely. Four microelectrodearepositioned
on the outerwall of the centralloop at angularpositions45 ,

135, 45, and 135. Thesemicroelectrodesmposea spa-
tially varyingelectric eld, andthe uids aremanipulated/iathe
electroosmotislip boundaryconditionbeforethey entertheout-

let channel. Electric potentialson the microelectrodesre also
time dependentwhich addsthe third dimensionnecessaryor

chaoticmixing. The aspectratio (channeldepthover channel
width) is 5: 1, whichvalidatesour 2-D assumptiorin thenumer

ical simulation.

Figure 1. Geometry of the micromixer

FABRICATION

Themicromixeris built onasiliconwaferusinglithographic
and deepetchingtechnique. A ScanningElectronMicroscope
(SEM) pictureof themicromixeris shavn in Figure2. To obtain
a sufciently high aspectratio of the microelectrodesheavily
Borondopedsiliconis usedasthefabricationmaterial.SOI (Sil-
icon On Insulator)wafer is usedto isolatethe device from the
substratebulk material. The surfacesare thermally grown sili-
condioxide (quartz),andexhibit a zetapotentialwhenbrought
into contactwith the uid. The gapbetweenthe electrodeand
thewall is also lled by thethermallygrown silicon dioxide.

MATHEMATICAL MODEL
The uid motionis governedby the incompressibléNavier
Stokesequation
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wherer ¢ is the electricchage density andE is the electric eld
intensity E is relatedto the electricpotentialF by

Figure 2.  SEM picture of the micromixer
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andF is governedby the Poissorequation

N2F e € (3)

wherethe permittivity e of the mediumis equalto the permit-
tivity ey of a vacuummultiplied by the dielectric constant(also
known asthe relative permittivity) e. SubstitutingEquation2
andEquation3 into Equationl, we obtain

r vV
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Equation2 andEquation3 canbesimpli ed furtherto obtain
amoresolvableform. Thechagedensityr ¢ is givenby

re Faazo ®)

andtheionic concentratiorof species, ¢;, is givenby the Boltz-
manndistribution

zFF
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whereF is Faradays constant,R is the gasconstant,T is the
temperaturegz is the chage numberof specied, andciy is the
averageconcentratiorof specied. Substitutingequation6 and
Equation5 into Equation3, we obtain
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Underthe Debye-Hickel approximation11], zFF  RT,
we canexpandthe exponentiatermas

zFF zFF
& ! ®T (8)

Sinced;zcy O (to presere electroneutralityin the bulk
electrolyte) Equation7 becomes
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wherethe Debyelengthl p is givenby
eRT 12
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CombiningEquation3 and Equation9, we obtain the fol-
lowing expressiorfor thechagedensity

le e— (11)

Whenthe Debyelengthis small (typically 10nm) andthe z
potentialis notlarge (typically 0 1V), thedistribution of chaiged
speciesearthewall is governedmainly by thez potential andis
affectedverylittle by theexternalelectric eld [12]. Thechage,
andhencethe potential,distribution nearthe wall canbe deter
minedindependenbf the external electric eld. The effect of
the uid motiononthechagedistribution canalsobe neglected
whenthe uid velocity is small,i.e., whentheinertial termsin
the momentumequationare not dominantor whenthe Debye
lenghis small. Undertheseassumptionsthe electric eld and
the uid eld canbedecoupledandthe potentialF canbede-
composednto a potentialdueto the externalelectric eld f, and
apotentialdueto the z potentialy

F f vy (12)

wherey is determinedy Equation9, andf is determinedy
N eNf O (13)

whenthe spatialchagedensityis zeroin the bulk of the uid.
Thus, the uid velocity inside the electric double layer is
governedby

5 vV NV Np pk2v efPyE  (14)

wheretheelectric eld intensityE is givenby

E Rf (15)

If the Debye lengthis small comparedwith the channel
width, thenthecurvaturetermscanbeneglectedandEquation14
reduceso theone-dimensiondbrm appropriateo theelectroos-
motic o w pastalong planechannel
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wherex andy arethecoordinatesalongandnormalto thechannel
wall.

IntegratingEquationl 6 twice with boundaryconditionsy

zatu Oandfu Ty 1Ty Ty Oaty ¥, weobtaintheslip
velocity atthe edgeof the electricdoublelayer

ezEy
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This is known as the Helmholtz-Smoluchwski equation
[11]. The velocity “slips” at the wall, andthe uid movesas
in plug ow, assuminghe doublelayer thicknessis very small
comparedvith thecharacteristitength,sayd | p  100.

In the bulk of the uid (outsidetheelectricdoublelayer),y
vanishesandthe uid motionis governedby the Navier Stokes
equation

" VvV NV Np pN2v (18)

with theslip boundayconditiongivenin Equationl7.



MODEL VALIDATION

Cummingset al. [13] shaoved thatto apply the Helmholtz-
Smoluchaevski Equation17 at the uid-solid boundaries,the
electric eld mustbe atleastquasi-steadyn orderto neglectthe
transienteffects. In otherwords,the time scaleof the unsteady
electric eld mustbe muchlargerthanthatof thetransiento w.

In Stokes' rst problem,i.e., the o w dueto theimpulsive
motionof a at plateparallelto itself, the uid velocity satis es

u y
U 2 nt (19)

The similarity solutionis shavn in Figure 3, wherey is the
distancefrom the plate, n is the kinematicviscosity of the uid
andU is thevelocity of theplate.

0 0.2 0.4 0.6 0.8 1
u/U

Figure 3.  Similarity solution of laminar o w due to an impulsively started
at plate

In thisimpulsively started o w, theinitial vorticity is simply
diffusedoutward, resultingin anincreasen the width of o w.
Wede ne thecharacteristitimet;rans featuringthetransiento w
asthetime requiredfor u to reach95% of U acrosshe channel

width. FromFigure3,u U  095correspondsoh 0 0443.
Therefore
_ 9 5oas3 (20)
2 N trans
wheren 10 10 °n? sisthekinematicviscosityof thewater

d 10umis thewidth of the channelandof the centralloop as

well. Thuswe obtainanestimateof thetime scaleof thetransient
effectin themicromixerastyans 0 0127ec

If we apply sinusoidal(in time) electric potentialson the
microelectrodesvith frequenciedetweer0 1Hz and10Hz, the
correspondindime scalesarebetweenlOsecand0 1sec Com-
paredwith the time scaleof the transient o w, the electric eld
changestamuchslower rateandcanbe deemedjuasi-steady

NUMERICAL SIMULATION

Boththeelectric eld andthe ow eld aresolvedin FEM-
LAB [14]. Equation13is solved for the electricpotentialin a
rectanguladomain(Figure 4) with insulationboundarycondi-
tionsonthefour sidesof therectangle.

Figure 4. Computational domain

Theelectricpotentialson thefour microelectrodearesinu-
soidalin time with the samemaximumvalue of 0 1V andthe
samefrequeny of 8Hz, but alternaten polarities. Potentialson
electrodel andelectrode3 aref  fmaxcos2pft , andpoten-
tials on electrode2 and electrode4 are f f maxcos 2pft .
Water in the channelhasa relative permittivity of 783. Ev-
erywhereelseis assumedo be vacuumwith the permittiity of
8854 10 v m L.

Theincompressibl&avier Stokesequation(Equation18)is
solvedfor the uid velocity in the mixer, with the slip boundary
condition(Equation17) on the inner and outerwall of the cen-
tral loop. A z potentialof 0 1V is usedin Equation17. Water
is o wing in from theleft andtheinlet velocity is parabolicwith
ameanvalueof 10 “m s. Sincethe microelectrodesnustbein
contactwith the uid to facilitateion exchange silicon dioxide



is removedon the surfaceof the electrodethatis alsopartof the
mixing chambewmall. A no-slipboundaryconditionis appliedon
theseelectrodesurfaces.Becausehe electric eld decaysexpo-
nentially away from the microelectrodesndthe slip velocity is
proportionalto theelectric eld intensity we canneglecttheslip
velocity alongthewall of thehorizontalinlet andoutlet,wherea
no-slipboundaryconditionis used.

Figure 5 showsthe equalpotentialcontourlinesin thecen-
tral loopregionatt 0 25sec Fluid streamlinestt 0 25sec

0 25sec

Figure 5. Equal potential contour lines at t

areshowvn in Figure 6. We canseethatin the centralloop the
o w splitsinto domainswith eddyrotationsseparatedby sepa-
rating streamlinesearthe microelectrodesA properlychosen
time-varying protocol of the actuationwill causethe separatrix
to breakup.

Simulationof the uid particletrajectoriesshavs that uid
particlesstayin the centralloop, and experiencestretchingand
folding, for asufciently longtime beforethey enterthehorizon-
tal outlet. Thisfactnotonly indicateschaoticadvection,but also
facilitatesthe nal stageof mixing: moleculardiffusion. Fig-
ure 7 depictsthis kind of stretchingandfolding by trackinga
smallvolumeof uid releasedn asmallrectangulaboxnearthe
channelsymmetryaxisin the upstreanregion. We seethatthis
rectangularvolumeturnsinto acomplicatedpatternvery quickly.
Theredoesexist a setof stretchingandfolding of materiallines
in the centralloop thatis neededor the chaoticmixing.

Lyapunw exponent(LE), asthe averageexponentialrateof
divergenceof nearbytrajectoriescanbeusedto describechaotic
mixing in a quantitatve manner A positive Lyapunw exponent

0 25sec

Figure 6. Streamlines att

Figure 7.  Stretching and folding of a small volume of uid. Red and blue
curves are particle trajectories starting from the upper and lower half of
the inlet respectively.

is indicative of chaoticmixing. In Figure8 weplotin dt ver
sust, whered t is the distancebetweentwo nearbyparticles
releasedhearthe symmetryaxisof theinlet channel We seethat
the two particlestravel closeto eachotherin the horizontalin-
let channeluntil they enterthe centralloop. Thentheln d  t
curve goesup linearly with a positive slope. This positive slope
is theLyapuna exponent.We notethatthecurveis neverexactly
straight,having wigglesbecausehe strengthof the exponential
divergencevariessomavhatalongthe strangeattractor Because
of the boundedgeometry the divergencealso stopswhen parti-
clesgetcloseto thewall. This explainstheleveling off or satu-
rationof thecurvein Figure 8.
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Figure 8. Evolution of the distance between two nearby particles. A pos-
itive slope implies an exponential divergence.

CONCLUSIONS

An active electroosmoticallyactuatedmicromixer is de-
signedand investigatednumerically The existenceof chaotic
behaior is demonstratedby the obsenation of stretchingand
folding of the materiallines. A positve Lyapunw exponent,
indicative of chaoticmixing, is found by simulationof particle
trajectoriesandevaluationof the separationrate of neighboring
uid particles. Furtherinvestigationis underway to optimize
uid mixing in this micromixer by identifying the propertime-
varying electric eld. As a partof the future work, numerical
resultswill alsobecomparedvith experimentadata.
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