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ABSTRACT
Insulative(Direct Curren) Dielectrophoretid-oul-LessFiltration in Microfluidic

Systems

Matthew A. A. Whitman

Filtration is a technologthat is used almost ubiquitously in society from uses
raging from filtration of macroparticles from water to pharmaceutical grade filtration
products to remove anything larger than a protein. However, with & wide range of
uses, most filtration produchave the same issue; membrane clogging (fouling) that
prevents continuous use and requires frequent maintenance. This thesis hypothesizes that
by applying a direct current (DC) to an insulating array st@dahey will create a foul
less insulative dieictrophoretic filter (iDEP) that does not clog since particles will

levitate above the insulating array.

Past work has shown that viable cells and bacteria can be trapped owing to
Dielectrophoretic (DEP) faes between insulative obstacles.[8] This wodkttethe
hypothesis that there exists an obstacle geometries and arrangements that would
predictably project the DEP field prefet&lly repelling target particles from entering
the array of insulative oletles thus creating a foldss filter. Within tle Biofluidics
group an initial analysis was performed and a device fabricated to test this hypothesis. In
the work presented here, thevibe (legacy device) was tested and did not perform as
desired. Thisdd to a new investigation that included melated design via COMSOL

Multiphysics®, design and fabrication of new devices and validating experiments.

Using COMSOL Multiphysics®, the insulative obstacle geometries, obstacle

arrangements and operating ciiachs were found and optimized to yield the dediin



silico device functionality. The resultant device designs were fabricated, experimentally
tested to assess DEP force effects on yeast. Designs were found that successfully levitate
the yeast above ¢hinsulative obstacles providing promising evicetoward the creation

of microfluidic instantiation fouless filtration array using a direct current insulative
dielectrophoretic (iDEP). Although a microfluidic instantiation of a fully functional-foul

less filter was not demonstrated over the courghisfthesis, insulative obstacle designs,
microdevice dimensions and operating conditions were found that could enable the

development of a fotless DC iDEP microfilteration system.

Keywords InsulativeDieledrophoresis, Microfluidicskiltration, Direct CurrenDielectrophoresis
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CHAPTER 1INTRODUCTION
1.1  Hypothesis
Direct Current Dielectrophoregigsulative Dielectrophoresis (iDERan be
applied to microfluidic systems tweate a coiriuous flow foutless filtration systenfor

filtering microparticles from media anghrticulatesof different properties

In thisthesis FEA analysis and experiments were performed on a legacy iDEP
device aimed at creatingnaicrofluidic, foul-less filter; however, as designed, the device
did not perform as expectathdneeded design modifications aopkimization ofthe
electrical, chemical, and mechanical conditiomberefore thighesissets out t@answer
the questions) why does théegacydevicenot performas desiredii) Can a
microfluidic, iDEP device be created thetfectively filters particles in foul-lessnature
iii) Whatpossibledesignchangesouldbe made t@nable this concept amthprove its

effectivenes® iv) What are the optimalperating conditions?
1.2 Goals

Theoverallgoal of this thesis is ttake steps to create a nosT iDEP filter where
particles are continuously filtered add not foul the deviceContinuous flowDEP
filtration devices have been created usingfAltls bu use of DChas yet to be
performeddue to the added electrokiietactors; thereforesimulatiors, designsand
experimentation will béhefocusesto performfoul-lessDC IDEP filtration for the first

time. In this work the aims were to determine thidf@ing:

i): How does the legacy design performs urglerulated and experimental conditions.



ii): If there are optimal experimental conditions for successful performance for the legacy

device.

iii): If an insulative dielectrophoretic microfluidic devicarcbe created that enables a

foul-less filter like sepation.

iv): If necessarygesign changes that can be made to the legacy device to design a new

device with improves and allows function.
1.3  Motivation

This thesisvasdriven by the significant cost tadustry, e.g., in medicine,
agriculture, waste management, and clinical diagnostics, due to filter fouling. Given this
wide rangeof application andrequerty of, many industries would benefit from a
prolonged qualityiftration while maintaining selectity and high flowrates, i.e., a foul
less filterg[1][3][4]. However, throughout all applications, currently filtarsl filtration
systemgequire a frequent maintenaraesignificantcosts due to membrane fouling by
particles and debris accumulation andld-up on the retentate side of the membranes.
Consequentlyphysical filtration is ripe for innovative improvements that can either
significantly increase the time it takes for a filter to foul or eliminating foudihg
together. Given the proper dgsiand conditions, it is postulated treaform of DEPcan
be employed to create a repulsive foat¢he membrane surfatieat acts on particles
independent of the surrounding fluid making rtatural, ideatandidate t@nablethe

desiredgoal of creing afoul-lessfilter.

In the medical space alorgiglectrophoreticechnologyhas been used in a l&b

isolak breastcancer cells fromed blood cells and-fymphocyteq2]. In the future



wheredielectrophoretic separations are brought to a clirsietiing,removalof cancerous

cellsfrom diluted blood could be done to a high degrespetificity[2].

In wastemanagement, heavgetal contamination ajroundwaterfrom mining
and agriculturdnas becoma widespread issyeausing tap and well watgr some parts
of the country to become unsafe for consumptiteavy metal contaminatigroses a
severe risk to humamealthandstudies are starting to firfteavy metatontamination
across the world in drinking water aagdriculture[3][4]. Dielectiophaesiscould become
a technology that could help remdwveavy metals from our drinking water andter
used in agriculturgs]. These applications falielectrophoresis are numerous and as the

technology continues to develop, more applicationsimpdovedefficacywill arise.

Due to all the possible applicationssearchn DEP separations uisg alternating
current standing ad traveling wave DEIP2], and drect currentiDEP, [6][7][8] to
separatgarticleshasincreasingly become more commiorrecentdecadesEach
application ofthis form of DEP takes a slightly differemthysicalgeometricdesign and
experimentatonditionsto effectthe desired separatian&/hen consideringhese
previous successful applications of iDHHSs clearly plausible tha filter can be
designed that makes use of a DC electric field induced iDEP forpesfeentially
levitate particulates from filter surfacpeeventing fouling

Such diltration devicewould havea wide range c@pplicationdrom removal of
macroscoje particles down to moleculeBNA andproteins and in principleyarious
methods oDEPfiltration can be applied at every scale to accomplish the desired level of

filtration.



1.4  Overview and Background

When looking at the need for a continuous flow flmgis filter the main
applicationwould be towards the advancement of pharmaceutical development and
production. Current methods pffotein production in the pharma industry involve
APharming, 6 that is to say tr a@gDNaAtoti ng pr
exploit the normal prote production mechanisms for mass production of a desired
protein, e.g., insulin. To harvest the desired proteins, the host organism, e.g., bacteria, is
sacrificed and the therapeutic proteins must be separated fralalthg/lysatd9]. A
membranes thegold standardio separate the desired product from-wa@ble product
and other productionstmediao Tolbeatensittes
require pore sizet® be no larger than 0.2 microns inmieter[10]. This small size
restricts flowrate of the medium, leading to long filtration times and fouling of the filter,
requiring frequent replacement. The application of a dielectrophoretic filter to a system
like this could have the ability to increaeoughputof product since flowrate through a
dielectric filter allows filtrate to be concentrated in fractions of the time. Additionally,
when compared to physical membranes, the dielectric filter has the added benefit of a

foul-less nature, therefordiminating the need for frequent replacement of the filter.

The concept of using insulating dielectrophoretic filtration has been a subject of
research in recent years and several methods of particle filtration have been developed. In
2011 Hector and Blamacemployedhe use of an array of insulating posts in a DC field
device to trap E. coli and S. cerevisiae using dielectrophoretic trapping. Both species of
bacteria were placed in the device and allowed to move through the device under the

influence of arapplied eletric field. Due to the differing properties of each bacteria, they



would become trapped in separate bands between posts and at certain voltages, S.
cerevisiae would become trapped while E. coli would pass through the array as other
electrokineit phenomea overwhelmed the DEP force and pulled particles towards the

exit of the devicg8g].

In another paper by Cummings2003 insulating dielectrophoresis was used to
focus particles through an array of angled posts by applying a DC field. Tice deed
DEP force to focus particles into streamlines through the post array. This paper looked at
how particles would act under differing ratios of the DEP mobility to the electrokinetic
mobility. By increasing the ratio, Cummings found that particlek feicus irto tighter
streamlines and eventually retarding the motion of particles to the point where particle

trapping begins{].

In another approaclgascoyng2] used a microelectrode array to dielectrically
separate human breast cancer cells frorthevcytesand lymphocytesGascoyne [2]
applied an AC field between alternating rows of electrodes and was able to successfully
separate breast cancer cells from other constituents of blood. Human breast cancer cells
would become trapped on the electrodbde eryhrocytes and lymphocytes would be
swept downstream leaving only the breast cancer cells. This showed that using DEP, a
single species of particles could be selectively separated from a medium of several

particle types with the specific applicati for tesing for cancer cells in bloo@®].

The structure of this thesll begin with an explanation of the various
theoretical componenthat play roles in performing dielectrophoresi€hapter 2. Then
the outline of how theimulations and expenents for testing the legacy device are

outlined in chapter 3. The ressiand data from the simulations and experiments on the



legacy device ardiscussed and shown in chaptefBedesign process of the new
deviceusing insight gaied fromtesting, snulations, and lessons learned from the
Legacy device ardetailed inchapter 5 Everything learneaver the course of this thesis
is discusseth chapter Gandchapter 7 wraps everything up with conclusions and future

directions for the continuation ofighproject.



CHAPTER 2 THEORY

The purpose dthis project is to design a dielectrophoretic filter that prevents
clogging orfowling. To accomplish this task, it is importantunderstand such factors as
fluid properties, pressure driven flow in a mitwadic system, electrical impedance,
electroosmotic flow, electrophoretic flow, electric double layer, zeta potential, drag force,
dielectrophoretic force, cell electrical perties, and some micedectremechanical

(MEMSs) manufacturing techniques.
2.1  Fluid Properties and Dynamics

While designing, simulating, and testiagy microfluidic system it is essentitd
understand the propertiekthe fluid thatare applicableand howalterations to the fluid
or conditionswill alter its properties. This séion will discuss various fluid qpperties
that are integrah a dielectrophoretimicrofluidic systemlImportant fluid properties to
this projectincludeelectrical conductivitypermittivity, viscosity, and density. These

fluid properties determine hothe fluid itself will actwithin the system.
2.1.1 Fluid Dynamics

Understanding the fluid dynamics of thevice in question is essentialatbow
for fine tuning the flow accordingly. Hagdtiseuille flow allowsfor simplified
calculation of fluid flowat steady state in creep flow systeffmditionally the Hagen
Poiseuille equation is used to desciiibevolumetricflow rate,0 througha circular

cross sectionessel ands expressed as:

P_=x 1)
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WhereRis thehydrodynamic resistancejs the radius of the vessel being observeid,
the viscosity of the fluidi) is the length of the vessainda is the pressure drop across
the vesse]ll]. However, in the case afany microfluidic deviceghe cross seainis
notcircular, and insteadremade up of rectangular cross sectidues tosoft lithography
methods employetb creatamnicrofluidic devicesTherefore Equation(2) cannotbe
appliedto describevolumetric flow inthelegacydevicesoit can be modiged to apply to
rectangular cross sectiari® estimatesolumetric flow rate in a rectangular cross section

the hydrodynamic resistance teisithanged to:

<

o pebd
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Whereh andw arethe height andvidth of the channelespectivelyQ is the
volumetric flowrate, and0 is the pressure drop across a chariflels rectangular
channel approximation requires titalculatons be done the frame of refereticatthe

width is greatetthanthe height[11].

Understanding how theydrodynamic resistance affects tgacydevice and
any future iterationgs important tacontrolling flow in the devicedydrodynamic
resistance lpysarole in thelegacydevicein the inlet and outlethannels where the fluid

dynamics are purely pressure driven
212Reynol déds Number

Since the fluid mechanics of the system being observed are scdlleeof

millimetersdownto micrometers somephenomena of fluid mechanics do not occur as
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this sectiorexplairs. Microscopic fluid mechanics is dominated by the laminar flow
regime.Laminarorturbulent | ow i s determined by the Reyn

characterized bj12]:
" w0
YQ — (4)
Where” is the fluid density is the average fluid velocitgndOis the
hydraulic diameterwWhenconsideringa microfluidic systemnvolving liquids the
Reynold numbers tend tee<<1 due to the small channel sizes and ftawrates
(<Imm's) [11]. Thistype of flow iscalledStokes oiCreepflow where the inertial terms

in the NavierStokes equations are neglecid].
2.1.3 Stokeds Drag

Theintendeduse of a dielectrophoretroicrofluidic deviceis to separatparticles
from each otheand the surrounding mediyrso understanding particle movement in a
moving fluid is essentiallust as a fluid will not deform without agitatiaparticle
within the fluid will not accelerate unless acted upon by a f@takes Drags usedto
describeheforcethefluid exerts on th@articledue to fluid andpheranotionandis as

seenn Equation (5)
"0 ¢ —abd (5)

Wherea is the radius of the particle in question aadis thefluid velocity
relativeto the particleselocity in eachprincipaldirection.When looking at biologigst is

infrequent that the particles being observed will be perfectly spherical and will often take



on more complex shapgk3]. For the sake of simplicitygll particles observed in this

thesisareconsideredo bespherical in nature
2.2  SurfaceChemistry and Chemistry of Solutions

When looking at @&ystem that works on a scale of micramscroscopic fares
begin playng less and less of a roie the motion of fluids and particle®n the
microcopic leve] surface forces begin to play a largele in the effects on the system.
In particular for microfluidic systemtkat includes electric fluids; zeta potential and its
effect on electroosmotic floand electrophoresigjay large rolsin how tre fluid
dynamics of the systemta€&or aDC iDEP filter, this is important to understdimg and

predicting the effects on thHiid dynamicswithin thedevice.
2.2.1 Electric Double Layer

When looking at surfaces in a microfluidic system the forces aoguat the
surface become increasingly importfit]. Water is a fluid that is often used in
microfluidics and has a highly dielectric nature that allows foressily dissolve into
soluion. This physical property of watatlows for easy diffusion abns into solution
[13]. Chargedsurfaces create electrical fields, attracting countetionwardsthemand
repelling coions awaji4]. When combined with random thermal motion, these
phenonena form the Electric Double Layer (EDL14]. At equilibrium, the
concentration of counteriongll from a cloud of ions thahas an equal and opposite
charge to the surfacestablishing electroeutrality. Withinthe EDL there is an
increased concentiah of counterions due to attract electrostatic forceand deceasé

concentration of coionsom repulsive electrostatic forc¢s3].
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FigureOLl: Imageof the EDL with caions adsorbed to theegatively chargedurface
anddiffuse layer of cationand anionsn aqueousolution [15]

When looking at an aquas solution with a charged surface, the electric potential

and charge density can be determined using the Poisson eqidtion

"% — — — — (6)

Where” is the local barge density iw & . The local charge density can also be

described as shown Equation (7:
” “O d (L) (7)

Where'Ois the Faraday constanitjs the charge on the ion in question, anis the
average molar counterion contetion[13]. Then the electrical potential energy per mol

of counterions can be described as:
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G "Od %o (8)

The change i from one plane to the next with widélican then be obtained by

integratingequation ($ to get[13]:

" 04 ® 9)
c__

By setting the absolute value ¥ equal taY "Mhe point at which the potential energy
is approximately equal tihne thermal energy of the system, also known as the Debye
Length[13]. The Debye length is the thickness of the diffiager that balances the

system in electrmeutrality[14].

oK -- Y ~Y - (10)
T = ¢0q w
Or for symmetricaklectrolytes at 25%C:
_ 8 [=] meters (11)

Within the Debye lengtthere ar@éwo layers hence the name the double layer.
The layer closest to the surface is called the Stern layer and the layer further from the
surface is the diffuse layerhe Stern layer is composed of counterions that are adsorbed
to the surfacavhile thediffuse layelis composed of diffuse counter and coions in

solution(Figure02).
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Figure02: Sketchof a surfacesolution interface showing surface potentiagnst
potential, and zeta potentid&luses represent cations and negatives represent anic
[16]

22.2 Zeta Potential

The property that is taken from the theory of the electric double layer istieat
a surface isn contact with a fluida surface potentiaé formed attracting counterions to
the surfacén turn leads to the formation tfe dectric double layerAt the edge of the
Stern layewherecounteriondbecomediffuse and not adsorbgedlectric potential from
the surface is not fully equalizéy the counterionThereduced bare surface potential
from adsorbed ions at the barrier betwehe Stern and diffuse layercalled the zeta

potential €) [14] as seeln Figure02.
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One of the most common substrates to use for microfluidiéslis(dimethy)
siloxane (PDMSsilicon) due to is ease of use, favorable ,castl rapiddevice
fabrication.Much like othersurfaces, PDMS has a surface poteraral that surface
potential wil change depending on the chemical properties of the fluid in which it is
contact with Kirby and Hasselbrinkl7] detailedhow concentration of counterions and
pH can both affect the zeta potential of varisubstrates used commonly in
microfluidics, including PDMS The paper details the use of pC which is defined as the
negative logarithnfbase 10pf the counterion concentratito normalize the zeta

potential[18].

pC = ¢log(cd )) (12)

By making this assumption and assuming a univaksatrolyte Equation13 canbe

used[18].
- ® ®WzNno (13)

Where® andd are constantdetermined for eacbubstrate.
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Figure03: Showsplotsof (A) — & w vs. pH at different pGor PDMSand (B)-—vs.

pC of PDMS (6.5<pH<7)For this figure, closed symbols denote electroosmotic or
electrophoretic measurements, open Isgis denote streaming current or steaming

potential measurements3].

It was assumed that the PDMS was in its native statdidnubt have its surface
modified to reduce the surface potentidie best fit lineshown inFigure03B was
determined to havan® value of6.75 mVandd value of-29.75 mV.If the data from

Figure0O3B is normalized® become® mV andd becomes27.65 mV.
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Zeta potential of PDMS with different Valencies

100 T T T T T T T
z=1
s = -~
o z=3
/
0 J/ /
-50 - / o -
% ‘._._,,.-v"" L /
T -100 - / ol 7
<] o
@ -150 / .
© ~
E < ot
-200 | /, gl .
5>
- /
-250 b~ o e .
-300 -~ 1
_350 i PR S e | L poa v aaal I L=d _AvEEl " I ol Y T O n
106 10" 10" 1073 102 107!

Concentration (M)

Figure04: Plot of thenormalized zeta potentiaquationagainst concentration with
varyingvalency of ions in solutiorAs ion concentration increases the zetteptal of

the surface decreases.

From the datahown byKirby and Hasselbrinkl7], thezeta potential foPDMS
will decrease as the concentratioretéctrolytesn solutionincreasesHaving the ability
to control thezeta potential allows for ineased control over the magnitude of the EO

flow in theDC system

As seerfrom Figure04 andstatedby Kirby and HasselbrinkL7][18], when ions
are addedo solution the zeta potential of interfacesll change As stated above,

counterions in solutioadhere to solid/liquid interface®rming the Sterranddiffuse
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layers thatbothcontain higheconcentratioaof counterions than bulk solutiomhis is

expressed iEquation(14)[19].
(14)
Where” and” are theelectrolyte concentratioat the wall and electrolyte

concentration in the bukkolutionand] is the surface potentidtlectrolyte

concentrations can then be expressed as:

6¢6%0Q1 W6 E 0EQIZQE (15)
6€ 6001 W6t 0 QIZOFE (16)
6¢QfE 6EQERQ T (17)

(18)

0€&€NEEO0EQEEQ
If there is a lack of counterions in solution to adhere to surfaces, the potential difference
across the Stern layer (zeta potential) will more closelymbkevalues of the surface potential

[19]. The Grahamequatiorrelates surface charge density to the surface potential wbéschthen

be related tohe zeta potentidly assumingquivalency to the surface potential.

(19)

-~
” - QUE |I-& 0E06€E00QI NVEBENQEE
- —’75( v
0E€0€E00QI VEHENQE

Wheretemperature (T) is equal to 25€hncentrations are expresseadnal/L, surface
potential isin mV, and charge density is expressedfidi . By applying this equation to

thedata in[20] the surface charge densitf PDMScan be determined
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2.2.3 Chemistry of Solutions

By adding electrolytes to solutida change theeta potential, conductivity of the
solution will also changé& he conductivityof a solution is determined by thgoesof

ions in solution and their respectigencentratioawhichis expressed gd43]:
» T W (20)

Wherey is the molar conductivity of the icendc is the concentration of that ioRor

diffusedsymmetrical ios in solution thefluid conductivity can be expressed[&3]:
" WY ¥ (21)

Everyion and polar moleculdiffusible into solution will have a differemnolar conductivity
Valuesfor ion and polar moleculmolar conductivities of organic and inorganic ions can be

found inAppendixA.
2.3  Theory of Electrokinetics

Electrokinetics is defined as the study of the motion of bulk fluids or selected
particles embedded in fluids when they are subjected to electric[fl&ds
Electrokinetics can be applied to micro and nano systems to effectively manipulate
particles, fluidsand howthe twointeractwith each otherElectrokinetic theory ogers
electroosmotidlow (EOF) and electrophoresis (E&)d his section will cover

electrokinetics andhie relevant theory
23.1 Electroosmotic Flow

Electroosmotidlow is a physiochensal hydrodynamic phenomenon that is
defined as liquid flow relative to a stationary surface plus material attached relative to a

stationary charged surfabg an applied electric field3]. As stated previously, all
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surfaces in contact #i a solution wil form an EDL. From theEDL, themostimportant
parametedictatingelectroosmotic flow is the zeta potentthe surfaceWhen an
electric field is applied ta surface, the ions in the diffuse layer will begin to move
parallel to thesurface with direction being determindaly the surface potentialhe
velocity induced by the applied electric figlthgential to a charged surface is the

HelmholtzSmoluchowski EquatiofiL3].

Y -— 0® (22)

Where- is the dynamiwiscosity of tle fluid,- is the permittivity of free space multiplied
by therelativepermittivity of the fluid,(- = 78.5 for water), Qs the applied electric
field , 0is the unit tangent to the surfaead™Y is the bulk fluid velocity. Another ay

to represent EOF velocity is through EOF mobility ( which is shown irfEquation

(23).

‘ - (23)

In an isoldedcase wherenly EO flow acts ona systemit will pull particles
along with it acceleratinghemduet o S tDoag. At stéady statevherethe only force
actingon the system iEO flow, particles in the suspending medium will trave) at
EO flow will produce an almost uniforrifuid velocity profile, unlike theparabolic flow
profile produced by pressudeiven flow. If particles experience an alteration in the
velocity ofthe surrounding mediunthey will experiencea St okes 6 drag forc
proportional to the difference in velocity of the particle relative to surrounding medium

(Equation (23)).
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2.3.2 Electrophoresis

Electrophoresis (EP) is defined as the movement of a charged surface plus
material attached relative to a stationary liquid by an applied electrid figjd
Electrophoresis affect| particles with an induced charge suspendechiac@eous
sdution, where the particle is generally considered to becmrducting Under the
application of an electrical field, a charged or uncharged particle will begin to accelerate
in the direction of the opposite charge. If the particle has a net negatige citall
accelerate towards the high potentig)l of the field and positively charged particles will
accelerate to the low potentia) of the electricield. When observing a particle in a
diffuse medium, the particle will form a diffuse double lagggsundi t s 6 muohr f ac e
like other surfaces inontact with an aqueous solutiorhe diffuse double layeof
particles, much likether surfaces in contact with a fluwgill be primarily composef
oppositdy chargel ions Depending on the strength thie suiface charge on the particle
temperature of the medium, and ttemcentration of ions in solution will chantie

Debye lengthas shown irequatiors (10) and (11).

When the Debye length of the particle is lacgenpared to the radius of the
particle(_ | &, the particle can be consideredlapoint charge. When the Debye
length is small when compared to tlaglius of the particle thiguid velocity at the
surface of the particle wixhibit characteristics offa s | surface_ L @ . With all
these factors under considéon, the electrophoretic velocity of particiegh large and

small Debydengthsare[13][14]:
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. ¢-—0 . (24)

G - © o (25)

The electrophoretigelocity of particleswith large Debye lengthis called the
Hlckel equation angmall Debye lengthas indicated aboyés the Henfholtz-
Smoluchowski equatioWhen observing a particle movimngrelation to a stationary
fluid, the equations above debe thevelocity of a particleWhen observing from the
point of view of a stationary charged patrticle in an electric fieédnegative of the above
equations will describe theelocity of the fluid flowing past the particl&€hen by
removing theelectrc field (O from the equatios, the aboveecomehe EPmobilities

of large and small Debye lengths

‘ C- - (26)

- - (27)

Typically, biological particles will carry a negative surface charge and therefore
carryanegative zeta potentialhis causesdiologics to be drawn towards the high
potential ofan appliecelectric field If the electrical force on a particie setequalto

Stokes Drag on the partidiee result is:
no ¢ -7Y® (28)

Where q is the@et charge between tlsbarged particle spheead concentrispherical
double layerEquation(28) will give the equilibrium velocityhrough a fluid that a

charged particle wilachieve By movingO to the right sidethe™Y¥O can be replaced
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by and the g can be determingltrged particles of large and small Debye lengths

solution
n ™--o (29)

hoe--o (30)

24  Dielectrophoresis

Dielectrophoresis (DERjan be described as the secterthin the mutipole
expansiorof theelectric force on a particie a fluid. [2] This secondary forcearticles
experiencean be induce usingnapplied direct current (DC) or alternating current
(AC). TheDEPforceis a consequence ofpaa r t potatizabditg, which accounts for
differing electrical and physical properties of partides thesuspending fluid medium
and noruniform electric fieldgo cause particlenovementBy altering applied electrical
fields and properties of the suspendmegdium, DEP forces can bheénedto change

direction and strengtfThis section will coveDEP and the theory behind it.
24.1 Dielectrophoretic Force

The DEP force on a given particle is dependent on the conductivity of the particle
in relation to the conductivity of the surrounding medii@mthe direct current (DC) case
and alternating current (AC) is dependent onciti@plexpermittivity of the partle in
relation to the surrounding medium and the frequency of the applied electrical field. Both
DC and AC requirghe formation of a nomniform electric fieldto have any effect on

particles in the system.
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Figure5: (A) a polarized particle in a uniform electric field experiencing equal and
opposite forces at the polesd (B)a polarized particle in a nesmiform electric field

expeiendng a force imbalance at the poles, i.e., a D&Pe

As shown above ifrigure 6 A and B, a particle with differing electrical properties than
the suspending fluid in the presence of an electric field will experience charge
polarization. The contuum approximation of this polarization is described by the

ClausiusMossotti fator, or,

Here-* and-° are the complex permittivities of the particle and medium respectively

The complex prmittivity being a function of the electric field frequenicy,and the

constituents electric permittivity,and conductivity,, .

where’Q W p.
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Once polarized in an electric field, the particle experiences a Lorentz faheerawly
induced polesO 1 O. If the electric field is that same or uniform, the Lorentz force is
equal and opposit&owever, if the electric field is neumiform, there is an imbalance in
the Lorentz force causing particle motion. As a cqueace, much of DEP research
revolves aroundreating conditions to achieve the desired Cladslassotti factoy™Q ,
andhow topreciselycreatenon-uniform electric fields to induce the desired force

strength and direction.

For more complicatedspci es i n solution, e.g., cel/l

organism are accounted for using what is known as the bdk|.
24.2 Shell Theory

All theories detailed above are based on a sislgldl spherical model. When
looking at biologicsa single conductivity cannot be easily determined due to the
heterogeneity of the particles [21]. Biologics contaianltiple layers of different materials
with varying electrical properties and therefore no one material can be used to represent
the propeties of the whole. When looking at complex structures each layer must be
accounted for to reduce a multilayered syste a single conductivity and permittivity.
The twoshell model is employed to combine the differing conductivities into a single
value tobe used in the CM factor [Sfigure 05showsan example of a case where the

shell model would be employed.
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Figure @: Shows a particle with varying numbers of layers as it gets simplified to
single element [21].

When calculating an equivaleciwnductivity or permittivity of the particle using
the twaeshell model, each layer is accounted for from the innstrayer going outward
to the outemost layer going two layers at a time. As an example of theshgt model,
the center particle iRigure 05is sssumed to have differing properties in the shell (R1,

- ) and in the central region (R2,) [8][22]:

& - (31)
] ] _'d)_ C _ c -
) - ¢
14 w (32)
-d")_ c ” C ”
” ” (I‘) ” ”
[} . Gy

These equations should match the image

By using the tweshell model, the multilayered complex structure can be represented by a

single permittivity and conductivity. This allowsufilayered biologics like yeast, with
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differing electrical properties in the outer wall, inner wall, membranecgiagplasm to

be simplified to a single conductivity value and single permittivity value [28].

With the continuum approximation of the paielectrical polarization defined,
i.e., the Clausiudlossotti factor, thelielectophoreticforce exerted on a sphical
particle can be expressed as:
O ¢‘®w- YQQ n' 0O 0 (33)
where®is the radius of the particle in questien, is the absolute permittivity of the

medium,O is the root mean square value of éhectric field and Y 'QQ s the real

part of the Clausiudossotti (CM) factor.

"Q6) & (34)

Y QQ (35)

where-* is the complex permittivity of the particle’, is the complex permittivity of the
medium,, is the absolute conductivity of the particle, is the absolute conductivity of

the medium, adi is the angular frequency of the AC field. The comgexmittivity

can be expressed g4l ]:
IEI % (36)

When looking at a case that only uses a DC field whereD, Equation (35)educedo

[8]:
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Y 'QQ — (37)

The CM factor determines hatlve DEP force will act upoeach individual
particlebased on the polarizability of the particle relative to the fMiien conductivity
of the particle in question is greater than thahefsuspendingnedium, the DEP force
imparted on the particle will gositive DEP Positive DEPRwill attract particles to
stronger electric field regigras seen in FiguréA. Converselywhen the conductivity of
the suspending medium is greater than that of the particd DEP force isegativeand
particles will be repelled from regions of strong electric fielsdseen in FiguréB [23].
When looking at the equatipit should be noted that the maximum CM factor for
positive DEP is 1 and the maximum CM factor fegative DEP is0.5asshown in

Figure7.
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Claussiudlossotti Factor

1.1

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3

-0.1 10 100 1000

-0.2 L
-0.3 ®
-0.4

05 “00.“ ® o000 o
-0.6

Ratio of Conductivity of the Fluid to Conductivity of the Particle

CIagssiu-sMossotti Factor

Figure07: Shows the ® factor in relation to the ratidf ¢the conductivity of the fluid
to theconductivity of the particle in question
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Figure08: Shows thedirection of theDEP forcefor anapplied DC electric field with a
squareansulativeobstaclewith the eletric field runningNorth to South(A) vectors

positive DEP;* -*, force, (B) vectors positive DEP, -°, force
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As shown above in Figure 8, a positive DEP force will attract particles to the
regions of strong electric fields (red), and negative DEP force will attract particles from

theregions of wealelectric fields (blue) as indicated by the arrows.
From the DEP force thBEP mobility can be determined and is found t¢&je

H- YO
‘ —_— (40)
O'_

24.3 Particle Properties

When usingDEPIt is essentl to understand the physical and electrical
properties oflesired and undesirgurticlesbeing observedDEP can be applied to both
organic andnorganic particles ah wide array oghaps, sizesandelectrical properties
By understandtig relationstps between thespropertiesand how they affect the DEP

force,different microscopiparticlescan befiltered.

Electrical propertieshat areessential to understaage the permittivity and
conductivity.All materialshavean electricalconductivity anda permittivity. DEP
requires that both thelectrical conductivity and permittivityf the particle anduid are
known, so that a devicesing DEP may beptimized to erform its functionThis project
focuses on DC electrical fieldsothe'Y 'QQ® éis dictatedsolelyby the conductivity of
the particle and mediumsoEquation (40will be used to calculate DEP foraed
Equation (41) will be used to firdEP mobility. For applications of DER particle
separation from a medium, the conductivityvafious solid and liquid materials can be

foundthroughout literature.

Physical properties of particles determine tibey will interact with the fluid and

be affected under both dielectrophoretic and electrokinetic phenomena. The primary
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property that Hects bothis the volumeand shapef particles. As shown inrEquation (40)
for dielectrophoretic forgeahe radius is raised to the third power indicating a large
reliance on particle sizén Equation (5Xor drag force on a particle, the radius is
included and plays a role in how much the flow of surrounding medium will affect the
movement of the particlie spacePropertiessuch as densitgo notplay a significant

role in howparticlesactdue to the scale at which these forces are actiramdrihe

similarity in densities obiological particles to water

25 MEMS Manufacturing Techniques

In this thesis there were twoanufacturing techniques used to crehdeices
Both techniquesvere performed ogrilicon wafers and soft lithography was implemente
to createdevices. Allin housemanufacturing and casting was done in the Cal Poly
Microfabrication laband offsite manufacturing was dometheUC Santa Barbara

microfabrication lab
25.1 Reactive lon Etching

RIE isananisotropicetching techniquéhathashigh selectiity. Plasmas that are
used in RIE arehlorine(Cl), chlorineprecursorsfluorine, iodine, and bmine When
silicon is undope@nd in the presence of Cl#I , it will etch at a slow rateHowever,
when the silicon substratenggatively dopedn-type), the wafer will etch at high rates

when in contact with Clbut not#l [24].

On an undoped Si waf€l atoms tendo chenisorb to the surface of the Si

wafer, but not break S6i bonds and attachment of additional Cl atontsrnidered by
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repulsionby the ClI monolayelCl penetration drastically increasggonplasma

activaion andbombardmentommencemensSurfaces exposed ton bombardment will

etch at a much higher ratean those not exposeflince sidewallsf the etchingareado

not receive much exposure to the ion bombardment, they will etch at a much slower rate

whichis whatallows RIE to have its high aspect re24].

On an ntype wafer, Cl atoms will chemisorb to the surface and ionically bond with Si,
producing gicon chloridesthatwill etch then-type Si waferWith bombardmensimilar
aspect ratiowvill be produced, but there is the additional consideration ofhkenical
reaction between the Cl and Si whiadutd etch away at the sidewalls of the channel
Chemical reactions with sidewalls can be reduogdeducingthe partial concentration of
Cl and increasing concentrationasfinhibitor forming gas ( # it # h3 H #or

fluorinated precursoyso reduce undercyi24].
25.2 Photdithography

Photolithography is anicrofabrication process in whigihotoresist is patterned
onto an Si wafeand soft lithographys used to lift the pattern fropatterneghotoresist
Photolithography is performed independent of doping of the Si substrate artdasl ins
dependent on thghotoresist used.here ardwo polaritiesof photoresistpositive and

negative and each hae their benefits and drawback24].

When choosing the type of photoresist to, e properties must be considered:
sensitivity and redation. Sensitivityrefers to the light energy requireditauce the
chemical change in the photoresi$ta photoresist is morgensitivejt will take less light
energy to cause the change and less sensitive resists will do the optesatation
refers to the smalle$eaturereproduciblein photoresistPositive photoresistsill be
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removedn areas exposed to UV ligahd will have a lgher resolutiorthan negative

resists. This is because developer does not permeate the positigetres t bBxposedi s n 6 t
to light while developedoes permeate negative regmsboth exposed alunexposed

regions leading tpattern distortionHowever, negative photoresistavea higher
sensitivity,better substrate adhesitincertain materials, and significantower

operating costef replicating devices aften SU-8 negative has been fabricated

To perform photolithography, a wafisrused as the substrated is coated in
photoresistA mask with the necessary polarity is then usecbiger the wafeduring
exposure. Upon UV exposyrie chemicals in the resist widact depending atme
photoresist usedNext the wafer is placeid developer where the undesired resist is

removedand ready for soft lithography.

(1) Apply photoresist l

[ Photoresist ]

[ Substrate ]

CMask )| [ Mask ] | ([ Mask )

[ F\Z:ﬁ:\jl’hnmrm
R

Substrate J

(2) Expose to light

(3) Apply developer I
Positive Photoresist Negative Photoresist
[ ‘ Pholorcsist‘ J \
[ Substrate J [ Substrate }

Figure09: Example ofresulting patters frompositive and negative photoresig2s].
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26  Fluid Heating
2.6.1 Joule Heating

When running an electrical current througbhonducting material or mediyma
phenomean called Joule or Ohmic heating will occiihe power dissipated by joule
heathg on a system idescribed byequation(42). Whenworking with a system that has
an electrical current present it is imfaort to control the heat of tgystem somaterials

donotmelttand f |l ui dx6]. dondt boi l

0 Y oy @ e

This equatiorrepresents the power dissipated byrdsastive fluidandwill lead to the

progressive heating af system [26].

In amicrofluidic system, Joule heatitigy concentrated around areas of high
current.Cause®f regionalheating of fluidfrom Jouk heatingnclude regions around an
electrodein constriction in a microfluidic devicéat force current through small

openingsand regions alonigp the shortest path from one electrode to the j82{t
2.6.2 Electrothermal Flow

The electrothermaldw (ETF)is an eletrohydrodynamic phenomenon that
causes electrothermal fordmesact on the bulk fluidh the presence aonductivity or
permittivity gradientsn an electrolyte solutiodue to temperaturgradients [32]
Temperature gradientsawusingflow imparing a drag force on particlébat can be on the
order of or arger than the DEP force [3d]his phenomenon exists in both the DC and

AC regimes At frequendes close to zero, electrothernflaw velocity can be legeand
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at higher frequenciake electrothermal flow will be a smaller contributoifluid
velocity [32] The highest velocitiewill coincide with the same regions described in

Joule heating

2.7  Biofluid Applications

Thepossibilities for the application of DC DEPe extensiverad when used in
biofluids, could turn out to be a strotapl for filtration for diagnosticswWhen using DEP
on biofluids it all comes down to fine tuning tharameters of the device aptimize he

device for the desired environment.
27.1 Blood

A majorarea of interest in DERtration is for particle filtration in bloodUsing
microfluidics allows folow volumes andpplying DEP can separatgpecific particles
like cancer cellsredblood cells, lekocytes or proteinsBy using iDEP on blood;ance
cellscould becapturedconcentratedand tested to makediagnosi$2]. Something like
this could bean add on to already existidialysis technologyvhere blood could be
tested whileundergoing dialysisr done on low volume blood testisgce thevolume

requirementsre on the scale of microliters.
2.7.2 Saliva

Another redily available biofluid to test is saliyavhich in ecent studies Isa
shownthat saliva can contain DNA ohncerougellsthat could indicatéor pancreatic,
breastandperiodntal cancersApplication of IDEP could allow focell or DNA

separation from macroparticlaad allow for easy accessgossiblycancerous DNAor
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test forother diseaseg&ven thougltanceranalysisfor salivausing DC iDEP has yet to
be performed on thrange of cancer types observed in this study, it leaves open the

possibilityfor newrealms of early cancer detectify].
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CHAPTER 3 COMSOL TESTING AND DEVICE DEVELOPMENT

When this thesibeganalegacywafer wasnheritedso thefocusswason:
determining if the given device will operate as intendedatimprovements could be
made to thelevice and if thedevicedoes not perform its desired task, wbladnges
could allowfuture devices to function correctly. Additionally, it should be noted that
even though this is an inherited project, there is little tanformation, 3D models,
COMSOL models, or documentation what was performed previously to determine the
viability of thelegacydevicedesign.The lack ofbackground informatioproved
extremely difficultin all aspects of the projeasinformation had to be resynthesized
explain the design choiceBherefore, a comprehensive analysis of the dewittde

conductedhrough COMSOL simulations arekperimentatesting.

3.1 LegacyDevice

The first technique used to create liagacydevicewas reactive ion etching
(RIE). Fabrication of the legacy device was done at University of California Santa
Barbara since their microfabrication lab manufacturing capabilities allow for RIE of the
smal features¥( p&‘ & designed into the legacy device.

Thelegacydevice is designed to be an IDEP dewdereparticles flow into the
deviceandinto themain chambewhere thensulative post arragesides. Once particles
enter the main chambehey will either le repelledbr unaffectedy the DEP force
Particlesacted upon by DEP will blevitatedabovethe post arrapnd carried by
pressure driven cross flow theoutlet on the other side of the main chambkraffected

particles will descend through the instithg post arraynder dominat EKs, then carried
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by pressure driven flow to tHewer outlet channelBy having both affected and

unaffected particles, tHegacydevice can separat&o type of particles at a time

Al A2 A3 A4

BOC O DOCOB
=it

\ 4

O O OO
El E2 E3 E4

FigurelO: Shows thdegacydeviceand various important region@) fluid inflows
(B) electrode portqC) bubbleweir filters, (D) insulatingpost filter, and (E) fluid

outflow. The bluearrow indicates path of levitated particles gnelen arrow indidas

A

path of particles passing through the filter.

The devicéhas five major componentas seen ifrigure10: four fluid inflows
(Al1-4), two electrode portgB), two bubble filter§C), one particulate filte(D)
composed oimsulatingposts and four fuid outflows(E1-4). Thechannels of the device
stand 15 microns talParticles flow into the device via3 fluid inflow andare intended

to exit through eitheoutflow E2 or E3Inflow A2 is designed to equalize the inflow of
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fluid to the central regionf the deviceand delivelinto the deviceE3 is theoutflow port
that the particlethat are levitateaill exit throughand E2 will have the unaffected
particles Inflows A1 andA4 deliver fluid to the electrode ponigth the intent ottycling
fluid in the electrode chambers to reduce temperanderemove bubbldsrmed by
electrolysis Bubble filtersare composed of weirs approximately‘1.@in width with

2' awidechannels between thefhese filters are sludedto prevent bubbles from
enteing themain chambeof the deviceln the event of bubblentrance to the main
chamberthe electric fields will become distorteftliid flow will becomedisorderegdand
cause an unwanted pressure driven flow in the dekinally, the insulating post filtas
where iDEP filtration occurdParticles will eitherbelevitatedabovethe posts and exit at
E3 or will pass througto exit at EAFigure 10) The insulating postregiost he Af i | t er

in this thesis.

Figurell: Zoomed in imagesf the legag device focusing o(A) thearray of
insulating post#n the filterwith an exit channejoing off to theright and (B)the
bottom of thebubbleweirsfilter.
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3.2 Simulation Simplification

In order to properly test the viability of this device arsdability to use DC tperform
iDEP and avoidilter fouling, the first stepvas toconstruct aecreation of the device in
COMSOL andest howthe deviceas a whole operateHowever die to thdack of
source filesexactdimensions ofthe components dhe devicehad to be meaured.
Imagng the waérwas doneavith themicroscope in the Cal Poly Microfabrication lab
ard dimensionf componentsvere measurebased on &nownlength using ImageJ.
Measurements of the device resulted indimensions showim Table01.

Table01: Dimensionsof components of thiegacydevice.

Component Length Width Distance between
elements

Insulating Posts 125 & 125 & 75 a

BubbleFilter Weirs 1lmm 1.2 a 2° &

Inlet/Outlet Channels| 1cm 55° & NA

Main Chamber 3cm 2mm NA

Due to theoverall compleRy of the devicesimplifications to the simulation were
necessaryo reducecomputatiortimes and irprove the information regarding individual
elements of the modahd how theyachcontribute to the overatleviceoperation
These smaller simulationgere createth order tofind the optimaloperating conditions
and determine if certain components cblié exclude@ntirely orhave as assumptions in
the simulation Thesesimplification simulationgocused simulations focused on the
bubble filter weirs and the insulating post array.

Thefirstsimulation that was conducted to simplify flad simulationwas to test
the bubble filter weirs. Thiocushere was tdook at the EO flow across the weinsceto

determine if the weirgnparted hydrodynamic resistance on the fluid that would travel
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through themThe parameterset for this simulation are shoumTable02 and an image
of part of thegeometrytested isseen inFigure11.

Table02 Parameters afeir EO testing.

Parameter Value

Voltage potential 40, 80, 120, 160, 200, 24280, 320, 360400V
Length of chamber 1.2° &

Width of chamber 320" &

Weir length 125" &

Weir width 1.2° &

Distance betweeweirs 2.04 &

Relative permittivity of water | 78.5

Conductivity of water 1 K

Zeta potential -0.01V

When observing an isolated case where onyRIacts on particles, the particles
in the simulation will migrate away from regions of hig® to regions of lom O
(Figurel?2). This test assumdhbat the zeta potential isi® orderto isolate the effestof
the DEP forceThetwo acting fores in this system are ti#EP force and drag force on
moving particles in the systetm show that the drag force only affects speed of

particle movement
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Figure 2: Showsparticleswith negative DEP properties @) the starting positioof

particlesaround an insulating poand (B)particlesat t 0 around an insulating post

3.3 DeviceVerification and Optimization
3.3.1 iDEP Verification and Optimization

To allow the device to operate as intended, particles beugble to be filtered
The desired outcome te separate our desired particles frother particles in a medium
and this can either be achieved by allowing desired particles to pass through the filter and
keep undesired particledove the post filter or allow undesiredotss lhrough the filter
and keep desired particles above the filbst. To optimize the device there needs to be a
knowledge of the requiregbltage potential across the device to produce a DEP force
largeenough to filter particles. To test thessimulationon a focused region of the posts
was usednd is showin Figurel13. This geometry was chosémonly look at how

particles acted around the insulating post array.
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Figurel3: Showsthe geometry useid particle separation test for optimizatiand

used to isolateDEP force acting oparticlesas theyencounterethe top row of posts

The test was designed to havearticlewith different electrical properties.
Particles were released from the chamber abovpdsis and acted on by DEP force and
drag force induced by EO floiharameters for the simulation aletailed inTable03.
Thevoltage potenaéls were cheento reflect the same electric fields produced in the
optimization testsThe geometryvasmeshed using free triangulaemiconductor vh a

refinement of fine.
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Table03: Parametersf post and particle testing.

Parameter Value

Voltage potential 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 V
Length of chamber 300° &

Width of chamber 100 &

Post side length 12.5° &

Distance between posts 75 a

Relativepermittivity of water 78.5

Conductivity of fluid 1 K

Conductivity of particle 100"Va

Zeta potential -0.01V

Due to the physical constraiof achieving a CM factor 60.5, it was necessary
to simulateparticles withCM of -0.10,-0.20,-0.25,-0.30,-0.40 and-0.50, with all other
properties remaining the same to simulate more real worlditions where the
conductivity of the surroundgfluid is larger thanhat of the particles or the
conductivities are similar imagnitude.

When simulating DEP, COMSOL assumes the system is opevating\C and
therefore changing the conductivity does aib¢ct the simulationThe COMSOL
ParticleTracingUselb s Gu i d e f siates thastatienaryfields@re defined by
Equation(33). To account for thisthe permittivity of the fluidvasdefinedfirst since it is
a contributing factoof the DEP forcehen the permittivity of the particte echieve a
particularCM factor was @lculated usindgzquation (34)Changingthe permittivity of the
particleonly affects the CM factao this modificatiorshould not affect the overall
accuracy of theimulatiors. To account for thisa parameter called®™_mod was
createdn COMSOL.The permittivity of the fluid is entered into both the fluid and

particle permittivityvalues in the DEP modulParticle permittivity of the fluid is then
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multiplied bythe value of FCM_mod desireWalues for FCM_modre shavn in Table

04.
Table04: Showsvalues for FCM mod tocorrect COMSOL simulatics)
FCM_mod CM Factor
1 0
0.72 -0.10
0.5 -0.20
0.4 -0.25
0.305 -0.30
0.14 -0.40
leb6 -0.50

Additionally, since COMSOL only looks at the AC regintiee DEP force
equaton used in COMSOlncludes a root mean square of the electric field gradient
which results inEquation (40)This Since these simulations avperating in the DC
regime, thegradient of the electric fieltbr DC must be included manually for plots and
in the DEP modul¢he permittivity of the particle anitlid were multipliedby 2to
account for thisThis was confirmed throughauick simulationvhere the frequency of
the electric field waset to be 0 Hz and 50 GHising a parametric sweep. The patrticles
in the simulation did nathange trajectories, velo@s, or locationat the end of the
simulated time framand therefore must be includby altering parameters.

Once thdrapping condions of theposts were determingthecrossflow required
to create a foulessfilter was determinedlhis was accomplished ltgking the
simulation used for particle trapping conditions and modifying litatee & inlet channel
across the top of the posts wittwadth of 75 d&and the overall geometry can be seen in

Figurel4.
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Figurel4: Geometry used faimulating cros$low with particlesof varying properties

and in varyingaqueous solution conditions

The inletfor fluid and particles was defined as ttenneinlet on the left side

and outflow was defined as thight side of the channel. Thep and bottom of the

geometry were definegis open boundaries adlow EO flow to occur without @irrent

flow. The rest of the boundaries were defined as wadlishg he trappingsimulation &

estimate of thénlet velocityrequired to levitate particles could ivade. Fothevoltage

potentialthe groundvasdefined at the top of the geometry and the high potemtial

defined at the bottom of the geometFpr voltagepotentials of 10 to 100Mnlet velocty

range wasestedbetweenl mm/sand10 mm/s.

Table05: Parameter$or cross flow simulations.

Parameter Value Units
Inlet/outlet velocity | 1, 2, 3, 4,5, 6,78, 9, 10 mm/s
Voltage potential | 10, 20, 30, 40, 5@0, 70, 80, 90, 100 \
Net zetagpotential | -0.005 V
Fluid Permittivity | 78.5

CM Factor -0.10,-0.20,-0.25,-0.30,-0.40 -0.50

Particle radius 2.5E6 m
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3.3.2 Fluid Dynamics Verification and Optimization
Once theconditions to perfornmDEP and iDEPlevitationweredeterminegthe
nextmain component thateeds veritationis thefluid dynamics of the devicend
wherepatrticles that pass through the insulating post amthyend up This is extremely
important to the fouless componerhat is in gqiestion.Even T the posts are optimized
and properly repel or allow particle passagei f t he f | uroperlydesnave mi ¢ s d
particles from the systeand they get stuck somewherdlie devicethe device does not
meet the operation requirements.
To determineénow the fluid dynamics of the systgmarform, a full model of the
device was constructed in 2D and simplified as nediaen the conclusions of other
optimization testsThe posts were excluded from tettat looked at how particles with
an CMfactor of Q under the assumption that since they would only be acted on by
Stokebs drag and t heridfThedevicefwouldlopenate t he pat h
properly ifthe fluid flow would take the particles from the top fluid flow inlet to the
bottom fuid flow outlet For particles with a CM factarot equal to Othe simulation
included the insulating pastbutdid notconsiderielectric force on the particlesnstead
the simulation looked at if the fluid flow in the x direction remained pasitom the top
fluid flow inlet all the way to the top fluid flow outlethe models used for this set of

simulationscan be seem Figure15.
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Figurel5: Image of the geonty of the fluid dynamics verification and optimization

simulations for CM factoequalto O.

Device was meshaasing free triangular, semiconductor at a refinemefinef.
Images were taken for each of the simulaparameter combinationgith streamline of
fluid velocity. Depending on how the streamlines actednéerenceof where particles
would likely go was made.
3.4 LegacyDevicelab Testing

Thelegacydeviceneeded to be tested to ensureviability of the simulations
performed within this thes&nd to determine if the device operates as it is intended to. In
thecurrent wafer there ardifferentdevices in total. Two of the devices are the complete
constructs of théegacydeviceand the other six are slight variations of one another,

based onhteiDEP device detailely MoncadaHernande8], but modified to includ
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thepost arrays included in the full build3DMS casted devices were made for all
devices for testing as they all include a post array and one of the maitmsgoals
determine the functionality of the insulating array of posts and their ability tonperf
insulative DEP separations.
3.4.1 DeviceConstruction

All devices testedvere createth the Cal Poly Microfabrication latver several
rounds ofcasting devicewith some devices were PDMffasma bounded to glass and
some were PDMS plasma bonded M. In the end it was found to be easiebtold
devices by binding PDMS to glass for observation means underdidNb thesariable
thicknessrom fabrication of a PDMS substrathis extrdayer of PDMSoften resulted
in the channels being too faofn the objective to observe on the SMRDMS @sting
procesds detailed in Appendic.
3.4.2 Experimental Setup

Testing of the devicesas needed to determine their functionadind relatedness
to thesimulations run. The conditiometermined to be udan the iDEP verification step
wereapproximatelyroom temperature wateaCl was useds the symmetrical salt used
in solution andyeast was chosen as the particle

Table06: Geometricand electrical properties of folayer yeast modgR8]

Region Thickness/ Radius Relative Conductivity (S/m)
Ca Permittivity

Cytoplasm -12.5 53 1
Membrane 0.008/2.508 5 10e7

Inner Wall 0.2/2.708 60 0.012

Outer Wall 0.05/2.758 6.2 0.021
Suspending - 78.5* 0.001*
Medium

*Indicates altered parameter from source.
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To prep devices for testing thegeded to be primed with tkelution needed for
DEP testingTheequivalentconductivityof yeast was calculated usigguation (37)and
the valuesareshownin Table07. Themax effectiveconductivity of yeasseen in
literaturewas foundo be2.52E3S/m[28]. In order toreach a CM factor as close-0.5
as possible, a concentratioh0.03V1 NaCl was determined to l@g@propriatdo achieve
the max negativeCM factorwhen compared to conductivity values for yd8${28]. At
this concentration of NaCl in adglon, the conductivity of the fluid i8.78E-1S/m

Table07: Conductivitiesand CM factors of different NaCl concentrations.

FCM Conductivity | Conductivity of Conc NaCl | Conc NaCl| Mass NaCl
Multiplier Medium (S/m) (mol/m”3) (mmol/L) | (g/L)

-0.5 150 3.78E01 299 29.9 1.75

-0.4 7.00E+00 | 1.76E02 1.39 1.39 0.085B

-0.3 3.1 7.81E03 0.62 0.618 0.036al

-0.25 |25 6.30E03 0.50 0.498 0.0291

-0.2 2.00E+00 | 5.04E03 0.40 0.398 0.023

-0.1 1.4 3.53E03 0.28 0.279 0.0163

Prior to runningexperiments on the devigesmulatiors for the operating
conditions vererun to determine th€EM factor, net zeta potential, and electric field
strength requiredDepending oronditions therequired voltage potential was
determined fromhte dataoutput by tlose simulations.

DI water wasused tahave the lowest possible starting fluid conductieibgd
400mL wasobtained and placed into a flagkhe desired amoumf NaCl was measured
out ona scaleand mixed with the wateDevices were plced iio aPetridish
sufficiently large to allowiwo devicesto sit flat on the bottorrNaCl solution was poured
into thePetridish until the devicewerecompletelysubmergedh fluid. Any remaining
fluid was placed oma hot plate set to53C and alloved to heat. If more solution was

needed it was mixed in a 100mL flashkd placed in the hot plat&hePetridish with
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deviceswas then placed into tlggass vacuum chamber. The vacuum chamber was
turned on andevices were left to prime for 1 howith agitationeveryfew minutes to
get bubbles off the deces Devices were then removed from trecuum and visually
inspected for bubbles within the channels.

The yeast solution was prepaiad 50mL flaskwith 20mL of DI water.Packe$
of dry active yeasivereused inall experimens. A small amount of yeast pellets was
poured into thdOmL ofwater and stirred manually on the hot phatgil no pellets were
visible. Solution was allowed to sit fak hourto allow the yeast to activaie the DI
water.

Viewing of the devices was dométh a LabSmithSVM430Q usinga color or
black andwhite canera, with a 10Xnagnification objective. Prior to testing t8&%M
was turned on and the area of interest was faumdfocused in fram&olution from the
heated flak of NaCl solution was poured into tRetridish untilall but thetop surface of
the device was covered in soluti@epending on the test being performed, electrodes
from the HVS148 300Q(HVS) were attached to electrode mih the HVS software,
desred electrical voltages were chodenthe testThe HVShas a voltage output range
of -1500V to 1500V or OV to 3000%nd the current allowed 6250 0

Using a 3mL syringe,kmut 0.1mL of yeast solution was takamd then 1mL of
NacCl solution was takeup into the syringeSyringe washaken to mix the yeast
solution and NaCl solution prior to testifigp prime the device with yeast solutjdhe
mixed yeast and NaCl solutiavas placed into a pipette tip andh@aced into the
desired portSolutionwas then allowed to gravity feed into the devillee pipette tip

was removeance yeast had successfully entered the device.
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A Petridish was used as the viewing platform for desicesn case of fluid
spills or overflows The metaktage platen theSVM was removed and thetridish
was placeaver the camert allow for viewing Primed device wereplacedin thePetri
dish andelectrodes were placed their respective ports. Tloameravasadjusted to be
directly under tkinsulating post arragnd focusedTesting coditions for the device

were chosen antthe HVM would be activated and videos would be taken.
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CHAPTER 4 LEGACY DEVICE SIMULATION AND TESTING RESULTS AND

CONCLUSIONS

This section looks at the results of thébble filterweir EO flov simulation
4.1  Simulation Simplification results

In thebubble filter weir EO flow tesffluid velocity due to EO flow was simulated
to determine if the weirs causady kind of hydrodynamic resistance to the fluid flowing
through themFluid flow wassimulated,and the averageelocity of the fluid was taken
across the outflow line along the bottom of tieambelas seen ifrigure 16 andthen
compared to theoretical values for EO flow at these voltagezedagotential. The

results of this test can Iseenn Table08.
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Figurel6: Showsthegeometry used for the bubbheir testing This is a zoomed in
representative image of thelocity surface plofust below the weirggiven by

COMSOLin meters per second
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Table08: Shows results of the bulglfilter weir simulation andompares them to
theoretical valuesShows no difference betweeantflow fluid velocity and theoretical
values

Voltage COMSOL Electric Theoretical Percent

Potential (V) Average Field Electroosmat Difference
Outflow Strength | Velocity (m/s) from Open
Velocity (m/s) | (V/m) Channel%)

40 -0.00172 3.33E+05 | -1.74E03 1.10

80 -0.00154 3.00E+05 | -1.56E03 1.10

120 -0.00137 2.67E+05 | -1.39E03 1.10

160 -0.0012 2.33E+05 | -1.21E03 1.10

200 -0.00103 2.00E+05 | -1.04E03 1.10

240 -8.58-04 1.67E+05 | -8.68E04 1.10

280 -6.87E04 1.33E+05 | -6.94E04 1.10

320 -5.15E04 1.00E+05 | -5.21E04 1.10

360 -3.43E04 6.67E+04 | -3.47E04 1.10

400 -1.72E04 3.33E+04 | -1.74E04 1.10

Fromthe results imable08, it is determined thahe outflow velody of fluid is
approximately the same to that of the theoreticaflB® velocity. This therefore shows
that the bubble filter weirs can be ignored in a full simulation oDEE device. When
accounting for this in the full device simulatigdhe weirs Wl either be represented as an
open boundary awill be fully excluded but include an internal wall to prevent particle
movement sincenost particles are too large to travel through the weirs and will therefore

get stuck along theveirs.
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4.2  Validation and Optimization Simulation Results

4.2.1 IDEP Validation and Optimization

In the post and particle simulation particle were released at time 0 (t=0) and
observed over a Dsecond period of time. Particles with CM fastof 0,-0.10,-0.20,-
0.25,-0.30,-0.40, and-0.50were released in the upper part of the chamber and allowed
to move under the influence of DEP force and drag due to EO Tlogvnetric for
successful filtration was determined by if red particles descended below the top layer of
posts, indtating that thelrag force overcame the DEP force. It should be noted that no
particleparticle interactions were defined so partidasstack on top of each other.
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Figurel7: Example of @MSOL output ofparticle trajectoriesvith CM factor of-0.5,
permittivity of 78.5,net zeta potential 60.005, andLO0OV potential-333333V/m).
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As seen inFigurel7, theparticlepathlinesareimpeded by DEP force and are
held above the post§he colored fields represent regions wherevitlecity of the
paricles is positiven the ydirection The results of the remaining CM fact@an be
seenin Table09, wherethe conditions wereated on a pass/ fail basis depending on if the
DEP force kept particles out of the filter or nBY. using the information imable09the
specific conditions for operation of the device in water can be determined for separation
of particlesin water

Table09: Conditionsfor operation of thé®EP filter in thelegacydeviceusing water
(Relative permittivity = 78.%nd— TIST TI).

Voltage | Electric Field
Strength (V/m)
100 3.33E+05
90 3.00E+05
80 2.67E+05
70 2.33E+05
60 2.00E+05
50 1.67E+05
40 1.33E+05
30 1.00E+05
20 6.67E+04
10 3.33E+04

From observindrigure 18, the point at which the lowest DEP force occatghe
top of the posts ithe midline between two postsid if the DEP force is not sufficient
then this is where pacle will enter the filter first This can also be expresdadplotting
the ydirection force along a line just above the pestseen inFigure18. Thisindicates
that the net force on a particle should be calculated from the midline betweetoposts

determine if the DEP force enoughto keep particles above the top of the posts.
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Figurel8: Shows thenetforceacting on particles the ydirectionalong the top of the
insulating post arrayrhe mnimum force between postsshown to beatthe midpoint

between posischaacterized by théottoms of the troughadicated by the red arrows

Thenby taking a loglog plot of theCM factor along the midline between pgsts
the distance from the top of the posts thetiicles will stop at a genvoltage potential
can be founds seen ifrigure19. Theconditionsbeing observed can be adjusted to

differentconditions of the zeta potentifllid permittivity, or changes iparticle radius

57



