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SIMULATION OF CONTINOUS POLYSTYRENE
PARTICLE MANIPULATION WITH DIELECTROPHORESIS
USING COMSOL

SUMMARY

In the near feature, we will see complicated and sophisticated Lab-On-a-Chip (LOC)
devices for many kinds of medical application, which will fit on ones palm and does
the job of a high tech laboratory. For enhancing such kinds of devices, the physical
and chemical truths, theories, phenomenon will interlace with micro & nano
technology.

Dielectrophoresis (DEP) is a non-destructive, electro kinetic transport mechanism with
potential for the separation and manipulation of bio particles in microfluidics devices.
With the developments in the Microelectromechanical systems (MEMS) and
nanotechnology, a large electric field with weak voltages can be obtained for
manipulating, separating, and characterizing micro/ nano-sized particles such as cells,
Deoxyribonucleic acid (DNA), proteins, nanotubes, and nanoparticles. In order to
make adequate devices the design and simulation should well correlated to get most
feasible and optimum geometry of the electrodes and the micro channel network.
Basics of the DEP simulations lies on proper estimation, characterization and usage of
Electro hydrodynamic forces and their effects. Simulation generally involves the
electrical potential field, the flow field and the particle tracing. A three Dimensional
(3D) model of the DEP chip on Multiphysics software can do simulation of these
physical results.

In this thesis work, angular interdigitated electrodes and Polydimethylsiloxane
(PDMS) channels designed to separate the polystyrene particles and two different
Comsol simulations has been performed.

In the first simulation, a basic model that has only two electrode couples is used. A
statistical approach known as surface response is used to obtain an optimization model
for this simple model with the results obtained from Comsol simulation. An equation
is generated and optimized running conditions identified for the simple model.

In the second simulation, a realistic model, which has 43 electrode couples, is used.
Same boundary conditions, initial conditions and estimations applied in both model.
Electrostatic, flow and particle tracing modules used in Comsol simulations and results
obtained for a parameter group.

After that, fabrication of the LOC device explained in details and experimental setup
introduced. Before the experiments, Bovine Serum Albumin (BSA) solution with
Phosphate Buffered Saline (PBS) is pumped and held inside the micro channel for
inhibiting the fouling. The experiment performed with the same parameter group used
in Comsol simulation and results shared which are similar to the simulation results.
3.2 um particles (Red fluorescent) are separated from the 9.8 um particles (Green
fluorescent) in both simulation and experiment. This work was supported by
TUBITAK under Project No. 111M730.
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ALTERNATIF AKIM KUTUPSAL DEVINIM iLE SUREKLI AKISTA
POLISTREN PARCACIKLARIN YONLENDIRILMESININ COMSOL
SIMULASYONU

OZET

Yakin gelecekte karmasik ve cok iglevli yonga iistii sistemler ile biitiin medikal
uygulamalar yapilabilir hale gelecektir ve bu isi yapan aletler mevcut biiyiik boyuttaki
laboratuvarlar1 bir insanin avcuna sigdracaktir. Bunlarin miimkiin olmas: fizik, kimya,
biyoloji gibi ana alanlar1 harmanlayan disiplinler arast mikro ve nano teknoloji
calismalari ile olacaktir.

Yonga Ustli sistemlerin pazar1 git gide biiyiimektedir ve her gecen giin yapilan
aragtirmalar hem bilimin gelismesine, hem yeni ¢dzlimlerin diinyaya sunulmasina
olanak vermektedir. Bu alanda yapilan ¢alismalarm sayis1 da her gecen giin katlanarak
artmaktadir.

1950’li yillarda ortaya atilan kutupsal devinim elektro kinetik bir tasima
mekanizmasidir ve hizla gelisen mikro elektromekanik ve nano teknolojiden
faydalanarak bu mekanizmanin yardimiyla biyolojik parcaciklarin yonlendirilmesi
yapilabilir. Bu yontem ile DNA, protein, nanotiipler, nanopar¢aciklar, mikro
pargaciklar, canli hiicreler yonlendirilebilir, ayristirilabilir veya yakalanabilirler.

Alternatif Akim Kutupsal devinim asimetrik elektrik alan altinda yalitkan
parcaciklarin hareketidir. Uygun kosullar altinda canli pargaciklar mikro sistemler
icinde kutupsal devinim ile yonlendirilebilirler. Siirekli akis altinda bu pargaciklarin
stvinin  siirliklenme kuvveti ve kutupsal devinim kuvvetinin dengelenmesiyle
ayristirilmas1 miimkiindiir.

Kutupsal devinimin yonii ve siddeti Clausius-Mossotti etkenine (CM etkeni) baghdir.
Bu etken uygulanan elektrik alanin frekansma, parcacik ve ortamin dielektrik
sabitlerine gore pozitif ya da negatif olmaktadir. Eger bir parcacik kendini saran
ortama gore daha ¢ok kutulanabilirse CM etkeni pozitif ve parcacik iizerine etki eden
kutupsal devinim kuvveti de pozitif olmaktadir. Benzer sekilde pargacik kendini saran
ortama gore daha az kutuplasabiliyor ise CM etkeni ve parcacik iizerine etki eden
kutupsal devinim kuvveti negatif olmaktadir. Pozitif kutupsal devinim etkisi altinda
parcacik elektrik alanin yogun oldugu bolgelere dogru yonlenirken, negatif kutupsal
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devinim etkisi altinda parcacik elektrik alanin diigikk yogunlukta oldugu bolgelere
dogru yonlenmektedir.

Pozitif kutupsal devinimin etkin oldugu polistiren pargacik ve saf su karisiminda farkl
boyuttaki par¢aciklar farkli miktarlarda kutupsal devinim kuvvetine maruz kalacaktir.
Bu 6zellik kullanilarak sivinin siiriiklenme kuvvetinin sadece bir pargay1 yolundan
saptirmadan digerine etki ederek mikro kanal i¢inde ayrigtirilmasi saglanabilir.

Bahsedilen sistemin tasarimi, basit ve ger¢ekei simiilasyonlari, istatistiksel
optimizasyonu ve deneyleri bu tez kapsaminda yapilan ¢aligmalarin ana hatlarini
olusturmaktadir.

Tasarim asamasindan literatiir taramas1 yapilmistir ve bu tarama sonucunda birbirine
gecmeli elektrotlar ile polistiren par¢aciklarin ayristirilmasimnin yapildig: gériilmiistiir.
45 derece acgili birbirine gecmeli elektrotlar ile iki girisi ve iki ¢ikist olan bir tasarim
yapilarak L-EDIT ile maskeleri hazirlanmigtir. Ayrica yine bu geometriler g6z onuna
alinarak sistemin basitlestirilmis ve gercekg¢i simiilasyonlar1 hazirlanmastir.

Parcacik iizerine etkiyen kutupsal devinimin ydniinii, akis nedeniyle dogan kuvvetlerin
yOniinii belirlemek icin COMSOL Multiphysics 4.3a yazilimu ile elektrostatik ve akis
coziimlemeleri yapilmistir. Farkli akis hizlarmda ve potansiyellerde uygulanan
kosullara gore potansiyel degisimleri, elektrik alan siddetleri, kutupsal devinim yonii
akis profili, par¢acik hareketleri bu yazilim ile incelenmistir.

Iki farkl: simiilasyon yapilmistir ve bunlarin ilki basitlestirilmis, sadece iki elektrot
ciftinin modellenmesi ve bu modelin ¢oziimiiniin bagh oldugu akis hizi, elektrik
potansiyeli ve parcacik ¢apinin istatistiksel bir yazilim olan Minitabtaki Yanit Yiizeyi
metodu ile optimizasyonunun yapilmasinda kullanilmistir. Bu optimizasyon ¢alismasi
yiiksek kapasiteli bilgisayar donanimina ihtiya¢ duydugu i¢in ikinci model olan ve 43
adet elektrot cifti iceren daha karmasik modelde kullanilmamistir. Ikinci modelin
analiz sonuglar1 verilmis ve bunun dogrulanmasi i¢in yapilan deneylere gecilmistir.

Gergekei olarak olusturulan Comsol modelinin ve basitlestirilmis modelin iizerinden,
elektrik potansiyelleri 3 boyutlu olarak ¢izdirilmis ve bunlarin degerleri grafiksel
olarak gosterilmistir. Sonrasinda bu elektrik potansiyeline bagli olarak olusan 3
boyutlu elektrik alan ¢izdirilmis ve elektrotlarin kanal boyunca nasil bir elektrik alan
olusturduklari, elektrik alan kuvveti grafiksel olarak verilmistir.

Elektrik alan simiilasyonlar1 sonrasinda akis simiilasyonu yapilmistir. Burada kanal
giriglerinin birinden ger¢cek modele uygun olarak pargacik ve saf su karigimi
digerinden sadece saf su girisi tanimlanmistir. Olusan akis profilleri 3 boyutlu olarak
verilmis ve bunlarm grafiksel olarak kanal girisi, ortast ve ¢ikisindaki degerleri
paylasilmistir.

Elektrik alan ve akis simiilasyonlarindan elde edilen ¢oziimler pargacik izleme
modiiliine tanimlanarak parcaciklarin ve saf suyun kutupsal devinim ozellikleri
verilerek parcacik hareketleri 3 boyutlu olarak elde edilmistir ve bunlarin ortalama
kanal boyunca hareketleri grafiksel olarak verilmistir. Ek olarak pargaciklarin bu
hareketleri sirasinda maruz kaldiklar1 sivinin siiriiklenme ve kutupsal devinim
kuvvetinin etkileri gosterilmistir ve parcaciklarin nasil ayristirildigi agiklanmistir.

Simiilasyonun yapildig1 ve ayrigsmanin goriildiigli parametreler (voltaj, akis hizi,
parcacik cap1) belirlenerek deney ile simiilasyonlarin dogrulugunun tespitinin
yapilmasina olanak taninmuistur.
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Deneylerin yapilmasi igin tasarimi paylasilan yonga-iistii sistem {iiretilmistir. Bu
yonga-iistli sistem, cam altlik {izerinde 200 nm kalinlikta Ti elektrot ve akiskanin bu
elektrot lizerinde konumlanmasini saglayan PDMS kanala sahiptir.

Standart fotolitografi ve fiziksel buhar biriktirme yontemleri ile yonga tabanli deney
diizenekleri iiretimi gergeklestirilmistir. Bu calismada AZ 1505 pozitif fotorezist cam
altlik tizerine doner kaplama cihazi ile 400 nm kalinlikta olacak sekilde kaplanmistir.
Cam altliklarin temizlenmesi fotorezistin ylizeye daha iyi kaplanabilmesi ve es
dagilimli bir yiizey elde edilmesi i¢in ¢cok dnemlidir. Cam altliklar 1 molar KOH
cozeltisinde 10 dakika ultrasonik karistirict igerisinde bekletilmis, saf su ile banyo
edildikten sonra aseton dolu bir kapta ultrasonik karistirict icerisinde 10 dakika
bekletilmistir. Sirastyla alkol ve saf su ile banyo edilip kurutulmustur. Elektron 151n1
ile buharlastirma yontemi kullanilarak Ti hedef malzemeler buharlastiriimis ve
fotorezist kapli cam altliklar iizerine Ti kaplamasi yapilmustir. Uzerinden akim gecen
filament kopan elektronlar, manyetik saptiricilarla Ti yiikli pota iizerine diistiriilerek,
hedef metalin buharlagmasini saglamaktadir. Fotorezist kapli cam altliklar iizerine 200
nm Ti kaplandiktan sonra, fotorezist aseton ile ¢ozlindiiriiliip ylizeyden uzaklastirilmis
ve istenilen tasarimlarda elektrotlar cam ylizey iizerinde elde edilmistir.

Sonrasinda ayristirilmak istenen pargaciklar ve saf su ¢ozeltisini elektrotlar tizerinde
gecirebilmek i¢in gereken PDMS kanal iiretilmistir. PDMS, s1vi haldeki katilagtiricisi
ile birlikte ticari olarak satilan silikon temelli bir polimerdir. PDMS 1:10 oraninda
katilagtiric ilave edilerek karigtirilmistir ve silikon yonga plakasi lizerinde bulunan
SU-8’ten yapilmis erkek kanal geometrisi lizerine dokiilmiistiir. PDMS kanalin
olusturulmasi i¢in hazirlanan SU-8 20 um kalinhigindadir. SU-8 ticari olarak satilan
bir negatif fotorezisttir ve fotolitografi yardimu ile karanlik maskeden kanal geometrisi
silikon yonga plakasinda olusturulmustur. PDMS kanal son islem olarak akiskan girisi
ve ¢ikigini saglamak i¢in mikro delgec ile delinmistir.

Olusturulan elektrot ve PDMS kanalin birlestirilmesi i¢in oksijen plazma altinda
yiizeyleri aktif hale getirilmis ve sonrasinda metil alkol ile kayganlastiric1 tabaka
olusturularak mikroskop altinda hizalanmistir. Birlestirilen elektrot ve kanal vakum
alta alinarak 1sitilmis ve alkol uzaklastirilip kuvvetli bir yapisma elde edilmistir.

Bu islemden sonra pargaciklarm kanala yapismasini engellemek i¢in protein ¢ozeltisi
hazirlanmis ve bu ¢ozelti kanal igerisinde bekletilmistir. Sonrasinda saf su ile kanaldan
uzaklagtirilmagtir.

Yonga tabanl sistemde akigkanin girisleri ve ¢ikislarina ince borular takilmis ve bu
borular mikro sirngalara baglanmistir. Bu siringalarda mikro pompa olarak
adlandirilan iticiler ile hareket ettirilerek kanalda akis saglanmistir. Elektrotlarda iki
bilesenli iletken yapistirict yardimiyla bakir kablolar ile sinyal jeneratoriine
baglanmistir. Kanal tasariminda iki giris ve iki ¢ikis mevcuttur ve bunlarin birine
parcacik karigimi olan saf su, digerine sadece saf su baglanmistir. Sonrasinda floresan
ozelligi olan polistiren parcaciklar mikroskop altinda asimetrik elektrik alandan
gecirilerek incelenmistir.

Deney simiilasyonun yapildig1 voltaj ve akim degerlerinde yapilarak sonuglar elde
edilmistir. Simiilasyonun sonuglar1 deneylerin sonuglar1 ile Ortiigmektedir ve bu
simiilasyonun dogrulugunu gostermektedir. Pargaciklardan 3.2 um capindaki kirmizi
parcaciklar kanalin iist ¢ikisindan, 9.8 pum capindaki yesil pargaciklar kanalin alt
cikigindan ¢ikarak ayristirma saglanmaktadir.

XX1i



Comsol konferanslarinda ve forumlarinda kutupsal deviniminim 3 boyutlu olarak
simiile edilmesi konusunda giderek artan bir ¢alisma yogunlugu vardir ve bu ¢alisma
ornek teskil etmektedir.

Yapilan bu ¢calisma ile ayristirilmasi basarilan mikro pargaciklar gibi canli hiicrelerde
ayristirilabilirler. Bu sistemler tasarlanirken Comsol ve Minitab gibi programlar
kullanilarak tasarim zamanlar1 diisiiriilebilir ve iiretim Oncesinde sistemler optimize
edilebilirler. Ek olarak mevcut sistemler modellenerek farkli parcaciklarin tizerindeki
etkilerine bakilabilir veya olusturulan geometrilerde iyilestirme ¢aligmalar1 yapilabilir.

TUBITAK tarafindan 111M730 proje numarasi ile desteklenen bu proje siiresince
ulusal ve uluslararasi konferanslara Ozetler, makaleler yollanmis ve sunumlar
yapilmustir.
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1. INTRODUCTION

1.1 Literature Review

LOC systems brings advantages, as they are cheap, needs very little analyze material,
and has quick responses. These systems are focuses on diagnosis, treatment, drug
delivery and environmental analyses. The market was valued at $2.6 billion in 2010
and is expected to reach $5.6 billion by 2015; growing at a Compound Annual Growth
Rate (CAGR) of 16.7%. This growth is attributed to increasing applications
specifically in cancer diagnostics and expression profiling, the boom in personalized
medicine, and government funding (http://www.researchandmarkets.com/, 2011).
First scientist who had identified Dielectrophoresis (DEP) as dielectric particle
movement under the non-uniform electric field was Herbert Pohl at 1950s. Pohl used
the electrophoresis to discover the DEP, which was charged particle movement under
electric field. In DEP particles does not have to be charged like in electrophoresis.
Particles are interacted with the electric field in two ways: they travel to the high
electric field region - positive dielectrophoresis (pDEP) or they pushed by the electric
field to low electric field region - negative dielectrophoresis (nDEP). Electrical field
frequency, particle and medium properties determines the particle response.

The progress in micro technology since last decades enabled microelectrodes with
large electric field gradients and then with these gradients DEP forces applied on to
the particles. There is no requirement for marking or modification in the particle,
which directed scientists to use the DEP in cell manipulation. General approach on
cells while the interested cell controlled by the pDEP the others suspended from the
region of interest. In order to do this a continuous flow is required.

After 2000, the researches on DEP rapidly increased and tens of articles has been
published on Lab-on-a-chip, Electrophoresis. Most of the articles has been published
on United States of America and generally they are all multidisciplinary researches
including physics, chemistry, biology, material sciences (http://www.scopus.com/,
2012). Carbon nanotubes (Arun, Salet, & Ionescu, 2011), nanoparticles (Lee et al.,
2008), yeast cells (Cetin, Kang, Wu, & Li, 2009), polystyrene and micro particles
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(Srivastava, Baylon-Cardiel, Lapizco-Encinas, & Minerick, 2011), blood cells (Kim
& Yoo, 2009), cancer cells (Heller, Sullivan, & Krishnan, 2007), minerals (Du, Baune,
Kiick, & Thoming, 2008) are the generally investigated particles, cells.

1.1.1 DEP theory

The simplest theoretical model for DEP is that of a homogeneous spherical particle
immersed in a dielectric medium. In a non-uniform electric field, the homogeneous
spherical particle influences by a net dielectrophoretic force. The magnitude of this
force depends on the polarizability of the particle with respect to medium as well as
physical parameters and electrode setup. If a particle has polarizability higher than the
medium, the DEP force will push the particle to regions of higher electric field see
Figure 1.1 a) pDEP. If the medium has a higher polarizability than the particle, the
particle will go to low field strength see Figure 1.1 b) nDEP.

+ Lower field
a + Lower field

Higher field

Higher fielq

s 5 Particle less polas#7ab
Particle more polarizable

Dipole direction - + Dipole direction +

Movement — =——————pp- Movement G

Figure 1.1 : Spherical particle under non-uniform electric field; a) pDEP, b) nDEP

In microscopic scale DEP force can be written as (Green, Ramos, & Morgan, 2002):

Foep = Re[p(a))VE] (L.1)

In the equation E stands for the electric field, ® angular frequency (®) corresponds to
dipole momentum of the particle, which caused by the electric field and Re]...]
corresponds to real part of the variables.

This equation becomes as below when its time average obtained:

2

<FDEP> =2m’e, Re[k(w)V
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2
gradient of electric field, k(®) corresponds to Clausius-Mossotti (CM) factor

rms

v
which is stated as (Green et al., 2002),(Lungu, Neculae, Bunoiu, & Strambeanu, 2011),
(Pethig, 2010),(Zhang, Khoshmanesh, Mitchell, & Kalantar-Zadeh, 2010):

k(@)= -2
0)=—"—"—
T 13

P m
~ ~

» and € are particle and medium dielectric constants. Dielectric constants obtained

1
from the equation of: §=6-J010 where/ =CD? 1y this equation € shows the
dielectric permeability and @ shows the conductivity.

Clausius-Mossotti factor is the measure of the particle and medium relative
permittivity. CM factor, depends on the applied electric field frequency, specifies the
direction of dielectrophoretic force. According to equation (1.2) the dielectrical
properties and diameter of the particle used for manipulating a particle.

DEP force decreases logarithmically from the surface of electrode and it reaches
highest values at the edges of the electrodes. DEP force is proportional to square of
the applied electrical potential. It also inversely proportional with the gap of the
electrodes. If gap between electrodes divided by 10 then DEP for multiplied by 1000
(Green et al., 2002).

1.1.2 DEP devices

In general, DEP has application for numerous operations like separation,
transportation, trapping, sorting and these operations enabled by the current
photolithography techniques - microelectrode and microfluidic fabrication
technologies. Separation by size, concentration, focusing, filtering, patterning also the
other types of research areas in DEP.

Polystyrene particles, on the market and easy to obtain, are most preferred ones for
development and design work. They are homogenous, sold with fluorescence
properties with known diameters and electrical properties, and suitable for
characterization of any DEP device.

In Figure 1.2 a simple design is captured with its electrical and fluidic connections

where the purpose of the design was to focusing and trapping of 10 um red fluorescent



polystyrene spheres (Li et al., 2012) and in Figure 1.3 a design for sorting 10 and 5 um
polystyrene beads (Salomon, Leichl¢, & Nicu, 2011).

Figure 1.2 : Image of micro fabricated device (Li et al., 2012)

unated
SUS 10pum

SU8 28

Glass wafer
Ta/Ptsputtered electrodes

Figure 1.3 : 3D schematic of the device (Salomon et al., 2011)

As shown in the figures a general model for DEP devices consists of microfluidic
channels and microelectrodes with their connections, which are generally, build on
glass substrates. PDMS or SU8 materials has wide applications for micro channel
fabrication and highly conductive metals like gold, titanium, platinum, aluminum,
copper... electrodes mainly used for obtaining the required electric fields. Channel
heights ranges from 10 pm to 200 pum, electrode thickness ranges differs from 10 nm
to Ium, sometimes for higher bonding to glass substrates 2 layers are used 1 layer
which has better affinity with glass and 1 layer which has higher conductivity.

The literature reviews consist of many different electrode designs like parallel,

castellated, oblique etc... Figure 1.4 shows the summary of electrode configurations
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which are built by the many researchers (Khoshmanesh, Nahavandi, Baratchi,

Mitchell, & Kalantar-zadeh, 2011).

Non-offset

2 Phase = 180°

i Phase =0° Ny __ Phase=0"
\‘\ ~

"~ Phase=180"

G < H Extruded
- N electrodes

Electrode pair

P

|
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Figure 1.4 : Classification of DEP devices according to the configuration of

Bottom pair

microelectrodes: (A) parallel or interdigitated, (B) castellated, (C) oblique, (D) curved,
(E) quadruple, (F) micro well, (G) matrix, (H) extruded, (I and J) top—bottom patterned
(Khoshmanesh et al., 2011)

Dimensions of this electrode designs generally in the range of 10 um to 100 pm
electrode width and then a range of gap. Electrical potentials ranges from 1 V., to 50
Vpp and the frequency range is between 10 kHz to 10 MHz Polystyrene beads are
generally suspended inside DI water(Khoshmanesh et al., 2011).

1.1.3 DEP device simulation theory

Microfluidic solutions for particle separation generally consist of design, fabrication
and characterization steps and this leads to old style trial-error approach. Micro

fabrication methods generally take several days to build a microfluidic device and may



be another day to setup the experiment. Taking meaningful results almost took several
weeks with the trial error approach. In order to improve designs and decrease the trial
error time simulation of the systems becomes crucial.

Considering the DEP phenomenon electrical field, fluid flow, particle-tracing needs to
be simulated, parameter optimization should be performed and design problems should
be improved prior to fabrication and characterization of the DEP devices.

Comsol is a multyphysics program that can be simulate any kind of physical equation
in any kind of geometry. 1, 2 and 3D simulations are possible with the lots of pre-
installed modules. Comsol developers also researchers developed special module for
microfluidics, which includes the Alternative Current (AC) / Direct Current (DC) ,
particle tracing, fluid flow in it.

Electrostatic in AC/DC can be a useful tool for simulating the electrodes and
dielectrophoretic forces. Creeping flow in Microfluidics can simulate micro channels
and drag forces. Particle tracing for fluid flow can simulate particle movement under
the drag and dielectrophoretic forces and separation capability of a LOC device design.

It can solve the static, time dependent, frequency dependent system.
1.1.3.1 Governing equations for DEP simulations
As previously stated DEP force is formulated as,
Fpep = 2mr3eye,,KV|E|? (1.4)
Where the electric field is the gradient of the voltage as in following formula,
E=-VV (1.5)

DEP force is directly changing with the gradient of the applied voltage. CM factor (K)
that depends on the relative permittivity of the particle (sp) and medium (&,,) with the

formula of,

Re(fem) = Re[(gy" — &™)/ (gp" + 265,7)] (1.6)

Cube of the particle diameter is also changing the DEP force. In the continuous flow

separation model the other force that influences the particle is drag force,

Fdrag = gmp(u — ) 1.7



The drag force changes with the mass of the particle (m,,), velocity response time (7,),
particle velocity (v) and fluid velocity (u). In order to manipulate the particle DEP

force should overcome the drag force.

1.1.3.2 Simulation steps in COMSOL

Many of the saleable software generally focuses on development of products but
Comsol solves 3D multiphysics with finite element methods and the intention of the
program is to help theoretical and experimental studies.

The simulation in Comsol starts with modelling of the physics, in DEP device
simulation it starts with choosing the physical interactions like electrostatic, fluid flow,
particle tracing. Then continuous with the creation of geometry and defining the
materials and properties of the materials. Similar to all numerical solution methods
boundary conditions, initial conditions assigned before the mesh creation for finite
element methods. After that, solver configuration and solution requirements entered to
the model like time and error range. Next step is to initiating the solver that creates the

results and use the resulting data to create graphs for the reports.

1.1.4 Theory and application of the Statistical approach for Comsol model

Statistical software can be used to optimize the parameters of a system. Comsol also
has optimization module in it but it is complicated and requires a high capacity
computer. Instead of using the optimization module in Comsol, response surface
design in Minitab statistical software can be used with the parameters of the model and
a response from the Comsol with the given parameters can be entered in to the
statistical analyze software to get a model and make optimization.

Response surface methods enables finding factor settings (operating conditions) that
produce the "best" response, factor settings that satisfy operating or process
specifications, identify new operating conditions that demonstrated improvement,
model a relationship between the quantitative factors and the response (Montgomery,
2013).

In order to guess the response of the model with different parameters (factors) a linear
function of the factors fitted with the results of the simulation model, the first-order
model for the response surface design can be formulated as:

Y=by+biXi +bXo+...+ Xk + e



where Y = response, X = factors, by = regression coefficients, and e = error term with
a normal distribution, mean of 0, and standard deviation of s. In here the coefficients
for the parameters by, are the estimates of the population regression coefficients, by.
The estimated coefficients are used, along with the factors, to calculate the fitted value
of the response. In matrix terms, the vector of coefficients in multiple regression is
calculated by the formula:
b= (X'X)" (X'Y)
In this formula X is the design matrix, including the constant and Y is the response
vector.
For the creation of these formulas and the coeffients, Minitab generates a design matrix
for each design. The first column is a column of one's for the constant term. This is
followed by one column for each factor. If the model has squared terms, there is one
column for each squared term. The column for a squared term is the product of the
corresponding factor with itself. If the model has cross terms, then there is one column
for each cross term. The column for a cross term is the product of the two different
factor which are in interaction with each other. While creating the response surface
design you can pick the interactions, you want to include in the design. If some squared
or interaction terms removed due to data cannot support them, these will not be in the
stored design matrix. The columns stored match the coefficients that are printed.
Storing the design matrix used by Analyze Response Surface Design allows you to use
other Minitab commands or you can change the order of the experiments and update
the design matrix.
Furthermore, desirability for the response is calculate and an optimization interface
generates the editable model and by using that optimizer, one can change the factors
and generate the new responses.
Steps for response surface design:

e Create a response surface design by the previously determined parameters

e Name the factors and enter the parameters in to the model

e Make the required experiments and then enter your response on to the Minitab

e Use analyze response surface design to fit a model to the response data

e Then use response optimizer or use the created formula that belongs to the

model to optimize the parameters or define new parameters for new

requirements that gives the best response (Cornell, 1987).



2. DESIGN OF CONTINOUS FLOW DEP DEVICE

2.1 Device Design

In the early stages of research static simulations and designs has been done,
interdigitated electrodes in a static chamber has been analyzed, and results are
presented in another thesis. Because of that reason, static simulations and device
designs will not be covered in this work. Chapter 1 summarized the theory behind the
continuous flow particle manipulation and statistical approach to optimize parameters.
Design work has been started with modelling in Comsol and systematically
improvements applied to DEP based LOC device according the Comsol results. In all
designs, material properties, and some of the parameters kept constant and some of
them are considered as main variables and chosen for parameter optimization.

A new electrode design - angular interdigitated electrodes- modelled for the
continuous polystyrene particle manipulation. The final design that is belongs to
lithography process masks in order to fabrication the device shown in Figure 2.1, the

colors indicate: [Titanium Electrode, [INEGEGEGEGEGEEEG 2ss Substrate (All

dimensions are in microns).

00052

37500

Figure 2.1 : DEP device LEDIT mask design



The design consist of 2 inlets, upper inlet for polystyrene particles and DI water
mixture and lower inlet for additional feeding of DI-water to align both particles in the

upper half of the channel see Figure 2.2.

Figure 2.2 : Inlet details of DEP device (All dimensions are in microns)

2 outlets for different particles is shown in the Figure 2.3, upper inlet for the particles
which are not affected by the DEP force and lower inlet for the particles manipulated
by the DEP force.

Figure 2.3 : Outlet details of DEP device (All dimensions are in microns)



Figure 2.4 shows the electrode configuration and dimensions of the electrodes the
angles of the electrodes are 45 ° and Figure 2.5, shows the electrodes when the voltage

applied as positive to upper and negative to the lower electrodes.

a0
a0 E E

Figure 2.4 : Electrode details of DEP device (All dimensions are in microns)

Figure 2.5 : Negative and Positive voltage in electrodes

Alignment of channel and the electrodes shown in the Figure 2.6 and channel

positioned in the center of the electrode couples.

Figure 2.6 : Detail of electrode and channel alignment3D Model of The Device
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2.2 3D model and Model theory

In order to demonstrate the design better a 3D CAD model designed and Figure 2.7
shows the 3D CAD model of the device. It includes the electrodes, microchannel,

electrical connections, inlets and outlets of the channel.

Figure 2.7 : 3D CAD model of the device

Figure 2.8 shows the representative side view of the device and demonstrates the
configuration inside the channel. Flow, electrode couples, PDMS mold, and glass
substrate configuration can be seen from the figure. Flow occurs at the top of the
electrodes, which are loaded with electric potential, and PDMS guides the flow over

the channel.

PDMS COVER

)

Negative electrode Positive electrode

PDMS CHANNEL

Glass substrate

Figure 2.8 : Representative side view of the device



In order to understand the approach of the design, Figure 2.9 shows the representative
top view of the channel and the acting forces according to the angular interdigitated

electrode configuration.

PDMS CHANNEL

Figure 2.9 : Acting forces on particle

The forces in Figure 2.9 should be in balance in order to manipulate the particle in the
direction of total force and this will enable the design to separate the particles from
each other. Parameters like voltage, flow rate, channel height determines the
manipulation amount of the particles. For separation purpose, one particle should be
under the influence of DEP force and one should not be effected by DEP force. The
particles are chosen as 3.2 um (Red fluorescent) and 9.8 pm (Green fluorescent). They
will be manipulated under a fluorescent capable microscope to observe particle

movements.
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3. COMSOL SIMULATION MODELS

In this section, simplified version of the described design for statistical analyzes will
be introduced and then 1 to 1 model will be shown. The results will be shared in the

5" chapter.

3.1 Simplified Comsol model

Figure 3.1 shows the simulation model geometry in Comsol software. Two inlet and
two outlet has been configured and angular electrodes modeled as a layer due to

nanoscale thickness of the electrodes compared to micro channel.

,«/ oy N
—

Figure 3.1 : Basic simulation model geometry

The width of the inlets and outlets are the half of the channel width that is 250 pm.
Negative and positive electrode couples only modeled, first electrode and third
electrode is under the positive potential load and second and forth is under the negative

potential load.

Constant parameters in simplified model given in Table 3.1, which includes particle

and medium properties and channel, dimensions.
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Table 3.1 : Constant parameters in design

Constant parameters
Relative
Channel Relative Permittivity of
length Electrode Electrode Permittivity of polystyrene
(Lm) couple # width (um) DI water particles
2000 2 50 120 2.55
Density of
Density of polystyrene
Channel water particles Electrode angle
width (um) [kg/m’] [kg/m’] e Height (um)
500 1000 1050 45 20

Solution of basic model with parameters in Table 3.2 will be covered in details at the
5" chapter and same simulations will be done for the other parameters in response

surface design, which are shown in Table 3.5.

Table 3.2 : Simplified model simulation parameters

Potential Particle
Flow rate | Velocity | Vmax diameter
(u/min) | (m/s) M (nm)
9 0.03 10 3.2
9 0.03 10 9.8

Electric field has been simulated in electrostatics module and Zero charge boundary
condition assigned to the all surfaces except the electrode surfaces charge conservation

for the model applied to the all model.

Laminar — incompressible flow has been chosen as a flow simulation model, except

the inlet and outlets, slip boundary condition applied to the all surfaces.

For particle trajectories, particle tracing for fluid flow has been chosen as a model and
bounce boundary condition applied to the walls except the inlets and outlets. Thirty
particles released from the upper inlet, random initial position according to surface
plane has been given and initial velocities collected from the flow model. Outlets has

the freeze boundary condition to visualize the particles at the outlet.

The mesh for the model can be seen in Figure 3.2, which is a fine mesh, and Table 3.3
has the details of the mesh that consists of tetrahedral and triangular elements. Average

element quality is higher than 0.1 which is an acceptable level (Ye & Daniels, 2011).
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After completing creation of geometry, boundary condition assignment, parameter

entrance and meshing, next step is to complete simulation.

Table 3.3 : Mesh properties

Property Value
Minimum element quality | 0.1831
Average element quality | 0.7424
Tetrahedral elements 514841
Triangular elements 73146
Edge elements 2410
Vertex elements 52

200

Figure 3.2 : Mesh of the geometry

Three studies have been used, first one is for electric field that performed with
electrostatics, second one is laminar flow in order to obtain velocity field and the last

one is particle tracing for fluid flow in order to obtain particle trajectories in the model.

3.2 Statistical Optimization of The Simplified Comsol Model

In order to make a statistical optimization with the simplified Comsol model,
introduced simplified model used for all simulations at the parameters in Table 3.5. In
order to create meaningfull results for creating responses, separation percentages has
been calculated according to particle position changes by collecting average particle
position changes in the first and last time step of solution in y direction. After that step,

separation percentages used as responses of the simulation model and response surface
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analyze conducted with Minitab software. The results of the statistical optimization

presented in the 5 chapter.

Table 3.4 : Response surface design parameters

Flow rate Potential Particle diameter
(nl/min) Vmax (V) (nm)

0.6 1 3.2
4.8 5.5 6.5

9 10 9.8

Flow rate Potential Particle diameter

0.002 1 3.2
0.03 1 3.2
0.002 10 3.2
0.03 10 3.2
0.002 1 9.8
0.03 1 9.8
0.002 10 9.8
0.03 10 9.8
0.002 5.5 6.5
0.03 5.5 6.5
0.016 1 6.5
0.016 10 6.5
0.016 5.5 3.2
0.016 5.5 9.8
0.016 5.5 6.5
0.016 5.5 6.5
0.016 5.5 6.5
0.016 5.5 6.5
0.016 5.5 6.5
0.016 5.5 6.5

3.3 Realistic Comsol Model

In this section, realistic version of the described design will be modeled with Comsol.
Figure 3.3 shows the simulation model geometry in Comsol software. 2 inlet and 2
outlet has been configured and angular electrodes modeled as a layer due to nanoscale
thickness of the electrodes compared to micro channel similar to simplified model.
The width of the inlets are the half of the channel width that is 250 um and they have
fillets in the entrance. The outlets are asymmetric, the lower one is 150 pm, and upper
one is 350 pm. Negative and positive electrode couples modeled as odds - negative

and evens - positive.
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Figure 3.3 : Geometry of the realistic simulation model

Electrostatics, laminar — incompressible flow, particle tracing for fluid flow used with
the same boundary conditions in simplified model simulation. The main difference is
the geometry and all assumptions are replicated in that model too. Constant parameters

in realistic model given in Table 3.5.

Table 3.5 : Constant parameters in realistic model

Constant parameters
Relative
Channel Relative Permittivity of
length Electrode Electrode Permittivity polystyrene
(wm) couple # width (um) of DI water particles
10000 43 50 120 2.55
Density of
Channel polystyrene
width Density of water particles Electrode
(um) [ke/m’] [ke/m’] angle (°) Height (um)
500 1000 1050 45 12.5

Solution of realistic model with parameters in Table 3.6 will be covered in 5%

chapter and will be the experimental study inputs as well.

Supply of the DI water will be done with a syringe pump in the experimental setup,
which is working with the flow rate, and the simulation model works with the inflow
velocity and because of that reason a conversion is needed and it is demonstrated in
Table 3.6 (Flowrate x Area = Velocity). The values on that table will be the inflow

velocity in simulation and in experimentation; they will be used as flowrate.
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Table 3.6 : Realistic model simulation parameters

Flowrate Area Velocity

Height | Voltage | Width -Q Flowrate-Q -A (nm/min), | Velocity
(nm) (\2) (um) | (uV/min) | (um’/min) | (um’) V=Q/A (m/sec)
12.5 ! 250 10 110000000000 | 3125 | 6400000.00 | 0.11
12.5 ! 250 200 120000000000 | 3125 | 12800000.00 | 0.21
12.5 3 250 10 110000000000 | 3125 | 6400000.00 | 0.11
12.5 3 250 200 120000000000 | 3125 | 12800000.00 | 0.21
12.5 10 250 10 110000000000 | 3125 | 6400000.00 | 0.11
12.5 10 250 200 120000000000 | 3125 | 12800000.00 | 0.21

The mesh for the model can be seen in Figure 3.4, which is a normal mesh, and Table

3.8 has the details of the mesh that consists of tetrahedral and triangular elements.

Realistic model solved similarly, geometry creation, boundary condition assignment,

parameter entrance and meshing followed by solvers of three studies as electrostatic,

laminar — incompressible flow and particle tracing for fluid flow.

Figure 3.4 : Mesh of the geometry

Table 3.7 : Mesh properties of Realistic model

Property Value
Minimum element quality | 0.18563
Average element quality | 0.652
Tetrahedral elements 37647
Triangular elements 26304
Edge elements 4915
Vertex elements 376
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4. DEVICE FABRICATION AND EXPERIMENTAL SETUP

Fabrication of the design performed with photolithography techniques. LOC device
consist of glass substrate, titanium electrodes, PDMS micro channels, electrical and
fluidic connections. In photolithography, required patterns for microelectrodes,
transferred to the glass substrate with using masks and patterns for PDMS micro
channels obtained via micro replication, which obtained by using masks and silicone

-wafers in order to obtain male profile for the channel groove.

Photoresist, which is a photosensitive chemical material, is spin coated on to the glass
or silicon wafer and then with the application of UV light, permanent patterns
obtained. There are mainly two types of photoresists exist (See Figure 4.1), positive
and negative, mask designs are adjusted according to either one of them. After photo
activation, substrates are agitated under the developer of the photoresist and final

pattern obtained.

E— T - —

Photoresi YYVVYY

/ \
_A Photo activated ,//_

Glass substrate permanent pattern = Gjaes

Positive photoresist Negative photoresist

Figure 4.1 : Positive and Negative photoresist

Physical Vapor Deposition — PVD used for evaporating a target material and then
coating it on the substrate. In order to reduce the contamination this process performed
at high vacuum medium. PVD method precision in coating ranges from angstrom level
to nano level. The explained fabrication methods used for the fabrication of the

previously introduced device design.
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4.1 Electrode Fabrication

In order to obtain the pattern of the electrodes, glass substrate cleaned with 1 molar
KOH solution under the sonicator for 10 minutes and then washed with acetone before
the photoresist coating process. Positive - AZ 1505 photoresist (AZ Electronic
Materials) has been spin coated (Laurel WS-400E9) on glass substrate which thickness
adjusted to 400nm by the spin coating parameters and photoresist specification sheet.
Photolithography process performed with OAI Model 200 Mask Aligner under MID
UV (260nm-325nm) light.

1) 3)
400nm thick photoresist coating 200nm Titanium coating over the
over the glass substrate Photoresist
2) 4)
Patterning with photolithographic Removal of photoresist with
techniques and etching of patterns Acetone bath

Figure 4.2 : Electrode fabrication process steps

Multi-PVD (Oncel ileri Malzeme Teknolojileri) with electron beam (E-beam) used to
evaporate the Titanium target and coat it over the glass substrate that patterned with
photolithography techniques. With this method 200 nm thick titanium coated over the
photoresist coated glass substrates and then photoresist removed with acetone bath and
the final electrode pattern obtained over the glass substrate. Steps schematically

explained in Figure 4.2 and obtained final electrode shown in Figure 4.3.
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Figure 4.3 : Fabricated electrode sample

4.2 Micro Channel Fabrication

Similar to electrode fabrication, photolithography techniques used to obtain the male
pattern of the micro channel groove. SU-8 Negative photoresist coated over a silicon
wafer and then the channel pattern transferred from a dark field mask and inactive SU-

8 removal performed and the mold for micro replication obtained (see Figure 4.4).

—

Figure 4.4 : SU-8 mold for micro channel

After that, PDMS is casted over that SU-8 mold and then left for solidification. Finally,
the PDMS layer removed from the SU-8 mold and micro channel pattern obtained.
SU-8 mold height measured as 12.5 um with the AXIO CSM 700 confocal microscope.
Before assembly, drilling performed with Harris Unicore 0.75mm punch for the fluidic

connections (See Figure 4.5).

4.3 Assembly

PDMS micro channel and electrodes over the glass has been assembled using oxygen
plasma process. The bonding surfaces taken under the oxygen plasma with Harrick

Plasma cleaner and then, they aligned under the microscope with application of
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methanol for easy aligning. After that, the assembly placed under the vacuum for
removal of the methanol under the 50°C for 15 min in the oven. Then bi component
conductive epoxy (Circuit works) used to bond the electrical wires to the electrical
connections of the electrodes. Figure 4.5 shows the LOC device, which is ready for

the experimentation.

Figure 4.5 : Assembled device
4.4 Experimental Setup

Fabricated LOC devices connected to “81150A Pulse Function Arbitrary Noise
Generator, Agilent Technologies, (ABD)” with the electrical connection cables. AC
applied to the electrode couples (voltage x sin (wt) and voltage x sin (wt+ 7)) at 2 MHz
frequency. Particle mixture and DI water applied with “Harvard Pump 11 Plus Dual
Syringe” pumps. Syringe pump flow rate entered according to the needle inner
diameters (Hamilton Microliter Syringes) and fluidic connections completed with
ELVEFLOW microfluidic kit. The elements of the experimental setup consist of Pulse
generator, pumps, OLIMPOS BX41M fluorescence capable microscope and LOC

device, which can be seen from the Figure 4.6.

Figure 4.6 : Experimental setup
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Fluidic and electrical connection details can be seen on Figure 4.7. System is fixed to

the microscope with tapes in order to prevent movement during analyzes.

Figure 4.7 : Details of the connections

Table of the microscope can be adjusted in x, y and z-axis. Experiments performed
under the 5-x magnification in order to see channel width. Focus adjusted with the
knops in order to see polystyrene fluorescent micro particles. Polystyrene fluorescent
micro particles, d=3.2 pm and d=9.8 um, are added to DI water and the overall
conductivity of the suspension was measured as 2.5x10-4 S/m with “HC 3010

Conductivity Meter, Trans Instruments (Singapore)”.

4.5 Inhibiting fouling in microchannel

Early experiments showed non-specific adsorption of polystyrene microparticles, the
problem reduced the visualization, and florescent microscope images directly affected
from the stucked particles. Then the microchannel surface needed a surfactant and
Bovine serum albumin (BSA) with Phosphate buffered saline (PBS) is used as for
inhibiting the fouling of polystyrene microparticles (Arun et al., 2011; Nam, Kim,
Park, & Park, 2013).

In order to obtain 1000 mL PBS, 10 g NaCl, 0.25g KCl, 0.9525g Na2HPO4, 0.09625¢g
KH2PO4 weighted and added to the 100 ml distillated water. The concentrated
solution agitated 1 hour to dissolve the salts in the distillated water. Then concentrated
solution diluted with 900 ml DI water and agitated for 10 to 15 minutes and

homogeneous solution obtained.
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60mg BSA (Sigma-Aldrich) added to 30 ml PBS and then 30ml PBS added and Img
BSA/Iml PBS solution obtained. The solution pumped in to the microchannel and
washed with DI water after 24 hours in order to inhibit the fouling of the microparticles

in the microchannel.
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5. RESULTS AND DISCUSSION

In this chapter, simplified Comsol simulation model results, statistical optimization
results, realistic Comsol model simulation results, experimental study results will be
demonstrated and comparison of the realistic Comsol model results with experimental

results will be covered. Finally, discussion of the results will be made.

5.1 Simplified Comsol Model Results

Eleltrilc potansivali - Renl skalasi: Violtaj (V)
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Figure 5.1 : Electric potential of the model

Electric potentials in the model shown in the Figure 5.1 that are coming from -10 and
+10 volt load applied to electrode couples also shown in Figure 5.2. Only four
electrode has been modeled which is only for demonstrating Comsol result and
showing a statistical analyze model. Simulation of a complete model takes couple of
hours and 20 simulations needs to be done for response surface design, which took too
much time. With this simplified model, all simulations took couple of hours with a
standard quad core computer. For similar analyzes in complete model a supercomputer

1s needed.
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Figure 5.2 : 1D Electrical potential versus the channel length

The resulting electric field of electrical potential shown in Figure 5.3 and distribution
along the electrodes has been given in Figure 5.4. Maximum electric field gradient is
around 1.2x10° V m™! and it occurs at the edges of electrode surface and reduces to
0.3x10° V m™! at the top of the channel (Figure 5.4 shows the peaks). That gradient
will be contributed to the DEP force as stated in design chapter and push the particles

downwards as shown in the Figure 2.9.
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Figure 5.3 : Electrical field of the model
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Line Graph: Electric field norm (V/m)
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Figure 5.4 : Electrical field distribution along the channel length

Velocity field is shown in Figure 5.5 0.03 m/s is applied from the 2 inlets in the left
side which are increasing the velocity in the mixing at the joint of 2 channels and
reaching to 0.04m/s. The friction in micro channels neglected and slip boundary
condition applied because of that the velocity is very similar near the channel walls

Figure 5.6 shows the velocity profiles at different locations in the channel center).

Multislice: Velocity magnitude (m/s)

x10°

X
Vv 17027%107 R . A 0.0404
0.01 0.02 0.03 0.04

Figure 5.5 : Velocity field of the model
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Line Graph: Velocity magnitude (mis)
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Figure 5.6 : 1D Velocity profile of the channel along the channel width

The generated electric field and velocity field coupled in to the particles and particle
flow for fluid flow study performed with time dependently and particle trajectories
obtained. In addition, parametric sweep for 3.2 um: red fluorescent and 9.8 um: green
fluorescent implemented in to the study to solve both in one model and it will enable
to obtain single image of both particles’ trajectories. Figure 5.7 shows the particle
trajectories at the end of the simulation. Applied parameters resulted in separation red
particles leaves from the upper end of the channel and green ones leaves from the lower
end of the channel. In order to create a meaningful result separation parameter is

calculated by using the point average values of all particles.

Particle trajectories: Red-3.2um, Green 9.8um

x10°

Figure 5.7 : Particle trajectories in model
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Average of initial position has been subtracted from the final positions and divided by
maximum of this position change (see Table 5.1). Figure 5.8 shows the particle
position average in y direction along the channel and it shows that particles are
separated and following different paths. Table 5.1 shows the separation percentages of
the model according to the particle diameters and average of particle position in initial

and final positions.
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Figure 5.8 : Particle position change for the solution time in Y axis

Table 5.1 : Solution of demonstrated parameters

Start Final Change in Point
Flow Particle position | position average of
rate Velocity | Potential | diameter | Separation | average | average | particle position
(ul/min) (m/s) Vmax (V) (um) percentage (um) (um) in Y axis (um)
9 0.03 10 3.2 0.024 259 246 13
9 0.03 10 9.8 1.000 259 -300 559

In order to understand this separation Figure 5.9 should be investigated, the dotted
lines shows the X axis component of the drag force and straight lines shows the Y axis
component of the DEP force which overcomes the drag forces x component and pushes
the particles down in Y axis. The effect in 9.8 um particles are much higher and this is

enabling the separation of the larger sized particle.
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Figure 5.9 : Average DEP force acting on particles at Y-axis versus average
negative of the drag force acting on particle at X-axis

The DEP force visualized in Figure 5.10 and 5.11 for green and red particles along the

channel with the trajectories. Figures also demonstrates where the particles effected
by the force most, electrode edges.
Dia(2)=9.8 Time=0.15

Particle Trajectorles Color: Dielectrophoretic force, y component (N)
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Figure 5.10 : Particle trajectories of 9.8 um particles with DEP force color scale
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Figure 5.11 : Particle trajectories of 3.2 um particles with DEP force color scale

Another observation is particles are moving upwards in the channel height when they
attracted by the electrode surfaces. Z component of DEP force causes this movement
and it can be seen from the Figure 5.12, the time that the particles moves forward is

directly matching the DEP force Z component magnitude shown in Figure 5.13.
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Figure 5.12 : Particle position change for the solution time in Z-axis
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Point Graph: Dielectrophoretic force, z component (N)
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Figure 5.13 : Average DEP force acting on particles in Z-axis
5.2 Response Surface Design Optimization Results

The demonstrated parameters in 3™ chapter for response surface optimization in
Minitab has been solved and results can be seen on Table 5.2. All the results are added
to the Minitab and response surface model solver created an optimization model and
equation which includes coefficients for the parameters and using the excel file,
optimization equation is obtained. The equation can be used for different input
parameters and separation percentage can be estimated (Model coefficients are shown
in Table 5.3). Response optimizer tool in Minitab also used to shows the response
optimizer results for the 3.2 and 9.8 pum particles. Left side of the Figure 5.14 shows

the best separation percentage of 3.2 um particles and right side shows the 9.8 um

particles.
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Figure 5.14 : Response surface optimizer results for 9.8 um and 3.2 um particles
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Table 5.2 : Response surface design for particle separation optimization

Design arameter Flow rate Potential Particle diameter SOLUTION DETAILS
(nl/min) Vmax (V) (nm)
3 level 3 factorial design 0.6 1 3.2
parameters for response 4.8 5.5 6.5 (Start-Final position)/(Max(Start-Final (Start-Final
surface design 9 10 9.8 position) position)
Point average of
Separation Start position | Final position | particle position in | Solution
Flow rate Potential Particle diameter percentage average average Y axis time
0.002 1 3.2 0.016 258.96235 249.85023 9 0.1
0.03 1 3.2 0.029 258.96235 242.99438 16 0.5
0.002 10 3.2 0.881 258.96235 -233.17835 492 0.1
0.03 10 3.2 0.024 258.96235 245.65807 13 0.5
0.002 1 9.8 0.019 258.96235 248.5412 10 0.1
0.03 1 9.8 0.026 258.96235 244.26863 15 0.5
LI S 0.002 10 9.8 0.909 258.96235 | -248.78751 508 0.1
AT STIRES 5 LN 0.03 10 9.8 1.000 258.96235 | -299.87346 559 0.5
. sizﬁ?"ﬁ;ﬂar 0.002 5.5 6.5 0.880 258.96235 | -232.68176 492 0.1
electrodes 45 © 210 0.03 5.5 6.5 0.027 258.96235 243.95198 15 0.5
Design 0.016 1 6.5 0.050 258.96235 231.05321 28 1
0.016 10 6.5 0.561 258.96235 -54.455 313 1
0.016 5.5 3.2 0.024 258.96235 245.82153 13 1
0.016 5.5 9.8 0.209 258.96235 142.02773 117 1
0.016 5.5 6.5 0.051 258.96235 230.58584 28 1
0.016 5.5 6.5 0.050 258.96235 230.95876 28 1
0.016 5.5 6.5 0.052 258.96235 230.1583 29 1
0.016 5.5 6.5 0.050 258.96235 230.94176 28 1
0.016 5.5 6.5 0.051 258.96235 230.66608 28 1
0.016 5.5 6.5 0.051 258.96235 230.56242 28 1
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Table 5.3 : Surface response model for the separation percentage (Equation of the

design)
Separation percentage (Summation of

Coefficient*Contribution) 1.000

Term Coefficient | Contribution | Coefficient *Contribution
Constant 0.25732 1 0.257
Flow rate -60.786 0.002 -0.122
Potential -0.0153 10 -0.153
Dpart 0.04864 9.8 0.477
Flow rate*Flow rate 1291.99 0.000004 0.005
Potential *Potential 0.0052 100 0.520
Dpart*Dpart -0.0077 96.04 -0.738
Flow rate*Potential -1.5582 0.02 -0.031
Flow rate*Dpart 2.55313 0.0196 0.050
Potential*Dpart 0.00845 98 0.828

Statistical approach can be used for different designs and Comsol results can be
converted to responses with this approach and a simple excel can solve the resulting
equation. Statistical approach only demonstrated as a novel approach it will not going
to be replicated in the realistic Comsol model because of the limited hardware
capability and the model will cover a result which 9.8 pm particles separated from the

3.2 um particles.

5.3 Realistic Comsol Model Results

In this section, the described Comsol model results in 3™ chapter will be demonstrated.
The results for 10V electrical potential and 10 pl/min flowrate (0.11 m/s) will be

covered in details.
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Figure 5.15 : Electric potential of the model
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Electric potentials in the model shown in the Figure 5.15 that are coming from -10 V
and +10 V load applied to electrode couples. The resulting electric potential
distribution along the channel can be seen on Figure 5.16.
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Figure 5.16 : 1D Electrical potential versus the channel length

The resulting electric field of electrical potential shown in Figure 5.16 has been given
in Figure 5.17; maximum electric field gradient is around 7x10> V m ™' and occurs at
the edges of the electrodes (Figure 5.18 shows the peaks).

Arrow Volume: Electric field

Y
4
LPH

v 1179x10° EEEEETT <10 A 7.0531x10°
2 4 B

Figure 5.17 : Electrical field of the model
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The electrical field shown in Figure 5.18 shows the difference from the simplified
model. It creates a periodic DEP force, which results different particle movements than
simplified model.
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Figure 5.18 : Electrical field distribution along the channel length

Velocity field is shown in Figure 5.19, 0.11 nv/s is applied from the two inlets located
in the left side. The friction in micro channels neglected and slip boundary condition
applied because of that the velocity is very similar near the channel walls; the green

profile in Figure 5.20 shows the channel velocity in the center of channel, which is an

equal distribution.
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Figure 5.19 : Velocity field of the model
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Line Graph: Yelocity magnitude (m/s)
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Figure 5.20 : 1D Velocity profile of the channel along the channel width

The generated electric field and velocity field coupled in to the particles and particle
flow for fluid flow study performed with time dependently and particle trajectories
obtained. In addition, parametric sweep for 3.2 um: red fluorescent and 9.8 um: green
fluorescent implemented in to the study to solve both in one model and it will enable
to obtain single image of both particles’ trajectories similar to the simplified model.
Figure 5.21 shows the particle trajectories at the end of the simulation. Applied
parameters resulted in separation of red and green particles. Red particles leaves the

channel from the upper outlet and green ones left from the below outlet.

Particle trajectories Particle trajectories

Figure 5.21 : Particle trajectories at 10V potential and 10 pl/min (0.11 mv/s)
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In order to create a meaningful result separation parameter calculated by using the
point average values of all particles. Average of initial position has been subtracted
from the final positions and divided by maximum of this position change. Table 5.4
shows the separation percentages of the model according to the particle diameters and

average of particle position in initial and final positions.

Table 5.4 : Solution of demonstrated parameters

Start Final Change in Point
Flow Particle position | position average of
rate Velocity Potential diameter Separation average | average | particle position
(pl/min) (m/s) Vmax (V) (pm) percentage (pm) (pm) in Y axis (um)
10 0.11 10 3.2 0.115 484 387 97
10 0.11 10 9.8 1.000 484 -363 847

Figure 5.22 shows the particle position average in y direction along the channel and it

shows that particles separated.
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Figure 5.22 : Average particle position changes in Y-axis

In order to understand the reason behind the separation, DEP force Y component on
the Figure 5.26 needs to be observed. The effect in 9.8 um particles are much higher

and this enables the separation of the larger sized particle.
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Point Graph: Dielectrophoretic force, v component ()
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Figure 5.23 : Average DEP force acting on particles at Y-axis

Similar simulations conducted for the different potentials and flow rates and Comsol
model characterization completed. The results can be seen in Table 5.5, the green

marked rows shows the detailed result demonstrated up to now in this section.

Table 5.5 : Results of the realistic model simulations

Start Final Chang

Potential | Particle position position | einY

Flowrate | Velocity Vmax | diameter | Separation average average axis
(u/dk) | (m/sn) M (um) percentage (um) (um) (um)
10 0.11 1 3.2 0.111 484 390 94
10 0.11 1 9.8 0.114 484 388 96
10 0.11 5 3.2 0.110 484 391 94
10 0.11 5 9.8 0.125 484 378 106
10 0.11 10 3.2 0.115 484 387 97
10 0.11 10 9.8 1.000 484 -363 847
20 0.21 1 3.2 0.147 484 359 125
20 0.21 1 9.8 0.124 484 379 105
20 0.21 5 3.2 0.124 484 379 105
20 0.21 5 9.8 0.120 484 382 102
20 0.21 10 3.2 0.102 484 398 87
20 0.21 10 9.8 0.200 484 315 169

The particle trajectories of Table 5.5 (except the 10V potential and 10 pl/min (0.11
m/s) flowrate as it has been shown in details) can be seen at Figure 5.24 to 5.28 and

there is no separation observed at any of them.
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Particle trajectories Particle trajectories

Figure 5.24 : Particle trajectories in 1V potential and 10 ul/min (0.11 m/s) (No
separation observed)

Particle trajectories Particle trajectories

Figure 5.25 : Particle trajectories in 5V potential and 10 pl/min (0.11 m/s) (No
separation observed)

Particle trajectories Particle trajectories

Figure 5.26 : Particle trajectories in 1V potential and 20 pl/min (0.21 m/s) (No
separation observed)
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Particle trajectories Particle trajectories

Figure 5.27 : Particle trajectories in 5V potential and 20 pl/min (0.21 m/s) (No
separation observed)

Particle trajectories Particle trajectories

Figure 5.28 : Particle trajectories in 10V potential and 20 pl/min (0.21 m/s) (No
separation observed)

In order to compare with the experiments simulation results normalized and
explanations are added. They are indicating if the separation occurs or not and
summarized in Table 5.6. Only successful separation occurs at the parameters, which
are covered in details in this section. In order to compare the results same parameters

will be applied at the experiments.
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Table 5.6 : Summary of the realistic model simulations

Simulation summary
Voltage Q Separation | Separation
W) (n)/min) of 9.8 pm Explanations
1 10 0 No separation
5 10 No separation
10 10
1 20 No separation
5 20 0 No separation
10 20 0 No separation

5.4 Experimental Results as A Case Study

Experiment performed in order to compare the Comsol realistic model results, which
are demonstrated in the previous chapter. Reference image, region of interest (ROI)
has been illustrated in Figure 5.29 and results of the 10 pl/min experiments

demonstrated in following Figures from 5.30 to 5.35.

1
1
1
1
1
1
\
\

Figure 5.29 : Reference image that shows the region of interest Inlet-Right, Outlet-
Left
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Figure 5.30 : 1V 10 pl/min results that shows green particles are not affected by the
negative DEP force

Figure 5.31 : 5V 10 pl/min results that shows green particles are not affected by the
negative DEP force

Figure 5.32 : 10V 10 pl/min results that shows green particles are effected by the
negative DEP force and leaves the channel from the below outlet
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Figure 5.33 : 1V 10 pl/min results that shows red particles are not affected by the
negative DEP force

Figure 5.34 : 5V 10 ul/min results that shows red particles are again not effected by
the negative DEP force

Figure 5.35 : 10V 10 pl/min results that shows green particles are not affected by
the negative DEP force

Experimental results of the 20 pl/min is demonstrated from Figure 5.36 to 5.38 as the
separation does not occurs at green particles and reds, the results of the red particles

are not demonstrated.
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Figure 5.36 : 1V 20 pl/min results that shows green particles are not affected by the
negative DEP force

Figure 5.37 : 5V 20 pl/min results that shows green particles are not affected by the
negative DEP force

Figure 5.38 : 10V 20 pl/min results that shows green particles are effected by the
negative DEP force and leaves the channel from the below outlet
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5.5 Comparison of Experimental Results and Simulation Results

Table 5.7 shows the comparison of the results and Figure 5.39 and 5.40 shows the

comparison of simulation results and experimental results at 10V potential and 10

pl/min (0.11 m/s) flowrate.

Table 5.7 : Comparison of experiments and simulations

Simulation summary

Experimental summary

Voltage | Flowrate \%
(0] (uW/min) | (m/sn)
1 10 0.11
5 10 0.11
10 10 0.11
1 20 0.21
5 20 0.21
10 20 0.21

Separation | Separation

Separation | Separation
of 3.2 pm of 9.8 pm Explanations
0 No separation

0

No separation

No separation

No separation

No separation

500

-500

H
xe—a D

1 Particle trajectories

Particle trajectories

e

Figure 5.39 : Comparison of 10V 10 pl/min (0.11 m/s) results that shows green
particles are effected by the negative DEP force and leaves the channel from the below

outlet
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Particle trajectories
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Figure 5.40 : Comparison of 10V 10 pl/min results red particles are not affected by
the negative DEP force and leaves the channel from the upper outlet

5.6 Discussion

The below items includes learnings and improvement opportunities for future

experimentations and covers some theoretical to experimental relations.

e Inorderto demonstrate the results better there could be an observation chamber
just after the separation point that could be watched under the microscope and
where the fluorescence particles can be observed from there and can be
compared from the simulation from the same point (Figure 5.41). This will also

make characterization easier

%10

R0
— o

-500

Figure 5.41 : Additional observation chamber
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Electrode angle is also a critical parameter and a more perpendicular electrodes
will create a larger DEP force towards the desired channel outlet in y direction
and DEP force x component will be less which is opposite to drag force (Figure

5.42)

PDMS CHANNEL

PDMS CHANNEL

Figure 5.42 : Total acting force to push the particles with more perpendicular

electrodes will be higher

Experiments should always be performed after BSA in PBS solution kept
inside the microchannel for 1 day to inhibit fouling, 30 minutes waiting
resulted fouling after 1 hour of experimentation

As a future step, Comsol simulations of living cells can be made with shell
models. There is a need to determine the relative permittivity and complex side
of the equation should be included in the Comsol model. Simulations should
be performed at frequency domain as the cells CM factor includes complex
side.

The simulations also performed at 5 pl/min flowrates but green particles are
trapped at 10V potential (Figure 5.43). Similarly, experiments at 5 pl/min
resulted trapping of green particles and then they even stucked inside the
channel (Figure 5.44). In order not to trap the particles system should run

around 10 pl/min flowrates.

50



Point Graph: Particle position v (um)
lII T T T T T T

EL 400 -} —Dia=3.2 |
> 300} \ — Dia=9.8 |1
T
S 200t | 1
g 100F = [
@ or i
£ 100t 1
L ; . . -
0 2000 4000 6000 8000 10000

Particle position x (um)

Figure 5.43 : Average particle position changes at y axis (10V and 5 pl/min)

Figure 5.44 : Trapped particles in the inlet of the channel, the experiments
performed at 10V and 5 pl/min
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6. CONCLUSION

Theoretical background and literature review for the polystyrene particle separation
introduced in the first chapter. Design and the simulations of the LOC device explained
in the second chapter and a new statistical approach introduced with a simple model.
LOC device realistic simulation performed and results introduced in the third chapter.
Fabrication of the LOC device and experimental setup explained in details in the
fourth chapter. Finally, in the fifth chapter realistic simulation parameters used as
experiment condition and results of the experiments shared. As a conclusion, the
results introduced in the chapter three matches the results in the fifth chapter and the
Comsol simulation of the LOC device is successful. Statistical approach can be used

together with the Comsol to help optimization of DEP based LOC devices.

Introduced model can be used to separate biological cells with a known diameter.
Comsol simulations can be performed by using the biological cell and medium
properties, shell models should be developed for complex side of the cells and
mediums relative permittivity and Clausius-Mossotti factor. Super computers can be
used to create models that are even more realistic, statistical optimizations can be done

prior to experiments, and development times can be reduced by this method.
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