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Dropletbased microfluidics is a continuously growing field of research that is emerging as
an interdisciplinary branch of science due to its wide range of applicatioasadvbplets

are of interest as commodities in themseliagsvarious applications such as biological,
chemical, biomedical anahedical system However,the production of large quantities of
monodispersdiomogeneous droplets for such processes is an arehathdteen always

very challenging This study focuses on two method of hihhoughput generation of



microdroplets. In the first method, the bulk generation of microdropfetgter into FC

40 oil through a multilayer microfluidic device is investigated. As a result, the best
protocol for fabrication of a multHlayer PDMS device, followed by different proper
desigrs for a multtarray micofluidic module, equipped with eigidenticalflow-focusing
devices, are obtainedMoreover, the effective exploitation of a 3D printer in order to
fabricate a multlayer microfluidic device igepresentedWhereas th second method
takes advantage of Tayl@ouette flow pattern wherea doublecylinder device
undegoing the aforementioned patters,optimized,designed and further constructiea

the experimental investigationd.he other accomplishment of this work lies in the
exploitation of simulatiorto survey the droplet generation phenomenon. Consequergtly, th
correct practicaprocedure foithe simulation of a droplet generati@ystemutilizing the
software COMSOL Multiphysic§ is studied and determined. Subsequentlyaaicular
flow-focusingmicrodroplet generatois effectively simulated utilizing the se software
leading to the numerical investigation on thiect of the input velocites ratio onthe

microdroples sizewithin the desired micidroplet generator
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1 INTRODUCTION

1.1 Microfluidics Science

Fluids behavior in micrecopic scale can largely differ from how fluids behave in

conventionakcale Possessing over three decades of scientific backgrouadfimidics is

a welltknown science and engineering of systethat mainly investigates how these

behaviors and properties axaried and how they could be manipulatidt various

applicationsunder different circumstancgs-4] Microfluidics field coversthe tinyfluidic

systemdealing withthe small scalestypically ranging froma fewhundrednanometes to

several micrometel®, 6] However for a few particular highly specializedpurposes

mainly involving nanotechnology science as well bi®logy and biomedical issues

microfluidics system may deal witbdramaticallytiny scalesdown to even below 100

nanometer§7-10] Figurel.1 schematically depicts the diversity of scales in microfluidics:

Microfluidic toolbox
for model experiments

Typical

microchannels
Typical

microchannel
patterning

1 mm

Cellular and sub-
cellular dynamics

/

Radius of gyration of DNA

100 pm

10 pm

Cellular scale

Persistence length of
double standard DNA

——=~ 10 nm
}— Pl‘uteins
———< 10 A=1nm

Organic molecules
e J 1 A i

Figure 1.1. Microfluidics scales diversity through different applications[10, 11]



Also, Figure 1.2. represents @omparative length scales for several different structures
particularly for biologicalonesas well aspopular micro-fabrication structures typically

used in microfluidic processes.
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Figure 1.2. Diversity of length scales for various structures in biological as well as
micro-fabrication structures.[4]

In other wod, microfluidics refers to thiranch of engineering fatudy, manipulation and
exploitation of fluidic systems in terms of behavior, characteristics and properties on the
nanoliter scale and beloM2, 13] At the small scales, some interesting and unintuitive
phenomena are likely to happen what might notoleurred in the same scalag
systemgb, 14] In simple language, microfluidics is an emerging science of fluid flows in
the microscopic scalevith numerous established darrelevant applications in various
disciplines of science and technologly 15]; therefore, microfluidics has becomaé a
appropriatemultidisciplinary platformleading to progresef several science, technology

and engineerinfl6]

As the matter of fact, from an historical prospectisgmme experts believe that
microfluidics may be traced back tonicroelectonics industry as the root of
microfluidicq4, 16]; howerer, somedemonstrations implyhat the field of microfluidics
has beeressentiallyoriginated fromfour different fieldsi.e. molecular biologymolecular

analysis microelectronics antiodefencd17] Initially, microfluidics extensivelyappeared



in various clhomatography systems u as capillary electrophoresis (CH}, 19], gas
chromatography GC)[20, 21], high performanceliquid chromatographyHPLC)[22-24]
and thinlayer chromatography (TLQ25. [4, 17, 26] In these particular cases, the
chromatography processes are actually sea¢edh to the micro scale and the pram=s
are carried out within the microchipBresently,microfluidics has been spread through
various fields aiming tominiaturization of the systens, reduce theconsumptionof
chemical and reagents for tests and experimants$ providemajor parallelizationas well
asseveral new phenomena what are not applicable in rsaaie lab work§17]

At the infancy, every new emerged science or technology come across madeggesato
overcome and imicrofluidics field, one of the major challenges has been the material
selection.[5, 27] In fact, microfluidic devices are typicallguite tiny and consequently
relatively sensive[28]; thus, selectiof the right and appropriate material for thevices
is as ofhigh importance in microfluidics in order for systemste properly functional
toward thedesired teget[29, 30] To this end, besides possessingshall scalesand tiny

features microfluidic devices have to [seifficiently precise as we[l28, 31]

1.2 Microfluidic Devices

The very early microfluidic deviee were predominantlybased on glass and silicon
substratf29, 32] since the fabrication methods and procedure of microfluidic devices using
these materials were broadly wkliown and effectively enhancg8?2] Although these
techniques were greatly known and developed, they were still much costly and time
consuming; in addition, they require many specialized equipment and facilities to get the
processaccomplished32, 33] In order to overcome these drawbacksploration ofan
alternative for the material used for microfabrication might be drastically crucial. To this
end, polydimethylsiloxanehéreinafter refers tas PDMS), an elastomeric polymer with
wide range of applications, was extensively introduced as an appropriate alternative for
fabrication of microfluidic devicelt, 32, 34, 35

Since the introductionof this field manyinvestigations have indicatethe fabrication of
microfluidic devices usingariouspolymers(such as PDMS, PMMA, and P37, 36-40|



and also somethercomparative investigations were carried out asseskagpplicability

of various polymerso be usedor fabrication of microfluidic devicegl1-43] Howeve, the
first attempts reported ame use ofPDMS for a microfluidic device fabricatiometurn to
themiddle oflast decade of the 20th centis##-46], since then PDMS has been becoming
more popular in microfluidic deviceso the extent that PDMS is currently ubiquitous in
almost all of the microfluidics devicgs, 34, 42] In general, manipulation of polymers is
quite easydue to theirphysical and chemical propertj8g]; and their use as material for
microfluidic fabricationpossessiumerous advantages such as reducing the complexity,
manufacturing costs and required time as well as capabilisuddce modification and
providing relatively wide range of physical and chemical propef@s 34] Particularly,
PDMS as a substancehich is flexible, inexpensive, abundantly available anapre
important, optically transparent down to 23nometerdas been one of the most widely
used polymers in microfluidid82, 34, 35 Figure 1.3 depicts the schematic structuof a
polydimethylsiloxane (PDMS) molecule.

i A
R—Si—O—8i—O1—Si—O0—=Si—CH;

| | |
0 | CI; CH;, 0

=X

Figure 1.3. Molecular structure of polydimethylsiloxane (PDMS)[47]

1.2.1 Microfluidic device fabrication

In the most common techniqué fabrication polymer (PDMS) ignitially prepared and
poured over a master mold structuue typically a silicon wafer consisty the inverse
photoresist structure of the desired channel georpeinied on is surfaceusing SU8 by a
certain heighf48] Subsequentlythe wafer covered by sufficient amount ohcured
PDMS should be placed and left into ovéypically overnight until the PDMS layer is
completely cured and shapeg so that it would beeadyfor peelingoff.[4, 49] Once



casting and curingrefully accomplished, the thislabof cured PDMS is peeled off from
the wafer ags illustratedin Figure 2.4 presented in theespective part under the title of

Ademol di ng and pewndersectiofd. t he PDMS sl abo

Figure 1.4 alsoschematically depistthe procedure ofabrication of a microchiusng a

silicon wafer, applying master fabrication and making the PDMS device.
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Figure 1.4. Scheme for pocedure of microfluidic fabrication of a microchip.[48]

Generally, fabrication of a microfluidic device is the consequence of a multjstagess
presented as a flowchart ligure 1.5 starting froma rawideato the finalimplementation.
However, thedescribed procedure through the following figure is just the mostaregnd
conventional process among fitkographybasd methodsNevertheless, there are several
other methods, mostly novel, for the fabrication of microfluidic devideat will be
mentioned briefly
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Figure 1.5. A comprehensive procedure for fabrication ofa microfluidic device using
PDMS from A to Z.[34]
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Moreover there have been sevevariousinvestigations recently reporting the alternative

methods for microfluidic device fabrication such as using wafer made of phosphor bronze



(PB) (instead bsilicon wafer]50, 51], fabrication by printing thenaster directly on a
transparencysing a novel photocopying machjbg], a wax printef53] or even an office
laser printe54], and more interestingly fabrication of pagersed microfluidic
device$55, 56] as the novel methods.

In this praess, mking aPDMS device begins from an idea stating the final purpose of the
task. To that end, the idea must be interpreted graphically and be drawn utilizing a
computer aideddrawing tool e.g. AutoCAB[35 Then #king the advantage of
photography process, the design is printeshverse moden aso-calledphotolithography
masK57] what is later usedor the fabrication ofthe silicon waferundergoing some
photolithography proceg89, 58 Once the wafer is fabricatedunder certain
circumsances PDMS is poured over, casted and cured uo&dome a relatively rigid and
stableslah Then,the further posprocessing operation (tting, spincoating, bonding,

etc.) may be accomplishédl,. 49]

The further detailed information in this regard will be provided through upcoming chapters

and sukchapters accordingly.

1.2.2 Microfluidic device design

As previouslydiscussed, the Bt step to make a microfluidic device is to draw a suitable
designcomplying withthe desired target of the devjeghich issupposedo be fabricated.
To that end, taking into account tpaysical and chemical properties of the systent a
materials to be used, a designyigically created anéllfilled according to the demands of
the microfluidic systemand is further drawn utilizing various types ofttomputer aided
programe.g. AutoCALDF.[34, 35] The layout of maskcould betechnicallymodified ami
revisedwhenever later on as well;dbgh, that will be subject to replica of all the
fabrication stagegincluding mask preparation, master fabricati®#@)MS casting, device
makingandpostprocessing operatiopsnce againThereforethe more precise angtoper
the mask is designedhe less effort and iteratiowill be needed afterwardsand
consequently, the less time and cost willspenff59] The layoutsare normally drawnas
the two-dimensionalobject andaccordingly the photolithography maskare also printed



as the two-dimensional sheets Then later,the two-dimensionaldesigrs are actually

extruded to a certain thickne@se. the height of the microchanneishile fabricating the
master (wafer using the photolithographymask that leads to a three dimensional
structure[39, 48

Design (CAD File) Master (Water) PDMS Device

Figure 1.6. Fabrication steps of a PDMS microfluidic device from initial layout to
master fabrication and eventually making PDMS devicg¢60]

1.2.3 Mask preparation

The second step in fabrication of a microfluidic device is to preppfoimask out ofa
layoutdrawn by AutoCALF.[35, 61] A photomasks a highresolutionopaqueplateor film
that containgdark and unalterable solgtateholes and transparefaturesthat further
allow light to shne throughduringthe fulfillment of photolithography proceg482, 62, 63
Furthermore, hese phaimasksare alsouseablefor several othemapplications inmany
differentindustrieq 64-67)

There are three sorts of different base material wihgit be used to make photomasks i.e.
soda ime glasf6g], fused dica (Quartz)69] and polyester filfir0]. The first two are

more widely used to make photomasks; whereas, so@ai$ the most common substrate



due to its quality and economic superioritihe typical masks size may varythe range

of 1545 square centimetefgl]

Mask preparatiois typically fulfilled in specialized companies equipped with the required
facilities by which the photomasks are maali¢h the precision of down to 10 micrometers
or even lessFigure 1.7 illustrates a typical photolithography maskming out ofthe
printing facility right after being madé.1] Mask preparation is a vital step in microfluidic
fabrication process sin@enanyvery tiny mistake, whether originated from design or in
publishingprocedure, willlater lead to a defective master atige entire microfabrication

processs subject to be repeated alleragainfrom the scratchb9

Figure 1.7. A commercial photomask printer while printing a photolithography
mask|[71]

Also, Figure1.8 depicts dayout drawn by AutoCAB for severakimpletiny microfluidic
devices and the appropridebricated photomaskccording to the drawn layouthe plus
like signs appeared on the laypahd consequently on the photomask as,veeé called
alignment mark$6l, 72] These alignment markare drawnat the same positions of
different layes of a multilayer microfluidics device at where the different layers are

supposed to be placed oveach other. Subsequently, these maaksng with the
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microchannels appear on the surface of fimther curedPDMS slab facilitating the

alignment procesgarticularly in the sensitive caseswhen high precisionalignment is
needed73, 74]
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Figure 1.8. A drawn CAD layout for microfluidic devices and the photomask
fabricated accordingly.[61]

1.2.4 Master fabrication

Once the photomask waprepared, the master should be fabricatedording to that
utilizing the specializedfacilities throughhigh precisionprocessesip to the clean room
standardMaster (wafer) is referred to a metaliiaicromold, which is fabricated based on a
photolithography mask (photomask) and used to make polymeric dg4i;ek3] To that

end, there are differenpossible methods of fabrication whether lithographpased
techniques or ncflithography ones which are mainly based on laseeg. il as er
micromachining mi crowel ding and[75 mi@]l éndnidaser ( L CW
micromachining, hot embossing and molding (LHEBMY]. Moreover there are a couple

of various techniquesknown for lithography process such g@hotolithographf34, 39,
extreme ultraviolet lithograply8], sott-lithography39, 58], magnetbthography79], and
nanoimprint lithographi80, 81]. Also, in another alternative ndithography method,
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utilizing a 3D printer and having the device designed4b B AutoCAD®, the mastewill

beprinted andabricated directlyith no need for a photomagi2, 82, 83]

The most widely used technique in this regarghstolithography, also known as UV
lithography or optical lithographiyp8] As Figure 1.9 depictsin a very simple waythe
photolithography is a procesgpplied in microfluidic in order totransfer a gemetric
pattern from a photomask tosabstrate coated with a lighénsitive materiahnd remove
some parts from a thin filrfd, 58, 84] However therehavebeenalso severaattemptson
accomplishment of lithography without any photomask i.e-caled maskless

lithography85] that are mainly based on use of multiple electron b¢8mh®86]

CAD File

] A. Commercial printing

PhommaSkE

J B. Photolithography

Phot_oresis
on Si wafer 1 C. Developing
Master
200 pum

Figure 1.9. A simple £heme for fabrication stages of a microfluidic mastef.39]
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In other wordsphotolithography procesway be divided into four steps i.e. gFeposure
bake, expose, postexposure bake andevelopment.in photolithography processa
silicon wafer(as the most commonly used platforie)used as thesubstratg58] Figure
1.10schematically illustrates trmnsecutivestages for master fabrication.

Wafer &
SU-8

S

Pre-exposure E Post-exposure |
Bake xposure Bake Development

Figure 1.10. Master fabrication stagesfrom scratch toward final step.

In the preexposure stagey photosensitive materiato-called photoresist igooured over

the wafergently (to avoid bubble productiorgnd is initially heated upto a certain
temperature. This heating helfts remove any remaining solvent and also facilitates the
spreading procedure of the photoresist material oveeritiee surface osilicon wafer due

to the high viscosity of the photoredi8%] SU-8 is a commonly used material as the
photoresist whichis divided into seveal different gradespossessingslightly different
propertied.34, 35, 88| In termsof materialproperties SU-8 is avery viscous polymer and

an epoxybased negative photoresist, meaning that makes a negative mask of the original
mask(refer toFigure1.11).[58, 88]

Then, the heated wafer containing photoresist material over its surface undergoes a high
precision spircoating process to make sure-8Uhyer is fabricateévenlyon the surface

of silicon wafer and according to the desired hejgBt.89 The rotational speed antdet
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specifications of spin coatas well as the grade of S&Jto be used vary from case to case
according to the desired height for the target m&8&190]

Negative and Positive Tone

—i

Mask

Negative Photoresist Positive Photoresist

Photoresist

Figure 1.11. Remaining pattern after exposure and fuifillment of development of a
positive and negative photoresist58]

After spin coating and prexposure bakehe coaed wafer must be slowly cooled to room
temperature in order to be ready for expo$adg After that,the appropriate photomask is
attached ovea glassplate and placed into the exposure machine as well as the wafer with
SU-8 coated surface, so that the photomask would be placed between the expasgre s
and the wafef4, 34, 91] Subsequentlythe exposurés accomplishedgnd the lights shine
through the mask toward the waféhe exposuréime may also vary based on the desired
thickness for the mast®2] Since SU8 is a negativghotoresistthe exposed arsawill

crosslink and permanently remain aftére development stagé, 87, 93]

After the exposure, the wafer must be heated up aga&naohot plate for several minutes

so that the patterns start to stand out and stabilize. During this process, the film may be
bubbly; however, the bubbles are never placed on the structures and are between them and
therefore, there is no need to be wadrabout the bubbles at this stafeis stage is called

postexposure bakg34, 87]
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At the final step i.edevelopment, the wafer is placedadrihe bath of &U-8 developer for
a few minutesThe most widely usedsU-8 developer igropylene glycol methyl ether
acetate (PGMEA)91, 92] After a few minutes, the patters on the wafer appadrbecome
visible gradually. Then the wafer igust rinsedin developer and dried by blowiragr and
eventually the appropriate mastefabricated.87, 88, 92

Figure 1.12 shows a complete process flow for a basic photolithogragtiynique for a

processn whichthe photoresist is a permanent part of the final desired device

SiOg (~ 1)
n-type Silicon

A Oxidized Silicon Wafer

Negative photoresist coat (+ 1 um)

Si0y
Si

B Photoresist Coating

_— Uviight

= e ﬂl 4 ] Glass Plate

Opaque Pattern
Hardened Resist

C Exposure

—

D Unexposed Photoresist Removed
by Developer

—

E sio,Etched with HF

F_H

F Exposed Photoresist Removed
with H2 SO4

Figure 1.12. Detailed processflow of a complete photolithography for the case at
which photoresist is a permanent element of the final devicd A and B) pouring
photoresist material (SU8) over wafer, (C)exposure, (D, E, and F) developmen[58]
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1.3 Purpose of the work methods and limitations

In this work it has been endeavored to genenaieodroplets at highthroughput rates
through study and implementation of two different methods of generation. To that end, two
different methods of droplet formation were taken into account that in first method the
droplet generation takes place throwglveltkknown and advanced designed microfluidic

device undergoing floviocusing techniqugd4]

To accomplish this mbkod, a multlayer PDMS module is required to be designed and
fabricated. In terms of fabrication procedure, the imprinted photomask is used to make a
silicon master utilizing a microfabrication process. Then, the PDMS devices are casted
against the fabcated masters and finally the muldiyer module is fabricated as a result of
accurate bonding of the fabricated PDMS devices. Due to the massive size of the PDMS
chips (devices), it is not possible to perform the bonding process by oxygen plasma
bonding,and instead, the corona discharge device is utilized. All the necessary techniques
regarding the fabrication i PDMS microfluidic device will beextensivelydescribed
through chapte?. Also, the massive size of the design resultednother limitation factor

that was complexity and difficulty of microfabrication of the silicon master out of the
desired photomask since its features and microchannels were rkelghtdi be removed
during the fabrication process or post exposure development pronesdo the safety
issue, the light intensity of the higipeed camera is always retained at the lowest available

rate (i.e. 30% intensity).

The second method concerhg formation of microdroplets utilizing a concentric double
cylinderundergoing TayloCouette flow pattern, wheitte inner cylinder isotatable and

driven by a motowhile the outer one is fixed and transparerite Troplets are formed
using rotationafforce within the gap area between two cylindé®4. This topic will be

also explained broadly in sectidn For that method, two pumps and a motor have been
ordered and purchased according to thedrend the doubleylinder device was modelled

and optimized. Subsequently, based on the obtained optimized dimensions, the whole

assembly was designed and further constructed for the experimental investigations.
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Noteworthy that unless otherwise mentionadcited, all the pictured from laboratory
equipment and the experiments used in this thesis have been taken at the laboratory of Prof.

deMello group at ETH Zurich.
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2 PDMS DEVICE FABRICATIO N AND DROPLET FORMAT ION

2.1 PDMS Device Fabrication

Whenthe masteris fabricateda polymeric deviceshould bemadeby casting out of the
fabricated masterAs previously discussed, thmost popular polymer for fabrication of
microfluidic devices is PDM$4, 34, 42] Several different stages are involveal

preparation of a microfluidic device i.e. enlisted as belowhe chronological order of

fulfillment in the experiment

1 Gas phassilanizationof surfaces

1 PDMS preparatioand dispense

1 PDMSdegassing

1 PDMS curing

1 Demolding angeeloff the PDMSslab
1 Hole punching

1 Plasma bonding

1 Spin coating

1 Postbondingtreatment

Majority of the above mentioned stages are essential and have to be carried out; however, a
few of them 1 . e. ftls @n dhi ncgo att n engtomeann dd  fapr ce
accomplished just ithe cases that are needed. MoreovervBDlegassing may aldme
doneeither before dispensing over the wdit, 74], or after doing s§96], or even at both

turnsto make sure there is no bubble [&2] depending on the individual preénce.The

stages and techniques are further explained in details.
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2.1.1 Gas phase silanizatiorof surfaces

To begin thefabrication of PDMS devicehe first task to das the surface silanization of
master Silanizing the master is crucial sin@esilicon surfacetypically shows high
adherence to polymergarticularly PDMS that resuldemolding and peeling off the cured
PDMS would bemore difficult afterwards[93, 96] The process of silanizatiohelps to
prevent PDMS sticking to the master daashormally carriedout at room temperature and
either undervacuum or at atmospheric pressufdere are a couple dfifferent silane
chemicalssuitable for this purpos@.e. surface silanizationyhich alow passivation of the
surfaces such as dichloromethylsilari®7, 98], chlorotrimethylsilane [93, 99|,
hexamethyldisilazang¢10(, and dimethyloctadecylchlorosildi3d, 101].[58] However,

the most commonone among them ISATr i met Gyl gsi il ¢ &0 al so
AChI or ot r i withthbd mdlesulal famuia @f (CHESICI (usually abbreviateds
MesSiCl)[102 i.e. ahighly corrosive and toxitiquid substance whiclktauses ski burns

and is respiratory irritarftt03 Thus, its handling must be done with extreme caution under

the fume hood.

Silanization process starty/ placing the master into a desiccator located inside a fume

hood.The completgrotocolfor silanization is as follow:
1. Place the master(s) into the desiccator located inside the fumg hood

2. Pour a few drops of chlorotrimethylsilane (#b@er master) intte specific vessel

and place it in the desiccator
3. Close the lid of desiccator and turn on the vacuum
4. Leave the systeno be under vacuum for about one hour;
5. After one hour, equilibrate the pressure in desiccator slowly;

6. Open the desiccator and take the master(s).
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Prior to place the nsders in the desiccator, they midbe air blown or even, for more
precision, cleaned by isopropanol and air dri&luring the silanization process,
chlorotrimethylsilane ceers and coated all the exposeafaces withirthe designated area

that conceris the entire interior volume of desiccatorhis surface coatingnakes the
surface of master hydrophobic aretluces the adhesion of PDMS to the silicon surface as
well as the SU8 patterns fabricated on the mastgidl, 96] Bear in mind that
chlorotrimethylsilane has relatively low vapor pressure at ambient temperature and
therefore vaporize at room temperature undeghis negative pressure easily and as
mentioned earlier, must be used only under the fume Heéigdre 2.1 also depicts the
different stages of gas phase sikation process as is accomplished empirically in the

laboratory.

Figure 2.1. Different steps of gas phase silanization of surfaces. (a) Cleaninie
master by blowing air, (b) gacing the cleaned masters irthe desiccator, (c) puring
desired amount of chlorotrimethylsilane into the assigned beaker, (d) placing the
beaker inside and closing the lid of desiccator, and (e) turning on the vacuum and
leaving the desiccator inside a fume hab
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2.1.2 PDMS preparation and dispense

Taking into account that PDMS cures even at ambient temperature; though SIDM$

is typically availableas a twecomponentkit containing two substances including a
prepolymer (base) and a crdsker component (cunig agent) which must be mixed
togetherto produce PDMS58, 104 The most commercially available tvommponent kit

is Sylgard184°® consisting 6 a package of silicon elastomer (prepolymer) and a bottle of
silicon elastomer curinggent (crossinker) manufacturedyy Dow CorningCorporatioff.

The kit normally contains one kilogram of prepolymed#®.1 kilogram of curing agenh
order to preparthe PDMD polymer, prepolymer and curing agent might be mixed through
different ratios; however, thigreparation process normally undergoes the ratio of d:1
weight (ratio of prepolymer to curing agengccording to the supplier procedLi@y;
though, other rat®such a3:1[10€], 5:1]70] and 8:191] have been also reported feome
other specific conditiondHere below is the procedure of PDMS preparation using a two

component kit of Sylgard84®:

=

Prepare a emptyplastic cup and weigh it using a balance,

2. Pour a certain ammt of prepolymer (Sylgard84) substance into the crgtheroff
the balance

3. Replace the cup containing the prepolymer on balance and take a note of total
weight of cup containing prepolymer,

4. Remove cup from the balance and add required amount of @agerg (calculated
according to the desired ratio such as 10:1 and 5:1),

5. Take a note of the final weight ofip plus substances,

6. Mix the two compounds with a spatula vigorously for a few minutes until the
polymer become readyhat will be recognizable bypaearance as well)

7. PDMS isnowready to use!

Noteworthy thatall the above mentionestepshave to be fulfilled under the laminow
cabinet(ventilated fume hoodin orderto avoid entering the particles into the mixture.
Although the tasks of addingnaterials(whetherprepolymeror curingagent) could be done

either off the balance or on that, the first method (off the balance) is always recommended.
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Also, in terms of quantity and as a rule of tongue, about 40 grams of Syé&rc
sufficient for one maste(what will lead to a PDMSIab of 4-5 mm thick]58]; however,

any other amountsvithin a reasonable rang®uld bealsousedin casesa certain amount

of polymer is required for a specific applicati@tirring the mixture for around one minute
or two is usually enough for preparation of polymer provided that the mixing is

accomplished with eeasonably high speed.

When the polymer becomes ready, the next step is to dispense it over the desired master.
To this end, a previously silanized master is placed and strictly fixed into a Teflon ring
(made of PTFE)The master and its ring are placed horizontally on the table and PDMS is
poured over the surface of master. Dispending the polymer at the certemodster from

a low altitude as well as proceeding the process slowly will lead to minimization of the

possibility of bubble formation in the polymer; thouglcould be degassed afterwafés,

87]

(c) (d)

Figure 2.2. Steps for PDMS preparation.(a) Prepare the required substancesand
facilities, (b) pour prepolymer (Sylgard-184) into the plastic cup, (c) take theequired
amount of curing agent and addto prepolymer, and (d) stir the mixtue.



22

When the PDMS is thoroughly poured over the master, the entire molding assembly (ring,
master and poured PDMS) might be tilted at a low angle slowly facilitating the spreading
of PDMS tomake sure PDMS is dispensed evenly throughout the nj83te@ncethe
polymer covered throughout the master evenly, the entire system might be placed into a

desiccator for degassing.

Figure 2.2 and Figure 2.3 depict the different steps of PDMS preparation process and

dispensing process followed by a degassing, respectively.

(d) (e)

Figure 2.3. Procedure of dispensing PDMS fiowed by degassing. (a) Prepare¢he
required items, (b) place and fixthe master into the ring and turn it around, (c)
dispens PDMS over the master, (d) place inside a desiccator, and (e) cldke lid and
put the desccator under vacuum.

2.1.3 PDMS degassing

After the mixing, the polymer will be full of air bubbles with different sizes; therefore,

needs to be degasséda previously mentioned, PD$degassing can be dogiéher before
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dispensing over thenaster[41, 74], or after doing s¢96], or even at both turnhis is

done by simply placing the entire molding system inside a desiccator under véouum
speed the degassing prod&&$) and room temperatur@Figure23 parts Ado an
illustrate the process simply through two pictyreBuring this degassing process, the
bubbles from all over the polymer mixture initially come to the top surface of niixe

and subsequentlywanish. The sufficient amount of time should be passetidke sure

there is no bubble left on the surface of dispensed PDWi&n the polymer is clear and
transparent, the degassing is completely d@regjassing processormally takes around

one hourdepending on the amount of polymers used for molding and also the pressure of
desiccatof87]

2.1.4 PDMS curing

Sylgard184 isa heat curingmaterialand cures at even room temperat{#e25°C) up to

until around 15@C.[87, 109 Once the polymer was completely degassed and is clear and
transparentthe mold containing master and PDMS should be placed inside an oven for at
least a few hours at around %©; however, theeasiesiand mostconvenient methodsito

let the PDMS cure inside aoven or at the room temperatui@ a certain time or even
overnight[51, 74, 77] The required time for curing PDMS may vary according to the slab
thicknesq93]

Furthermore, differentonventionalmethods of curing have been reported, which vary
according tahe desired applicatiols such curing at 70°C for 48 hourf91] or putting in

the first oven at 60°C and subsequently in the second one & 9&ach for 30 minut§g6]

or a combined method i.e. curing in an o\ar5°C for 30 minutes followed by curing at
roomtemperature for 24 hoy04. Also, arotherresearcthasextensivelyinvestigate on

the rate of curing and as a result has introduced a novel heatedimlientation setup for

rapid curingof PDMS for microfluidic deviceso reduce the required tinj&07]

Although he polymerization process begins as soohak components (prepolymer and
curing agent) get in contatbgetherfor mixing; heatingup the mixturespeed upthe
polymerization procesdfter the curing,the cured PDMS is recommended to teoled
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off initially prior to peeloff.[16, 93] This could be done by just simply leaving the master
and PDMS at room temperature for a few hours to cool down gradbaliwill cause a
reduction in the possibility of damage while peeling &firthermore, cooling the PDMS
will prevent buckling what might be as of important in cases that the microfluidic device

possesses an unusual and specific georfidty.

2.1.5 Demolding and peeloff the PDMS slab

When the cured PDMS cooled down sufficiently, the PDMS slab should be peeled off
gently. At that pointhaving the adequate todlse PDMS shp is easily peeled off and cut

The required tools for this purpose are at least a tweezshsrpblade(or a scalpel)and
possibly a plastic spatula. There are numerous various typesotufcols applied for
peeling off the PDMSslab from the mastewhat might be used as long as they take

essential considerations into account.

As an example, thentirebordersof PDMS slab all around the setup might be deta¢bed
even totally releasedyom the mold ring slowlywithin the commonarea only between
PDMS and mold ringusing a tweezeréwith extreme care not to entandthe area in
contact with masteaind scratch the surfacéAnd holding the detached edge of PDMS slab
from any point (by fingers or using a plastic spatula) and applying a slightardforce,
the PDMS slab is pealeoff gently and graduallgtarting froma cornerand proceeding
toward the counterpoint on the opposite side of the Bi&87] Figure 2.4 illustrates a
cured PDMS slab while is getting peeled off.

Regarding the direction for peeling the slab away, it is extremely recommended to do so in
the direction of channels of microfluidic devices available in the PDMS slab as much as
possible, and thereby the tiny features of microfluidic devices are more likely to be

removed properly and without damadgteworthy, the entire manipulation regaglithis

step has to be accomplished under the laminar flow cabinet.



25

Figure 2.4. Peeling off the cured PDMS slab including the microchanne[gl9]

The surface of PDMS slab which consists of the microchannelssaturés must never be
touched. Moreover, throughout the surface of the peeled PDMS slab or at least the area
consisting of microchannels and features must be immediately covered by tape after
peeling off in order to avoid being touched as weldaposition of any particles on the
casted featurdf3]

Finally, the PDMS slap might be cut into the smaller desired features (according to the
designated area tach section) with extreme care. These smaller target features, cut from

the cured PDMS slab, are often called as microfluidic dewtescrofluidic chips In fact,

each master (and consequently each PDMS slab) typically includes different numbers of
microfluidic devices ranging from one (for a relatively big device) to some (for more tiny

devices).

2.1.6 Hole punching

In orderto have access to the microchannels, features and pattenmsrofluidic device

from outside of the PDMS deviceafterwards, someaccess portsare neededo be
improvised into the PDMS devic&hus inlets and outlets positions are normally marked,
along withthe other features, from the early stage of fabrication i.e. drawing the layout of

the device. Consequently, they will furthappear in the master and also further in the
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PDMS slab casted out of the same master. These inlets and outletararalypunched
after demolding using a proper devperpendicular to the surface of PDMS slab and also

to the directions of microchanngil, 84]

These holes will play the role of accessrts (or access holes) and any connectiools
(tubing pin, and etc.ranbe inserted into therto connect angexternal systenglocated
outsideof the PDMS deviceto the microchannels and features of PDMS devideese
access ports are normally placed at the terminals of microchamhete holes are used to
handle the fluids from pumps or manually into the microchannels and fromttivesed
out[12, 27] The holes might be punched using either fmlaching machine or manual
puncher.As an alternative for punching method, the holes may be also made through

drilling using a micredrill machine.

() (0

Figure 2.5. Hole punching in PDMS migofluidic devices. (a) A holepunching
maching equipped with a light source, (b) required accessories for hefrinching
machinei.e. gauge or ejectolleft) and punching pins (right), (c) manual puncher with
aceessories, (d)a microfluidic device getting holepunched10§, (e) samples of
punched microfluidic chipg[109, and (f) a microfluidic device under operation with
tubing inserted into the punched holegl1(.
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The procedure of punafg is as easy as making a simple holéhe PDMS slab using any

tool provided that the proper ejector and punching pin, in terms of both type and size, is
selected.The size of ejector and punching pin is typically selected according to the
specificationsof the tubing which is supposed to be inserted through the intended
hole[111] The volume which is removed from the PDMS slab by punching is a cyinder
like PDMS piece with the diameter and height equal to outer diameter of used punching pin
and thickness of slalbespectively. The evacuated volume will be a vertical channel which
is the desired access port (inlet or outlet).

Due to the softness and flexibility of the PDMS slab even after curing, using a slight
downwardforce the punching tool easily penetratbsoughthat and makes the hole by
removing the designated volumBear in mind that in order tocreasethe quality of
punching, the microfluidic device must be placed under the punching tool with the
microfluidic on top and also covered by tape. This m®ration helps the holes to have

sharper and smoother edges in the end.

Alignment of the chip under the puncher to lodhie exact positiorat where the holes are
supposed to be punchexs well agpunching the holgertically straightall the way throgh

is asof high importance in thiproceduresince punchingny off or tilted holeis likely to

cause the entire microfluidic devibe totally uselessin that case, the microfluidic device

will be subject to be fabricated all over agaimd all the steps from PDMS preparation to
PDMS casing has to be replicated again. To this end, an investigation has introduced a
new method facilitating the exploration of exact location for intended hole by putting a ring
of light source underneath tiie PDMS deviceln this method, de to the fact that the
microchannels scatter the light, the positions of inlets aotets will be clearly
observablg112

2.1.7 Plasma bonding

The PDMS devices what are casted using a master normally have their features and
microchannels serupen from one sidetavhich they were in contact with the master.

Thus, in order to get them applicable for flowing fluids into them, they shoukkdled
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against aflat surfacemaking the hollowmicrochannels and features schematically
shownin Figure 2.6. To this end, the PDMS device may bentled to another PDMS
slafj113, or a glasg70], or a thermoplasticpolymer such asPMMA[43, 114, or
silicon[87], or alsoother materiald19. The most popular types of bonding are PDMS
glass and PDM®DMS bonding. However, nowadays the polymers are becoming
important substrates for the bonding thanks to their less cost and difipopaiyerty, as
well as their wide applicability for rapid prototyping methoddamass production

technologie$116

e M
master

Pour PDMS over master;
cureat70° C

PDMS
g2 g2 ez

l Peel PDMS from master

| PDMS l

l Seal against a flat surface

microchannel

poMvs | —
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Figure 2.6. Schematic of casting PDMS device and bonding the device against a flat
surface forming the microchanneld.32]

In fact, PDMSlooseits adhesion property after casting; consequedibgs ot stick to any
other surface and alsathe surface ofPDMS is strongly hydrophobif34] In order to
accomplish the bonding, the PDMS surface nastsform to a hydrophilic surface. There

have been several investigations on differghtysical methodsand techniquegnhanced
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for this purpos; however the techniqueof flioxygen plasma ur f a c e i$ theenwdt me n t
frequently used onfgl13 117

In this techniquethe lab air is used to activate the surfacesP@IMS devices.e. mainly
made of PDMS or glassThe plasma preparation also incorporates the oxygen atoms
available in the surface of PDMS deviard as a result, the hydrophobic property of the
surface will changéeadng to transform the surface to hydrophiand also become very
reactive[87, 114 As the matter of factusing this method (oxygen plasnsarface
treatmentthe bondconsistencys increased by oxidation of the surfadéoteworthy that,

due to its naturef this techniqueand alsatalking into accounthe reportedexperiences,

this technique provides the opportunity to bond the PDMS to athdacesas well
provided that those diaices are also plasma treaféd, 113

The bonding is accomplished by simply placing phecleanedspecimens into the plasma
chamber of the oxygen plasnmstrumentwhich is located under a laminar flow cabinet as
shown inFigure 2.7. Prior to start the process, all the related settings of the instrument
(coating time pressure, plasma current, and etc.) must be checked to be properly regulated.
Then, closing and fixing the lid of the chamber, the process is initiated which typically
takes a few minutesDuring the procesghe surface to be bonded is exposed to oxygen
plasma and transform to hydralih The researches have demonstrated that a longer

oxygen plasma time will result to a smoother surfddéa])

Figure 2.7. A typical oxygen plasma device locateihto a laminar flow cabinet.
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Once the process is finished, the specimen must be taken out from the chamber and bonded
against the intended surface as soon as possible within a minute. The faster the bonding
process would be taken pladhe better qualitywill have. At this stage, although the
bonding isthoroughlyfulfilled, the bonded device is recommended not to be used for the
experiments right away after bondiriepr strengthening the bonding, the bonded device is
advised to be heated (either by placinside an oven or putting over a hot plate) for at
least an houf113 Heating might be accomplished by placing either into an ovema

hot plate. It should be always taken into account that an oven heats up the device evenly
from all sides; howeveg hot plate transfers the heat to a PDMS device only from a single
side (bottom) and in some cases the unidirectional heating might result in damage or
deforming the PDMS devicedeating the bonded device will also make the device become
hydrophobic agai. Moreover another method tobtain the better result while bonding, is

to drip a drop of water between the two surfaces which are about to be bonded. This will
evaporate prior to finishing the bonding and allows longer time for adjustment and also
provides the more consistent bond in the E8]. When the bonded device was heated
(cured) for a sufficient time, the device is ready to use after a shomgayerationto

reach room temperaturAt that point, the baiing is quite stable and stroagd the device

could be actually used

This techniquenas some disaduatages. As such, the applicability thfe oxygen plasma
instrument islimited to the size of its chamber; therefore, the relatively bigger devises
cannot fit into the chamber. An alternative technique to overcome this drawback is so
call ed Acor ona whichsisahaadhgdeequipmenaith timeesante @oncept

as of oxygen lasmasurface treatmenfdr surface activationthat may be implemented to

bond even several layers togetfiet3 118 The equipment is designed so that the high
voltage is applied to its sharp electrode tips and plasma is formed at the end of the tips.
This plasma is used faronding process the same wayuéizing oxygen plasma method.
Usually the treatment time of around-1B seconds is sufficient, depending on the size of
the devisg115
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Noteworthy that, due to many advantages over the conventional oxy@gnagheatment

such as portability, minimizinghe chance of contaminatiandalso poswility to cover

the largerevices yith surface up to more than 7 gneorona discharge seems much more
useful and applicablel18 119 Though, the investigations have demonstrateat the
substitution of the corona discharge with a uniform oxygen plasma surface treatment

instrument will result in the improvement of reproducibility of the sydteid]

Figure 2.8. Steps of plasma bonding utilizing corona discharge treatmenta) Prepare
the required items, (b) keep the wire electrode at-5 mm from the top of the surfaces
to be bonded and move it repetitively for 1015 seconds, (c) place the two surfaces in
contact and gently press one against another, (d) the device is bexd

Due to the generation of high voltage, corona discharge should not be operated close to
electronics or, in general, electric devices. Moreover, corona discharge produces Ozone
(O3) which is an absolutely toxic gas; therefore, all the safety consideration should be taken

into account and the corona treatment process must be always performed under the fume
hood. Also, the bonding performed by corona discharge are reversible inrsthéew
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minutes meaning that it is possible to separate the bonded surfaces and bond again in case
the bonding was not initially performed properly or from the correct location. This feature
might be as of high importance and very helpful for alignmemhwaii-layer microfluidic

devices.

Also, in order to bond a very precise and sensitive Aaygr device, it is always tricky

and risky to get them aligned exactly from the place they were expected to by naked eye.
To that end, a stereoscope is typicaityized assisting the alignment process for bonding.

In addition, to fulfill the alignment of muHayer devices, which must be super accurate,
some alignment assisting protocol could be taken into account. As such, the alignment
marks may be also drawin the photolithography mask that will consequently further
appear on the PDMS devices as Y&, or a sort of transitional spacers might be used
bonding94] or even akind of accurate alignment assisting device may be utilized. This
alignment device can potentially be incorporated into a stereoscope as well for more

careful and accurate bding.

(b)

Figure 2.9. (a) An alignment assisting device, (b) an alignment assisting device
incorporated into a stereoscope.
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2.1.8 Spin coating

As it was also explained earlier, the bonding of PBRIBMS is nore consistent as well as
more hydrophobic than PDM@assbonding. Therefore, instead of bonding the PDMS
chips right against a glass slide, it is recommended to initially bond the PDMS chip against
a thin blank slab of PDMS and then bond the-tay@er PDMS device against the glass
slide (from the surface of blarPDMS slab)12(. Another alternative to this approach is

to spin coat a very thin layer of PDMS over the acefofthe glass slide first, and thehe

PDMS chip is bonded over the spinated surface of thgdass slide.

To this end, a little amount of PDMS is prepared through the same protocol as PDMS
preparation for device fabrication. Then, the settings of spater machine are regulated
according to the desired thickness and purpose of the intended coated layer and the glass
slide is placed into the machine with the surface to be coated on top. Subsequently, the
prepared amount of PDMS is gently poured ower glass slide trying to pour it in the
center as much as possible. Finally, the spin coating process is operated by turning on the
machine which takes only a few minutes. At the end, the coated layer of PDMS is required
to be cured; thus, the coated glas placed over a hot plate or inside an oven for a couple

of hours to be cured completely. Once the coated layer of PDMS is fully baked, the coated
glass is then ready to be used as the substrate for the bohdifRPMS chipNoteworthy

that, the spincoater machine is located inside a laminar flow cabinet; thus, the entire

process is also operated inside the caljit@4]

2.1.9 Postbonding treatment

Oncethe PDMS chip is fabricated and further bonded, RS device is ready to be
applied forthe experimerst However, in order to achievevenbetter and more proper
resuls in the experimentsthe PDMS device may undergome sorts of treatment leading

to better quality of experiments afterwards. As such, the approach of surface treatment
PDMS microchannels by Aquafiel may be noted as one of the most widely used
technique for the chemical surface treatment of the PDMS channels after activation by

oxygen plasma surface treatment and bonding.
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AquapeE is a commercial glass treatmesubstance.e. a hazardous and toxahemical
what may cause several differdrgalth injuries to the person dealing with thtaerefore,

its handling should be dorwarefully andthoroughly under the fume ho¢#i21] Treating
the microfluidic device withAquapeE , the sirfaces in contact with Aquagel g et
fluorinated and thus the device anoh particular its microchannelsbecome more
hydrophobic To fulfill that, a drop of Aquap& is drippedover one of the inlet ofhe
PDMS devicewhere enters the device by capillary fqoread isalso pulled through the
device whether manually or using pump, makingure all the channels are filled with
AquapeE . Then, the channels are letdmyfilled for one or two minutes and finally, the
device and channels are flushed with[&22, 123]

Atfter flushing, the device is recommended to be filled with@ibe used and store in oven
at around 70C for at least half an houAlthough it must be thoroughly endeavored to
evacuate the entire amount of Aquépelf r om t he devi ce emainihg i t s

a trace amount of it inside the microchannels is negligible.

2.2 Microdroplets Generation

Microfluidics is a wide branch of science consisting of several subcategories and one of its
most important and applicable subcategorfidiopletbased microfluidics3 al s o knowt
Adi gital li24 129 Dropletbdsedcnsicoofluidics is a continuously growing

field of research that is becoming an interdisciplinary branch of science due to its wide
range of applicationgl26 The droplets manipulated in microfluidissienceare normally
subnanoliter droplets usuallyeferredto as microdropletswhich offer a wide range of
opportunities thankttheir wide potential applicatio$27, 128 These microdplets are
technically therelatively unstable and deformable droplets of a liquid which are suspended

in a flow ofa carrieimmiscible liquid[129

In other words, e manipulation of droplets in microfluidic channels is an immensely
usefulemergingtechnologicaplatform forvariousapplications in mangifferentscientific
fields. As such, different ggications have been reported in wheth@ogicalfields such
as biology scienc¢l3(, biomedical studig131], single cell analys[432, and drug
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discovery133, or chemistryrelated fields like chemicaynthesifl27] and biochemical
screeninfll34], or even more interestinglghemical reactioj§4, 135 and synthesizing
functional micre and nanoparticl¢$36, 137 at where the droplets are mainly the carrier

mediaserving the systems in different manners

The microdroplets are generatémlougha two or even multiphase systems dealing with
the immisciblephasesThis is typically fulfilled by combining two or more flow streams of
immiscible fluids(normally a sort of oil and wategt a joint area and producing a shear
force on the dispersedhase which causes it to break up into certain discrete volumes
generating the droplef42§ In fact,in contrasto continuous phase microfluidics, droplet
basedmicrofluidics mo#ly concentrate on creating thesdiete volumegl25 Also, in
comparison with continuous phase microfluidics, drepbeted microfluidics provides a
broad range of advantagdscluding possibility of compartmentalizatidi3g and
encapsulatiorj§26], improvement of mixingl39, accomplishment dfiighly parallelized
experment$14Q, fulfilment of monodisperse particle generafibfl] and resulting in

higher sensitivity in digital analysgist?].

There are different chemical and physical parameters invalvetharacterization of a
microdroplet generation system. As suttig suiface tensionas a key mechanical property

of fluids, is a crucial factor in determination of microdroplet behavior regarding the
relatively large surfacéo-volume ratio of microdropletsl43 Also, unlike the normal
applications of continuous flow microfluidics, another key factor to achievesttide
microdroplet generation in dropteaised microfluidics is the wettability of the channels

walls which has a direct influence on forming-oitwater (O/W) or watem-oil (W/O)
droplets[13, 126 I n addi ti on to fiReynol dsnumhemsber O,
call ed fAcapNc) bai g Wembeed( in order to pre

behavior which is calculated as

W
Ne, = “y (1)
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where ;. (Pa.3 and U (m/s) are the viscosity and the velocity of the continuous phase,
respectively ancd (N/m) is the interfacial surface tension between the two immiscible
phaseg$l16] Capillary number can be used faontrol the generation, brealkp and
coalescence of droplef$24] In practice, the droplet break pfand consequentlythe

droplet formation takes placabove acertaincapillary numberc al | ed #Acr i ti c a
n u mb. &hisodimensionless number g/stem dependent and highly depends on the
geometry of the channeltherefore, different values and gs for that have been reported

in the literatures such &001 <Ca< 0.15[144, Caéa 0.01[145, and even larger values

up to 1.20Ca01.7[146.[31, 125

The formation of microdroplets within the microfluidic channelds a spontaneous
phenomenorthat is normally a consequence of shear force as well as interfacial surface
tensionand is required to be initiated. That mighe accomplishedising either micro-
injectorg147], or the needld448, or even the electric fielfs49 as well as applying

pressuras the driving forcaiming to generate uniform microdroplettd3.[127, 150

2.2.1 Methods of microdroplet generation

Initially, the generation of microdroplets throughontaneous process was reported as a
generationprocess in the capillary fornfdbl] through the technique spal | ed A c «
fl owi ng st r é&wassmplementdd datelgim many other microfluidic devices
including figeometrydominated devic&$l57, fflow-focusing device¥135 and fT-
junctiong139. Among those various methods, fldacusing devices and-jlinctions are

two well-established anchost frequently used techniquigs generation ofmonodisperse
microdroplets in microfluidicswhile co-flowing streams and other methodse rarely
used[128 143 150

Figure2.10 schematically illustrates three techniques for formation of microdroplets- In co
flowing flow, the capillary having the disperse liquid is located inside andemntricallyof

a wider capillary having the continuous liquid flowing in. Once the dispeyséllieaves

the capillary get in contact with continuous liquid and due to the pressure and shear force
forms discrete plugs or dropldts29, 150



37

Oil ——»

(a)

Oil —

Agueous

1
o s T X X )

(c) Aqueous ——

Figure 2.10. Different techniques for formation of microdroplets of aqueous phase
into continuous oil phase (a) Coflowing streams, (b) Tjunction, and (c) flow-
focusing devicd.150

As it was previously noted,-jinctions and flowfocusing devices are the most widely

used techniques for generation of microdroplets through channels; therefore, we describe
these two methods only with emphasizing on flmeusing devices as the selectadthod

for this work as wellln fact, ina T-junction device, the agueous phase is injected into the
continuous phase perpendicularly and as a result, microdroplets are formed in consequence
of the sheaforce between the two phadé27, 153

However, the flowfocusing device undergo a different pattein which a liquid(i.e.
liquid A) flows in a middle channel and an immiscible lig@ie. liquid B) flows in two
other channels locatedbth sides of the middle channdlhe both channels of liquiB

reach the middle channdiavingliquid A, perpendiculdy at where both liquids from all
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three channels are induced to enter a narrow orifice as the entrance of another channel
locatedat their downstreamrhen, liquid B applies pressure and viscous stress to liquid A
and as the result, liquid A is driven gonarrow strand and subsequently is broken down
through tle orifice forming the droplefs.27, 154

Through a certain device the capillary number is only a function of the velocity of
continuous flow since the viscosity and interfacial surface tensiorhareanstant for a
certain device undergoing the same condition. Therefore, manipulating the velocity of
velocity of the continuous phase (and consequently the capillary number), when the
velocity of disperse phase remains the sathe, system might undergearious flow

regimes.Figure 2.11 illustrates the various flow regimes for different droplet generation

techniques.
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Figure 2.11. Schematic illustration of three different flow regimesin three main
techniquies for droplet generation. (a) Ceflowing streams, (b) flow-focusing device,
and (c) T-junction. The velocity of contnuous phase, and consequenttire capillary

number, increases from left to right. (lower velocity for dripping, higher for jetting
and even higher for stable cdlow)[155
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On the above critical capillary number, the droplet formation starts. On the moderate
velocity of continuous flow, the droplet breakup and formation takes place normally and
the droplets are pinched off ceos$o the orifice or capillary tip. This regime is-called
Adripping regi meo. |l ncreasing the velocit)
droplet formation still occurs; however, the droplets are pinched off from an extended
thread downstrearof the orifice or capillarytipT hi s r egi me i s known &
and increasing the velocity of continuous phase even more, the system reaches the
condition at where no more droplet formation occurs and instead a film of each phase flows
through he postorifice or downstream channd29, 155

As it might be seeatthe previoudigure, the phenomenon of droplet formation takes place
only through the first two regimes that are dripping and jetting regtigeire 2.12 also
depicts the images of droplet formation in the real experiments through either of these two
regimes (dripping and jetting).

(c) | (d)

Figure 2.12. Droplet formation in a co-flowing stream device (through (a) dripping
and (b) jetting regime)15€, a T-junction (through (c) dripping[157 and (d)
jetting[155 regime), and a flowfocusing device (through (e) dripping and (f) jetting
regime)[146.[129
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As it might be simply understood, the droplet bregkand consequently the droplet
formation phenomenon only occurs within a certain range of viscosity of continuous flow
that has to do with the ratio of the input velocities of two phases as well as the physical and
chemical properties of the liquids like surface tension and obviouslyteathnique of
droplet generation and the geometry of the device. This will be further investigated in the

coming chapters.

2.2.2 Bulk synthesis

As it was described before,icnodroplets are of interest as commodities in themsdbres
various applications suclas biological, chemical, biomedical andedical systest
however,the production of large quantities of monodisperse homogeneous droplets for
such processes is an area thas been always very challengir@n the other hand, the
bulk emulsification proces in particular, shear induced emulsificatibas been broadly
investigated through many researches in which the large quantities of emulsions are
producedor different purposes like cosmetfopd industriesand drug delivery126, 158,

159 and alsan some researchéle control over their size range has besported to be
improved[160-1627. That approach is suitablemethod for prodction of large quantities

of emulsionsas long aghe monodispersity of the emulsions is not critical and important.
Also, a general bottleneck of all highroughput systems is compartmentalizafib®6,

127]

However, themain bottleneck of this typef processs is the monodispersitand to
overcomeboth drawbaclks of monodispersity and compartmentalizatitire dropletbased
microfluidics is an appropriate techniguel3 154 Although the microfluidic devices
haveshown utility to generate the droplets in different sizes and also can be controlled to
optimize the monodispersity, low production rate of these systems confines the
applicability of these devices for clinical and biomedical applicati®ds.In fact, the
dropletbased microfluidicsvhich has provided a wide range of applicatioparticularly
biomedical applicationsanging fromtypical point-of-care diagnosti¢¢63 to enhanced
molecular screeningl64] and genetic testingl65 is an emerging and promising platform
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to overcome the aforementioned drawback as well as forthighighput systenmjd.66,
167]

To that end, many different techniques and methods have been devéopleidh
throughput geeration of microfluidic devicefor exampleutilization of multiple modular
microfluidic (M*)[168, adoption of continuousldw microfluidic formats[169, 170,
implementation of a muHarray microfluidic modul©4, 166, andeven higkthroughput
generation of microdropletshrough the highly advanced designed microfluidic
device$164, 171-173. Basically, the generation of microdroplets throughiarofluidic
device consisting of microchannels can be easily obtained at rate of up to couple of kHz
even with control over microdroplet size andomodispersity150 174 Moreover,
undergoing the same concept along with improvement of the design and -sigaling
assay iso likelyand unsurprisingly to result fabrication of a microfluidic deee capable
of formation of microdroplets at high ratesven up to more than million hertz

(microdroplet generated per secofth0, 175

In this work it has been endeavored to generate microdroplets athhoglyhput rates
through study and implementation of two different methods of generdibothat endfwo
different methods ofiroplet formation were taken into account that in first method the
droplet generation takes place through a well and advanced designed microfluidic device
undergoing flowfocusing techniqug4] The second methodoncerns the formation of
microdroplets utilizing a concentric doultglinder in which the inner cylinder is rotating

and the droplets are formed using rotadib force within the gapareabetween two
cylinders[95]

2.2.3 First method: Multi-Array Microfluidic Module utilizing Flow -Focusing

In the first method, a microfluidic device consisting of eight symmetric modules is used.
Each module is equipped with a fldacusing device playing the role of apseate
microdroplet generation device; however, all the eight modules are connected to each other
from upstream of the connecting channels for oil and aqueous ftesdevice is actually

a multilayer device aligned and bonded over each offiee. methodand appropriate
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attempts, results and achievements will be described further in the coming chapter.
published investigatid84] was used as the benchmark tofs method; however, the
investigations were thoroughly accomplished separately and independently from layout
design, to mask preparation, to implementation and carrying out the experifigats.

2.13 illustrates the multarray microfluidic module consisting of eight symmetric
microfluidic flow-focusing devices used as the benchmark for this method for further

investigatios[94, 166 This method will be extensively discussed in chapter

Lipid
‘y
Ms
Orifice

(b)

Figure 2.13. The multiarray microfluidic module used as the benchmark. (a) the
entire module and (b) one of the eight flowfocusing devicd.94]

2.2.4 Second method: TaylorCouette Flow pattern using Rotational Force

In the secondpproach, the droplet generation is investigated through a concentric-double
cylinder undergoing Tayle€ouette flow patter. As the matter of fact, the main aspect of
this device is based on the rotati Regarding its principle, the devigentains two
concentriccylinders located one into another that depending on their orientation, they are
categorized as horizontal andrtreal deviced176 The outercylinder, whichis typically
made of atransparensubstanceis fixed and the inner onis rotabble The gap area
between twocylindersis initially filled with the fluid (continuous phase) and the inner
cylinder starts rotating to reach the desirethtionalspeed. fien, at that point, theecond
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fluid (disperse phase) is injected to the gap and the dropletsrared along the cylinders
axis heading to the outlef85] Figure 2.14 illustrates the schematic of Eaylor-Couette
cylindrical device Chapter5 will broadly cover this method.

Inner
Fixed outer cylinder
cylinder
Taylor

I~ Stratified

Flow

Figure 2.14. Schematic of a double cylinder undergoing TaylorCouette flow
pattern.[177]
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3 EXPERIMENTAL INVESTIGATIONS

3.1 Multi -Array Microfluidic Module utilizing Flow Focusing Technique

As it was explained before,maulti-array microfluidic module that might be a muléayer
device isa potentiallyappropriate methotbr enhance and improvemettie productiorof
microdropletsaiming to reactihe higher production rate§ here arevariousinvestigatiors
accomplishedn this areadilfilling this purpose. Take foinstance; a published research
hasindicated theusageof a 128channel array investigating the increased production of
liquid-in-liquid droplets in a multichannel microfluidic deviog to1.4 x 10° droples per
secondwhich is not very significarftt 78 Also a similar work have reported the usage of a
threelayerradialmodule consistingf®64 parallel channelgenerating thelroplets with 33
gradientconcentrationsat the production rate of around *16roplets per secord 79
Although these are not very highroughput modules, n@ther investigation have
demonstratedthe high-throughput generation of micragplets within an extensive
production ratesangingfrom lower rates such as-2.8x 10%[164], ~12 x10° [18(], ~14 x

10° [181] and ~30x 10’ [187, up tohigher rates like-3.7 x 10° [166], ~1.3 x10° [171],
and 3.4 x 10 [183 droplets per second.

Another investigationn thisfield [94], which was taken as the benchmark for this section

of the present work, have developed four and eightchannel microfluidic modules
presenting a system capable of production of microdroplets at high generation rate for drug
delivery using flow focusing method. Through thatestigation the production rate of

1.34 x 18 droplets per second was obtained in an eitjainnel module that is about-50

100 times greater in comparison with the generation rates demonstrated in the previous
similar attempt using singlechannel mdule[94] Therefore, the mentioned publishe
investigation was selected #ee benchmarkFigure 2.13 shows the design of the desired
eightchannel microfluidic moduleln this approach, th&ey targets are the throughput
(production rate) and the monodispersity of the droplets, while the actual size of the

droplets is of less imptance and is enough to be within a reasonable range. Therefore, the
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design mainly aims to increase the throughput and improve the monodispersity of

generated droplets.

This module is a muHiayer microfluidic device made of PDMS consisting of two main
PDMS layers with different applications. For each layer a separate layout design is required
what further is used for photomask preparatisnthe platform for subsequestages of
masterand finally PDMSfabrication The upper PDMS device of the muHiyer stands for

the main chip when the droplets are supposed to form and the inner(s) are the distributing

channels from the main inlets into several symmetric channels.

3.2 Mask Designby AutoCAD®

Given the layout design of the benchmark investigation (present&time 2.13) the
appropriate chip was designed aiming to include eight symmetricflowsing droplet
generatodevices. ThePDMS chipis supposed to undergo the tpbase processes where

water and Fe40 oil are used as dispersed and continuous phases, respettinglgnain

chip will be placed and bonded over another PDMS ¢hiper ei naf ter referr
| ay elayimg the role of distribution channels faontinuousphase ¢il) from main inlet

into eight evenly distributerdhicrofluidic channels.

Utilizing AutoCAD®, the layout of the main chip might be designed carefdilye
procedureof design is accomplished through a fstege procedure illustrated Appendix

|. The module has the radial design with the inner diameter of 33Timenaqueouphase
(water) passst hr ou g h t h serp@bnescanchannelsl @hile the channels for oll
phase (Fe40) have the width of 5@m. Qil is fed to the bottonPDMS layer (that will be
explained later) where the a single main flow of oil is distributed evenly into eight identical
and equal flows which further pass through the eight vertical channels connecting the
bottom layer to main chip (upper layer) at theipons of oil inlets Both phases readhe
flow-focusing areand enter a 28m wide orifice and pass through an expansion area in
order to form the droplets by shear force along the expansion. Following the droplet
generation at orifice, microdroplet®d through a wider postrifice channewhich is 60

em wide and about 16 mm lorggpnnecting posbrifice expansion area to tloaitlet of the
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device Figure3.1 indicates the initial drawn layouricluding whole design (on the left) as

well as the flowfocusing droplet generation section (on the rightle details of the drawn

design including the idth of each channel have been representégpendixIl.

Figure 3.1. Theinitial layout for the main chip (upper layer) of the mult-array module
drawn by AutoCAD®.

3.3 Photomask, Master and Chip Fabrication

Based on the above mentioned drawn layout, an appropriate photolithography mask
(photomask) might be printed byiicro Lithography Serices Limited® which will be
further used to faricate the master accordinglyrough the photolithography proces®r

the first try, the height of the master was decided to ben25o thatsubsequently the
PDSM device (which will be casted and made outhe due master) will include the
microchannels of 28m high.Both printed photomask and fabricated master are illustrated

in Figure3.2.

All the mastes used for he fabrication of PDMS deviceduring this project work were
fabricated at the newlgstablished clean room urat research group ¢frof. deMelloin
ETH Zurich. Though, due tthe various typical unpredictable errgithat normally appear
at any newly establisheddlean roomunit), there were some fabrittan issues witha fewof
first fabricatedmastersin the afoneentioned clean roonTherefore, a few of the first tries
for master fabrication for the main chip led to production artlp damaged and useless

masters AppendixIll represents the closegh images of two of those masters indicating
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the fractions and other failures dhe mastersAlthough there were still a few fractions
observed over the final proper fabricated master, it was heated ainot plat at 150C

for a just about five minutes. This was accomplished twice and after that, the fractions

seemed twanishto some extends.

Figure 3.2. (a) The photomask printed according to the initial drawing, and (b)
fabricated silicon master according to the printed photomask.

Moreover, anothedrawing is neededor the bottom layer which is actually a normal
PDMS chip to split the main flow of oil into eight equal flows. The positions of the eight
oil inlets in the main chip should be the same as those on the bottom layer since both
PDMS layerare supposed to be bonded togethradt so the eight vertical channels of the
bottom layer must be placed exactly underneath of the eight oil inlets of maifTbhig

the design of bottom layer is not sophisticated; however, it should be perfectly sianmetr
ensuring that all the eight flofocusing are operating under the same and identical flow
rates.The height of the microchannels for the bottom layer is also the same as that of main
chip which is 25em for the initial try. The drawn layout for bottomayer has been
illustrated inFigure 3.3 (a). The same way as for main chip, the desired photomask and
master may be fabricated for the bottom layer as wetjufe 3.3, (b) and (c))
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Figure 3.3. Bottom layer of the mult-array module. (a) Layout drawn by AutoCAD®,
(b) photomask printed based on the layout, and (c) fabrictaed master according to the
photomask.

Once both of the masters are fabricated and ready to use, the PDMS device may be casted.
To that end, as it was extensively explainethasectior?.1, the PDMS devicesra casted

against both masters previously silanized using R0M®f chlorotrimethylsilane For

making PDMS, the ratio of 10:1 for prepolymer to ogriagent is used. Around 40 g of
PDMS is initially consumed for each master meaning that each PDMS device is fabricated
using about 40 g of PDM3$Vhen the casting and curing is over, the PDMS devices are cut

into the desired pieces for bonding.

Prior to bading, all inlets and outlets (water inlet and main outlet in main chip and main
oil inlet in bottom layer) are punched using the 0.89 mm diameter pin. While, the eight oil
supply inlets in the bottom layer are punched using 1.40 mm diametdrhgirbondng is
accomplished agigure 3.4 shows i.e. main chip is bonded against the bottom layer
(obviously tothe opposite surface of which contamgrochannels) and sulzgeently two

bonded PDMS slabs are bonded against a substrate from the side of the bottom layer which
contains the microchannels and patteinsterms of substrate, the first alternative is to
bond over a blank PDMS slab which has been casted againstkanmdester (wafer)Due

to the high accuracyrequiredto getall of the eightoil inlets precisely aligned over the

corresponding eighoil channels of bottom layer for bonding, the alignment assistance
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device is incorporated into a stereoscope (both preden Figure 2.9) and the bonding

process is accomplished utilizimgorder to obtain more accurate results in bonding

Main Chip

Bottom Layer

Substrate

Figure 3.4. Fabrication of a multi-layer PDMS device consisting of main chip, bottom
layer and a substrate.

Once the thre¢ayer PDMS device is fully bonded, the whole thlager PDMS device

might be also bonded against a glade giving the device more possibility and stability

to be safely placed underneath of the microscope ane@reanfior capturing the droplet
generation process. In fact, in this case a PDMS slab is used as the substrate for bonding
the bottom layer agaihg, and the glass slide then has no special functionality in terms of a
substrate or a layer of the mtiliiyer design and is only used to give more stability to the
device Thus, the glass slide is not obligated to be physically bonded and is enomgh eve
just to place it underneath of the thHager PDMS device andill stick to the bottom of

the substrate (PDMS slab) due to a slight natural adhesion property of PDMS.
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3.4 Droplet Generation

3.4.1 Solutions preparation

The continuous and dispersed phases forhal éxperiments are F@ oil and water,
respectively. Prior to inject arfluids into the PDMS devicewhether F&40 oil, or water,

or any other sort of liquidsike AquapeE ), the liquid is filtered through sufficientlyfine

filter avoiding the entramc of any particle or contaminant which might further cause a
blockage or failure in operation of the devite practicethe liquids are filtered through

0.2 pm CHROMAFIL® Xtra PET-20/25 or CHROMAFIL® Xtra RG20/25 that are
disposable syringe filtenmade ofpolyesterand regenerated cellulose respectiveying

the pores which are 0.20n in diametef184, 185

In order to produce more stable microdroplets, a surfactant may be added to the continuous
phase (FE0 oil). In fact, the surfactans an agent whictiowers the interfaciasurface
tension between the continuoasd dispersed phadeading to facilitation of surface
deformation what will result in formation of more stable microdroplets avmiding the
merging between thgeneratednicrodroplets[186, 187 Therefore,a locally synthesized
surfactanis added to the continuous phase fotla experiments with the concentration of

%2 by weight and firmly mixed. The mixture of D and the surfactant might be filtered

also prior to injection into the device.

3.4.2 High-speed camera

Due to the higkthroughput of the microfluidic device in term$ mumbers of generated
microdroplets, a normal camera or microscope would not be rapid enough to capture all the
generated microdroplets. Therefore, a Fegleed camera is required to fulfill this need. In

this work, a highspeed camera is used which ipalle of capturing extremely large
number of frames up to 9000 frames per secwiiith the minimum exposure time ofj

and adjustable exposure time ranging fropslup to a couple of thousanehécroseconds

This highspeed camera is equipped with diffier objectives of 10X, 20X and 40X;
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though, due to the massive size of the appropriate PDMS device in this work the objective
of 10X is normally used and the objective of 20X is also used merely for the very sensitive
and tiny features of the device. Thantera stage is precisely controlléar the best
position of the devicéy a joystick which is also programmablée desired rate at which

the images arexpectedo be capturein the sydem can be varied through the LabVIEW
program installed on the corsted computer what allows the user to have control over
almost every key variable and parameter of the experiment such as numbers of required
frames to be captured, rate of capturing, and image corArdstailed picture othe high

speed camera as wel its related belonging and sections has been preserpgendix

VI.

To this end, the sample (muléyer PDMS device) is placed over the sampégestof the
apparatus and fixed with the proper holder. Alaagrder to feed the fluidgil and water)

into the PDMS device, two pumps are required. In this wivk, similar syringe pumps

from Harvard Apparatus sbal | ed A Pump 1[188 arRiusech TWhlmis EI
plastic syringes are fied with either of thefluids. Each of them iplaced andcarefully

fixed on the syringe pump3he connection tubing connects each syringe to the desired
inlet of the PDMS device. In order to connect the tubing to the PDMS device, a metal pin is
used whth has the outer diameter as large as the inner diameter of the punched inlets holes
in the PDMS device. When all the tubing are properly installed, the pumps are initiated to
run by pressing the power option ensuring that all microchannels are thordligtlwith

the fluids and also the droplet generation phenomenon is effectively taking place within the

microfluidic device.

Once the pumps and fluidic system of the module are properly installed and iheause, t
desired objective is mounted underneatthefdevice and then the focassd light intensity

of thecamera a well as theposition of the device are regulatedreachthe appropriate

statue giving the best resolution according to the need. Utilizing the connected computer as
well as the LabVIEW pygram, the number of required frames, the capturing ratetaed o

key parameters are also properly manipulat®tien all theparameters of operaticare

fully regulatedand all the accessories are installed (as illustratédggure 3.5), the pumps
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are let running and so the droplet generation starts to take place which is continuously
observable on the screen. The capturing might be initiated at any time by @itpbr s
pressing the Arecordo button on the LabV
trigger. Once pressed, the higheed camera immediately records the defined number of
frames with the determined rate and subsequently, the video file might be satved i
directory. Due to the high resolution and high frequency of the camera, the generated video
files are usually quite massive. The captured videos can be used further for analysis and

result exploration.

Figure 3.5. A deviceproperly ready for capturing by high-speen camera with pumps,
syringesof fluidc, and connectiontubing effectively installed.
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3.4.3 Data analysis by Image3

The captured videos by higdpeed camera are the raw videod aaed to be analyzed. To

that end, the videos afarther imported to dreely available analyzer software-salled

il m€fge(@l mage Processi M9 and det manipulatgds fact, ai n J
video is imported to Imag&Jand may beopered whether through a range of specific
frames of the video or the entire frames (whole video). In order to facilitate the image
processing as well as increase the accuracy, the threshold is applied to the image(s) to be
analyzed sharpening the bordarsl edges to be more detectable and consequently, gives
more reliable and accurate resuRgyure 3.6 depictstwo different types of threshold on an
image which is getting processl by Image3 as well as the original image before
threshold
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Figure 3.6. An image to process by Image3. (a) The origind image before threshold,
(b) after applying black/white threshold, and (c) after applying red threshold.

OO
o

Utilizing Imaged, it is possible to take any number of the frames ranging from a single to
all the captured frames as the input for analysis. Also, Infaigedapable ofproviding
various anpsis results such as counting tmeimber of the generated microdroplets,

calculating the standard deviati@s well as the area of each microdropletd also
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drawing the desire@opulation charts based on the area of microdrapfetsinstancea
simpleordinary flowfocusing device is taken for droplet generation experiment with water
and oil as the dispersed and continuous phase, respectively. The experiment is
accomplished successfully and in total 100 frames is captured with the rate of 500 frames
per second (fps) utilizing the higbpeed camera. Analyzing the recorded 100 frames long
video by Imaged (as the drawn charts are presentedFigure 3.7), the total numbeof

generated microdroplets ¢slculated to be378.

10000 15000 110 um 140 um
Count: 1378 Min: 12719.702 ount 7
Mean: 13654.766  Max 14846.957 Lot 1T Mo 172927
StdDev: 338.893  Mode: 13000 (1162) StDev. 338993  Mode: 128 (1162)
Bins: 5 Bin Width: 1000 Bins: 5 Bin Width: 6

(a) (b)

Figure 3.7. A sample of analysis results provided ypImageJ® which is (a) based on the
surfacearea of the microdroplets and (b) based on the diameter of the microdroplets.

Moreover, the area of each generated microdroplet is also calculated byirmadejlven
in a table. Based on the area, the diamefterach droplet is then easily calculated and the

standard deviation might be calculated as
1 2)05
$=(5a (D -d,))° (2)
i=1

where S (m), N, and,dm) are standard deviation, number of generated droplets and mean
droplets diameter, respectively and @n) stands for the diameter of each generated
droplet.Thus, having théotal number and the diameter of the generated microdroplets, the
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standard deviation for the generated microdroplets is easily found out. Subsequently,

monodispersity index might balculated as

=—3100
| 3)

wherell is monodispersity index. In the aforementioned example, the mean microdroplets
di ameter was c al candgverettte number df genetad mi@diroptets
which is 1378, the standard deviation and as a result, the monodispersity index are simply
calcul at ed using Jjust mentioned equation:

respectively.

In addition, having te number of the generated microdroplets, as well as the specifications
of the captured video (number of total frames captured and rate of capturing), the
throughput(or production ratedf the module would be easily calculatedich shows the
number of micodroplets generated within the device in every secdi@. throughput

might be calculated as

Total FramesCaptured

Throughput= N3 =

(4)

whereR (fps) is the capturing rate of the higheed camera. As previously mentioned, in

total 100 frames are captured in this case while the camera undergoes the rate of 500 fps.
Therefore, having the number of generated microdroplets, the throughput i/ simpl
calculated which is 6890 droplets per second that is not considered asthrbigihput

process.

Having the required solutions prepared, the protocol for microfluidic device fabrication
clear and the higepeed camera ready to use, different dewicight be fabricated through

the best protocol which gradually undergoes the required revisions and amendments
accordingly.
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3.5 Attempts and Troubleshooting
3.5.1 Collapsingproblem and solutions

Based on what was described in the secBi@the multilayer device could be fabricated.
Accordingly, the first three layer PDMS device is fabricated with a PDMS slab as the
substrate ghown inAppendix |) and is furtherexperimentallytested aiming the droplet
generation using water and 0 oil as dispersed and continuous phase. However, during
the experiment, it is turnedub that thereis one maindrawback observedvith this
fabricationprotocol In fact, he main channel of the bottom layer is collapsed through the
length leading to partially or completely blockage of the channel and consequently non

applicability of the atire PDMS device.

To overcome his drawback (i.e. collapsing issue), the initial guéssthe reason of the
problem would be thextrapressingforce while bonding; therefore, the simplest solution

to that is to accomplish the bonding other way around meaning that start from bonding the
bottom layerto the substrate followed by bonding the bonded two layer device to the main
chip. Also, another technitaolution is to make some amendments to the designed layout
for bottom layer in terms of addingpme regulasupporting pillars in the middle of the

channels toward the length as illustrateéigure3.8.

Figure 3.8. The layout of bottok layer enhanced with supporting pillars.
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3.5.2 Thickness drawback and @propriate solutions

Once the problem with collapg is solved, the next drawbacist appears that is the large
thickness of the muliayer device!The large thickness of the thrkyer device exceeds
the maximum applicable thickness for functionalitytioé high-speed camera in which it
can regulatehe focus to capture the image or videulis around 8 mm. Therefore, the
features and microchannels on the top layer (main chip) were not possible to be captured

due to the position of the objective that is underneath of the device.

To overcome this dveback, there are two alternative methods that both concern the
substrate. First protocol is to remove the PDMS slab (which was the substrate) and instead,
bond the twdayer PDMS device (consisting of main chip and bottom layer) directly
against a previols spin coated glass slides shown irFigure3.9 (a). And the second is to

bond a very thin layer of PDMS over the glass slide and bonthéetwo-layer PDMS

device (consisting of main chip and bottom layer) agdimstvery thin layer oPDMS

which has been bonded against the glass akddustrated irFigure 3.9 (b). Undergoing

these protocols, prevent the problem of thickness and all the feamdemicrochannels

will be observable by higepeed camera provided that the thickness of the two PDMS

layer of main chip and bottom layer is within a reasonable range.

Figure 3.9. Two protocols to overcome the problem of limitecpplicable thickness (a)
Using a spincoated glass slide as the substrate, and (b) using a glass slide with a thin
layer of PDMS bonded its against as the substrate.
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3.5.3 Instability of the inlets and proposed Solutios

Noteworthy that, due to more simplicity the devices are fabricated through the first
mentioned protocol in previous section, meaning that a spin coated glass slide is used as the
substrate for all the next attempts for fabrication of Maiter microfuidic device. In fact,

solving the problem with thickness facilitates carrying out the experiments with the
fabricated devices. However, another problem happens during carrying out the exfserime

which causehe inlet pinsand connection tubintp be threvn outof the inletholes!

The first hypothesis is the human error during the fabrication process; however, fabricating
two new devices through the same protocols with extreme care rejects this hypothesis when
they both undergo the previous problem. As an alternative, making #tehoies using
microdrill machine instead of heleuncher is also tested what provides the same result.
Therefore, thdinal definitive solution is to fix the pins into the holes. To that end, two
alternatives might be applied as representedrigure3.10 i.e. either apply @race amount

of uncured PDMS around the pins and inleis,use a strong glue to fix the pins and
subsequently use the uncured PDMS over theddyiee. The glue which is used in this

work is sec a | | e d ®fRArp#lalibwhicteis a strong twaomponent epoxyhat

completely dries ijustless than five minutes.

Pin : PDMS 2 pin | ARALDITE

* . !

e\ Hole —/-)

| |

Toward microchannel... Toward microchannel...

¥

v

Figure 3.10. Solutions for fixing the pins and tubing intothe inlets holes.
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Following the mentioned protocols fatabilizing the inlets pins into the holes, the new
microfluidic multi-layer devices are fabricated without any of the previous problems
(neither collapsing, nor thickness issue, nor removing ithets pins and tubing).
Therefore, the experiments are carried out all over again using the new devices and the
experiments are tested as previously explained i.e. trying to generate the microdroplets in a
multi-layer microfluidic device having water aie-40 oil as the dispersed and continuous
phase. The tip is that initially the whole volume of the microchannels of the device is filled
with oil phase for the better result and then the water is started to be injected using a
syringe pump. The flow ratd bwo pumps is manipulated separately in order to achieve the
situation in which the droplet generation happens. The essential point is that the flow rate
of continuous phase is always higher than that of dispersed phase; otherwise there will be
impossiblefor the droplets to form.

3.5.4 Back Pressure and Alternative Methods

The two pumps and desired syringes are checked prior to connection to the device ensuring
there is no problem before the fluid enters the device. The microchannéormeghly

filled with oil while the pump for water is fully regulated and temporarily paused. Once the
system is stable, the pump for water is initiated and water enters the desired microchannels
and passsthrough until reacksthe flow-focusingarea and enters the orifice. thiere, due

to the shear forces between two phases the droplets form. Therefore, the ratio of the flow
rates is a critical parameter in this regard.

Given all the mentioned criteria and instructions for the experiments and despite of
fabrication of the mui-layer device according to the latest defined protocol (with
stabilized pins and tubing), a new problem arises in the experiment when all the channels
are filled with oil and the pump for water is initiated! Unlike what is expected, there is no
water flaving into the inlet and microchannel! The first scenario is this regard is the
blockage within the inlet; however, it is soon rejected by replicating the experiment
iteration with the same specifications. The next #reimost probable hypothesis is the
back pressure issue which avoids water to flowTihe problem may happen due to the
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significantly long length of the microchannels relative to theirs small heldgtdrefore
applying some remarkable modifications to the designed layout of main chip seems

necessary.

To this endas the first stepwo new mastes arefabricated out of the same photomssk

(for both main chip and bottom layesjth the microchannel$eight of 50em that is two

times larger tharthe previous oneslhe microfluidic device fabricat out of these new
masters with larger height also shows not very significant and promising improvement in
terms of flowing water into the device. Furthertlas second alternative, the same layout is
actually used for the main chip; however, with tharaiels enlarged in width for 1.6 times.

This method requires photomask preparation and master fabrication as well and provides a
lower ratio of length to width of the microchannels; however, the problem with water
flowing is not resolved in the microfluicdidevice fabricated as the result of these new

layouts as well.

And as thehird option,the serpentines in the path of water microchansetsnsidered as

an unnecessary element taking into account the current circumstances of the experiments.
Therefore,they might be reduced or even totally eliminated that the distancehich

water flow should travel from inlet to the flefecusing section significantly decreases
Applying this modification leads to two nedesigns with shoftand neserpentine as is
illustrated inFigure 3.11 (a) and (b).This is supposed to facilitate the situation with back
pressureMoreover, in order to split down the back pressure, a new set of layout is drawn
in which the main water channel splits into four channels either fully symmetric, or semi

symmetric right after the main water inlet as showRigure3.11(c) and (d).

These all new layouts are subject to photomask imprint and consequently master
fabrication prior to be able to caste PDMS device against them. These masters might be
alsofabricated for the height of either 25 or 50em; however, in order to be on the safe
side, the height of 5@m is selected for the masteifdevertheless, the PDMS devices
fabricated out of the main chip with no serpentine as well as min chip with gyimme
splitter are experimentally tested where not that much improved manner is observed in

terms of water flow! Though, increasing the flow rates, a weak droplet generation
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phenomenon happens within the microfluidic device, but it is not the symmetric and

expected desired highroughput process.

Figure 3.11. New drawn layouts aiming to solve the problem with back pressure.
Main chip with (a) short serpentine and (b) no serpentine, and usm (c) fully
symmetric and (d) semisymmetric splitter at main water channel of main chip.

3.6 Exploitation of a 3D Printer

Considering the difficulties and drawbacks with handling of the PDMS devices as well as
long time required for some fundamental and basiccrofabrication processes,
incorporation of theutilization of a 3D printer into the microfluidic fabrication and

microfluidic device preparation ia highly promising platform.The 3D printer has been
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extensively used in different industries mostly n@anufacture the design prototypes;
however, the exploitation of a 3D printer in for microfluidic applications is a relatively
emerging issue providing large numbers of opportunity within microfluidic
technology(.191-194

As the matter of facincorporation of a 3D printer into the fabrication process might lead
to the better and perhaps easier methods. Theréfarelifferent tries with the objective of
utilizing 3D printer might be carréeout that is either threégimensional printing of a3
designed holding frame for the previously fabricated PDMS device or more interestingly
threedimensionabrinting of a wholemicrofluidic devicedesigned in 3Dncluding all the

microchannels and tiny features.

3.6.1 3D Holding Frame

In order to solve the prddm with instability of the inlets pins as well as the drawback with
back pressure, a sort of holding frame might be used to fix the inlets stronger. To this end,
exploitation of a 3D printer may bring a useful alternative. Thusjghdefinition 3D

printer sec a | PreE AD 300 i s [195iNbteworehy the aforementioned 3D
printer is capable of proper printing of the straight features and straight microchannels with
the precision of down to about 1080 um. Also, the wisty and curved microchannels

with the precision of down to around 2@@n are likely to be printed out properly and

completely.

As the first try, a holding frame is designed in thdgmensional domain in order to further
contain the previously fabricated mtitiyer PDMS device. Tthat end, the CAD drawing

files for main chip (which is the upper chip) is considered and the positions of the inputs
are precisely taken into accouior the accurate design of the holding fraren, two
slightly different designs fothe holding framesare drawn in which one of them has fixed
bars and another moveable bars (as shovAgare3.12). Moreover, in order to ensure the
positions of inlets of the PDMSlevice are punched properly angre exactly at the

corresponding positions of the predicteldces at the bars of the holding frames, some
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assisting sheets are also designed and fabricated by 3D printer what could be used for
cutting the PDMS slab after tng and prior to bondinps illustrated irFigure3.13 (b)).

Figure 3.12. Designs for a holdingrame to be printed out by a 3D printer.

In addition, a special typef fitting is designed to enhance the stability of the inlets in
which three holes are located next each other including the main inlet hole in the middle
and two smaller holes in the s&l The two smaller holes are internally connected and have
surrounded the main hole to which the tubing is insertetbti#fer class of PDMS that
Sylgad-184° is applied for this purpose which has more hardness after curing and is black
in color. This PDMS is also available aswo-component kiso-called Sylgad-170°[196]

which is used to fill the two sided holes completely. This PDMS is peeday mixing the

two components with the same quantity for prepolymer and curing agent and before usage;
it should be degassed lik®ylgad-184°. The two sided holes are connected and have
surrounded the main inlet hole in which the tubing is previouklgega. Then, they are
filled with preparedSylgad-170° thoroughly and subsequently the PDMS should be cured
in the oven; however, it needs shorter time for curing in comparisonSyltherd-184°.
Figure3.13 (a) depicts a simple fitting block and an enhanced fitting module to be placed

over the bars of the holding frame.
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Figure 3.13. Designs for (a)itting to be installed on the bars of the holding frame, and
(b) measuring sheets to cut the PDMS slabs according to the hoding frame structure.

A few different types of holding frames are designed and tested until finally the best design
which has the meeable bars is taken for the experiment investigatidnsmall problem
observed with the tiny tail of the fitting (as shownHFigure 3.13 (a)) so that due to the
small diameter, they are very likely to break off while installing on the PDMS device
(illustrated inAppendixVIIl (c)). To that end, their outer diaater might be designed to be
larger and obviously the diameter of the punched holes in the PDMS device should be
wider accordinglyFigure3.14 shows a 3D printed hding frame in which the muHiayer

PDMS device has been installed for the experiments.

Figure 3.14. A 3D printed holding frame alone as well as witiPDMS device installed.
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The primaryresults out of this method demonstrate a promising future for application of
these kinds of holding frames; however, due to the lack of time they could not be

investigated and experimentally tested extensively.

3.6.2 3D Microfluidic Device

Another application ofa 3D printer is to go even beyond this and design a whole
microfluidic device in threelimensional domain and print the whole device in 3D. To that
end, both designs dhe main chip andhe bottom layr are applied to generate a new
threedimensional degn of the entire microfluidic device. The 3D design is drawn in
AutoCAD® and converted to the appropriate format which is readable by the 3D printer

(that is. a A.stlo file)

Noteworthy that due to the resolution of the 3D printer, the small featureg afesign

such as the microchannels that are 50, 80 andquttD@s well as the orifice geometry with

the entrance width of 40m arelikely to be printed uncompleted or even damaged and
corrupted; therefore, all the tiny geometric sizes like the mentionesl areresized and
scaledup for three times. Thus, the corresponding microchannels will have the width as
large as 150, 240, and 3Q@n respectivelyand the orifice entrance will be 120n wide.

Once the thredimensional design is fully drawn and savextading to the desired

format, it could be sent further to be prihtey 3D printer.

Required time for the printing of a 3D printed device varies according to the size,
complexity and the tiny features of the design. In this case, printing every one 3i t
microfluidic devicetakes around-80 hours. Adding the required time for pgsbcessing

such as cleaning, polishing up and more importantly, removing the wax from the engraved
features of the printed device, will lead to the time of about one dagyery printing,

which still far less than corresponding time required for the fabrication of a microfluidic
device through photolithography mask preparation, master fabrication, and PDMS device
fabrication with bonding, post treatment and other reléas#s. Therefore, this method
could be potentially a suitable alternative for fabrication of the microfluidic device; though
it is subject to limitation of material, size and also cbgjure3.15 represents the complete
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3D design for the desired microfluidic device drawn utilizing AutoGAD be sent

forward toa 3D printer.

Figure 3.15. A 3D designof a multi-layer microfluidic device drawn by AutoCAD® to
be printed by a 3D printer.

Unsurprisingly, the first few tries out of tf3® printer are sermdlamaged with missing or
improperly printed microchannels. Manipulating the geometries of the micnoelsaand
design as explained before, the proper dimensions and geometry is figurbthiadver,

for more stability of the inlets and also to prevent the licking at the inlets, the same fitting
design as shown iRigure3.13 (a) is integrated into the 3D design on the upper part of the
inlets so that the tubing might be further inserted and fixed by appBytugrd-170° into

the sided holes.

However, another key issue in this regard is removing the wax from the printed design.
Since in this case, there are many lamngl relatively narrownicrochannelparticularly in

the upper section of the design (corresponding to the main chip of thelmdioodievice),
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the process of removing wax becomes very vital, otherwise, remaining a little amount of
wax inside the device might cause the printed device would be inapplicable. This process is
normally accomplished by sonication. Thus, the printed éeMiglaced into a sonicator

bath for a few hours until the wax would be completely removed from the microchannels.
It could be checked by a stereoscope time by time. Once the process of removing wax is
completely fulfilled, the tubing may be installedarthe inlets holes and fixed by applying
Sylgad-170° around that and obviously curing afterwarddter that, the 3D printed
device might be used for the experiment&igsire 3.16 represents a sample of 3D printed

device before and during the experiments.

Figure 3.16. A 3D printed microfluidic device alone, with installed tubing and during
experiment with colorful fluids.
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The only small drawback in this regard is capturing inside the printed module since due to
the used material for printing, the surface as well as whole device is not transparent
Although,applying thepolishingprocess oithe surfacethe transparency will be enhanced,

it is not completely sufficient for imaging. To this end, the solution is to apply a strong
polishing process on the surface or alternatively, image the microdroplets off chip so that
the microdroplets are genegdtinside the 3D printed microfluidic device and then leave
the device from the outlet and pas through a transparent capillary where they could be
captured. Also, adding dye in the fluids (particularly in the continuous phase) will lead to
be easier distguishable as well as generating more elegant images. Due to the lack of
time, this method is also left for future researchers to be further and more extensively

investigated.
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4 SIMULATION

The manipulation of droplets in microfluidic channels isamensely useful technological
platform for applications in many scientific fields such as biology, biomedical studies,
chemicd synthesis and drug discovery. There have been many investigations
experimentally researching the process of droplet generatianmicrofluidic device in
terms of the role of geometri¢$97], the effect of viscositiegl9§ and the influence of
flow-rates[199 on droplet formationHowever, the experimental and empirical researches
are usually subject to spend much amtoaf time, efforts and facilities as well as they
typically undergo a high chance of failure particularly at the initial stafestefore a
numerical study of microdroplet generation can play a crucial role in providing a model for
predicting the effecbf different parametersn a droplet generation modul€here are
many different numerical aidies carried out dealing with the field of droplet
formation[200-204 Thesemodels may be able to forecast the performance of a module
precisely in terms of droplet size and frequency, as well as the functionality of the entire
system. Moreover, this will lead to a better understanding of the phenomenooplst d
generatiorj201, 205 206

Thus a reliable simulation may be a suitable method in order to reduce the required time
for achievement of the optimized characteristics ¢ systemsalso to forecast the
consequence of modifications in the procéisghis work,the effect of flow rates of both
phases and their ratio on the size of generated droplets is investigatesimlations are
carried oututilizing a welkknown specializedsoftware for various engineering fields
including computational fluid dynamics (CFD3o-called COMSOL Multiphysicd
(hereinafter referred to as only COMS®)LThis software takes advantage ofenhanced

library specifically andsolely b model andsimulate the droplet formation systems.

4.1 Geometryand Initial Data Description

Generally, the simulation of droplet breakup in COM$@4.a complicated and to some

extents, difficult proess Thus, the aim of this section is firstly tobtain tke right
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procedure for simulation of droplet generation by CONIS@nd secondly, to completely
simulate a specific floviocusing droplet generator as well as investigatestfext of input
velocities ratio on droplet size in a microfluidic devide thisend, a typical flowfocusing
device which is shown inFigure 4.1 illustrating the geometry dimensions and
computational mesh is taken as the cAseit might be obsaed on the figure as well, the
diameter of the input channels for both phases (continuous and dispersed) is the same and
equal to 50um. Both phases enter a B@n wide orifice and pass through an expanding
area where the droplets are formed due to thardioece which is 20@um long. Finally,

the fluids move along a pestifice channel which is 7@m in width and 34@m in length.
Although in the real device, the length of channels are significantly longer, in the
simulation they are cut into the shottpsssible length to reduce the required time for the

software to solve the simulations.

50 pm

50 pm

Figure 4.1. The geometry dimensions and computational mesh of the used flow
focusing device for thesimulations.

The same as the experimental parts;40Cand water are used in the simulation as the
continuous and dispersgthase, respectively. Water is already defined among the available
materials of COMSOP; however, FG40 is not available in the maia library of
COMSOL®; thus, is required to be defined manually. Definition of a new material in
COMSOL® can be accomplished throughanually definingthe density and dynamic

viscosity of due material.
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4.2 Carry Out the Simulations

In this work, the processf droplet generation using water as the dispersed phase and FC
40 oil as the continuous phase in a microfluidic deveceaumerically investigatedn
particular, COMSOL Multiphysic§ version of4.3ais utilized In fact, the simulations are
accomplishedwi t hi n t he modul e o fparticullskitlerliordry of i di c
fiDroplet_Breakup. All the simulationsare carried out in a two dimensional domain
through a flowfocusing droplet generator which is illustratedrigure 4.1 along with the
geometric dimensions and the computational miesfact, the geometry is firstly designed

and drawn in AutoCAB and is further simply imported into COMS®LAIso, in order to

be further able to define two different phases (materials), the design should be apparently
divided into two compartments. To that end, an extra line is drawn in the channel of
dispersed phase (water) which causes the-famusing degjin would be divided into two
separated compartments. However, in the section of physics, this separating line is defined
as the initial interface at where two phases start to get in contact to each other. Over time,
this interfacedeforns andbends alonghe axis toward the orifice at where the formation of

droplets begins.

Initially the simulations are run through normal mesh to obtain the result faster. Once the
proper parameters for droplet generation are determined, the iteration is carried out through
fine mesh to achieve more accurate and reliable results. In terms of study mode, all the
simulation runs are defined to be Ati me de
experiment and also in order to minimize the required time for computingirtiulation,

each run is accomplished over a very short period of time i.e. 0 to 0.01 seconthewith

time span of 0.0005 second.

The simulationsare fulfilled through thep h y s i taminantivephdse flow L e v el S €
with the clannel walls specified asetted.In order to define the walls as wetted walls, the

key parameter to define is the contact angle to which the droplet generation system is so
sensitive and dependent. To that end, having the typical range for contact angle extracted

from literaturereview and also an extensive trial and error through much iteration, finally
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the optimum contact angle between water and4BCoil for droplet generation is

determined to be 0.349 radian.

4.3 Simulation Results

The simulation tries are carried out through thiberent categoriesgne with a varying oil
velocity at constant water velocity and the other with a constant oil velocity and varying
water velocitytaking into account that the velocity ratios #re same in both cases. And

the effect of the velocityratio between the aqueous and oil phases on droplet size was
studied using two sets of simulationsitially, running a few iterationsthe applicable
rangefor the velocity of phaseat which thedropletformation takes place idetermined

and differentratios within the determined range are considered as the desired velocity ratio

for each set of simulation.

For the first set of simulations, the oil inlet velocisyaried between 0.0449 m/s to 0.36

m/s in eight steps while the water inlet velocitg kept constant at 0.04 mfsving the

water to oil velocity ratio\{w/Vo) of 0.11, 0.22, 0.33, 0.44, 0.44, 0.55, 0.66, 0.77, and
0.88 However, it is observed that there is no droplet generation phenomenon taking place
in the first two ratios (0.11 an@.22); therefore, these two ratios are left out of the
applicable ratios and only the remaining six ratios are taken for the actual simulation.
Therefore, the oil inlet velocity is varied between 0.0449 m/s tor@/$and the applicable

ratios are from @3 to 0.88.

Since software COMSOLis not capable of parallelizing the simulations, each simulation

is run separately and averagely takes a couple of hours depending on the mesh size and also
the configurations of the computer on which the computing israptished. Finally, all

the six simulations for the first set (that is called constant water velocity) are successfully
accomplished and droplet generation is clearly observed in all of them. With the same
water velocity of 0.04 m/s, all of the six resultsght be collected together and compared

to each otherFigure 4.2 represents theimulationresuts of this set of simulations. As

expecteddroplet formation phesmenon occurs in all of them. Moreovgiyen the same
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water velocity (as the dispersed phase), the size of generated droplets decrease by

increasing the oil velocity (as the continuous phase).

Vo = 0.045 m/s ﬁlm Vw=0.04 m/s

Vo =0.051m/s .
Increasing
Vo =0.06 m/s
Oil
Velocity
Vo=0.072 m/s

vo=0.09m/s NGB

Vo=0.012m/s || P

Figure 4.2. Simulation results for constant water velocity. Vw and Vo denote water
and oil input velocities respectively.

For the second set of simulatiomghich is called constant oil velocjtylso the same
velocity ratbs as for the first set agpplied.In them, the six ratio of 0.33 to 0.88 are used
whenthe oil inlet velocityis held constant at 0.09 m/and consequently, the water inlet
velocity isvaried between 0.03 m/s and 0.08 m/s in six stdggsire 4.3 depicts all the

simulations in this sefAs it might be seen from the figure, droplet sizes are increasing by
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increasing the water input velocity at constant oil velocity at 0.09 m/s and thisaissvh

expected from any flovilocusing device in terms of droplet generation.

Vw =0.03 m/s Vo =0.09 m/s

Vw = 0.04 m/s il

Increasing
Vw=0.05m/s
Water
Velocity
Vw=0.06 m/s
Vw=0.07 m/s
Vw=0.08 m/s

Figure 4.3. Simulation results for constant oil velocity. Vw and Vo denote water and
oil input velocities respetively.

The obtained results out of these two sets may be compared to each other; thus, the size of
generated droplets must be measuredthit end, meadroplets sizeis measured based on

3-4 measurements in eashmulationcase and the standard dewoatis alsocalculated In

order to achieve a comparative diagram, rdsults of both sets of simulations are plotted

on a same graph in which the droplets size is plotted with respect to water to oil velocity
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ratio (Vw/Vo). Figure4.4 represents the drawn graph indicating the mean size of generated

droplets with respect to the ratio of input velocities.
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Figure 4.4. Droplets size (dp) based on the ratio of input velocities

The variation in the sizes of generated droplets and consequently different standard
deviation in each simulation stems from the measuring method and also the accuracy in

measuringhe sizes.

Both sets of simulations indicate similar droplet sizes for same ratio of input velodities.
other words, le results demonstrate that theerage sizes for the droplets appear in the
closely same position for each velocity ratio. Therefasethe result it can be concluded
that the velocity ratio afwo phasess the key factor determininifpe size of the droplets.

can be also claimed that the velocity of either phase has nothing to do with the size of
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generated droplets, but the ratioteeen them is the parameter which determines the

droplets size.

To investigate this issue furtheditional simulations with different oil and water input
velocity rangeamight be accomplished to proof the idea with more precisworeover,

this work caild be extended to investigate the polydispersity of droplets and the effect of
varying the device geometry, with for example different expansion angles near the nozzle.
Also, generatinghe experimental results formicrofluidic devicewith the same geoetry

as of the one used in simulations and comparison to the simulation results can technically

verify the obtained conclusion
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5 DESIGN OF A TAYLOR -COUETTE DEVICE FOR DROPLET
GENERATION

5.1 Principles of the Taylor-Couette Flow Device

As it was explained earlier in the secti@®.4 the second approach to generate the
microdroplets isto utilize aconcentric doubleylinder undergoing Tayle€Couette flow
pattern.As the matter of fact, the main aspect of this device is based on thermotati
Regarding its principle, the deviamntains twoconcentriccylinders located one into
another that depending on their orientation, tihegy be categorizedas horizontalor
vertical devicd176 A sampk of vertical device has been schematically illustrated in
Figure2.14.

The outercylinder, which istypically made of a@ransparensubstanceis fixed and the
inner onethat is normally made of steel is rotatablée gap area between twglinders

that is tle actual working area, imitially filled with the fluid (that is actually the
continuous phase) amnslbsequently when the gap is thoroughly filled with continuous
phasethe inner cylinder starts rotating to reach the desiotationalspeed.The desird
rotational speed is determined according to the conditions of the system and the types of
fluids used to generate the dropleBuring the rotation of the inner cylinder, the fluid
filling the gap undergoes thEaylor-Couette flow patter. Once the innecylinder reached
the desired rotational speedtie secondfluid (that is thedisperse phase) is injected to the
gapthrough a separate inlanhddue to the immiscibility of the phasedbge second fluids
appears as théropletsinto the first fluids. Accaling to the pattern of the pattern of the
flow in the device (i.e. Tayle€ouette flow)he droplets are transferratbng the cylinders

axismoving forward toward the outlet of the device

Depending on the dimensions and geometries of the device, ioubartthe gap area, the
rotational speed of the inner cylinder and the flow rate of the dispersed phase (that is
injected later) the size and generation rate of the droplets may Magymain deal in

designing a TayleCouette flow device to determineettoptimum dimensions of the
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cylinder device according the purpose and desired droplet specifications. In this approach,
the actual size is not as of high importance, but the througbfptite system andhe
monodispersity of the generated dropletse the main goal parameters which are
investigated.

5.2 Setup Design

In this work,a setup is needed to be designed and constructed as illustrafeguie 5.1

which consists of a cylinder device, two pumps and a motor. The cylinder device that is
actually a TaylotCouette flow device is a horizontal type which consists of two concentric
cylinders.The whole assembly of the two cylinders device is located inside another larger
concentric cylinder box containing a solution circulating around the T&doette flow
device to keep the working temperature constant for the device.

Water box

Outer cylinder

Motor

Pump Inner cylinder

(1D

Circulator Cooler

Liquid reservoirs

Waste liquid reservoir

Figure 5.1. Schematice view of setip for Taylor-Couette deviced95]

The experimental setp to be designed and constructedill have the following

specifications:

1 The setup consist®f three nain equipmentpartsincluding two pumps, onmotor,

anda double cylindedevice

1 The outer cylinder is fixed and the inner one is driven.
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1 Two immiscible liquids are used as the fluids for droplet generatioao©them is

water and another is oil.

1 The g is initially filled with and inner cylinder is acceleraté@m restto reach

the desired speed. Then, the inlet pump is started and the droplets are formed

1 The entire assembly of doubdglinder is placed inside a transparent box
containing a cooling substance circulating acbtime doublecylinder to keep the

temperature constant.

Pumps and motor may be carefully selected @migredfrom the specialized companies;
however, the specific doubty/linder device is not likely to be commercially available;
thus, it has to be fullydesigned and subsequently construdbgdtechniciansin the
workshops (in this cadey the technicians at treentralworkshop of ETH Zurich, campus

of Honggerberly To purchase the most appropriate pumps and matoomprehensive
online search is fulfiled followed by establishing an extensive communication with the
companies through submittingquiry to about 40 companies for electric motor as well as
about 25 companies for pumps. Eventually, the most appropriate peristaltic pumps and
electric motor areordered and purchased as explained through the following sections

separately.

5.2.1 Pumps

To inject the two fluids into the systemwo similar pumps areeeded Since high
precision is required, and also regarding that the fluids to be pumped are cleartHtuids,
peristaltic pumps are selected as the most appropriate options because in thatorass the
contamination wi the components of the exposed pump doesoair Therefore, two
peristaltic pumps are needed. Since these pumps are supposed towpkrate very low

flow rates about 10 ml/min, they should be very accurate and precise. Also, in order to
minimize the human error and increase the precision, they are recommended to be
controllable by a LabVIEW programlso, due to the small amount of iiis to be pumped

and the scale of the system, the outlet pressure of the pump will not be more than 1 bar.
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Eventually, twoperistaltic pumps are purchased which can pump the fluids with the with
low flow rate down to around 10 mil/min. In fact, the maincHjEations of the puwhased

pumps are enlisted below:
1 Manufacturing ompany: Lambda Instrument GmpBwitzerland
1 Effective gplicable flow rate rang& - 600 ml/h(0 - 10 ml/min)

1 Both pumps are capable of being programmed and controlled by a PC/LABVIEW
or also alternatively they might lmperated in ON/OFF mode

M In addition a RS-interface for PC control as well @asRS-connection kitis also

included

Figure5.2 illustrates one of the two purchased identical peristaltic pumps at front and up

view.

Figure 5.2. Purchased peristatic pumps from front and up view.
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Also, Appendix IX represents theurchased peristaltipumps as well as all their

accessoriemcluding RSinterface RS-connection kit adaptors and tubing

5.2.2 Motor

In order to drive the inner cylinder an electric motor is needed. Atsdhave more
possibilities to operate the motor at different speeds, the motor is decided to be a variable
speedmotor. The same as the pumps, the motor must be also capable of being controlled
and programmed by a PC/LabVIEW in orderctamply with theneeds of a high precision

and sensitive systeriventually a servo motor, as representeBigure5.3, is ordered and

purchased as wedisthe accessorigsefer toAppendixX).

Figure 5.3. Purchased servo motor and the copley control xenus servo
drive/controller .

Thedetailedspecifications of the purchassdrvo motor are as follows

1 Manufacturing ompany: MotionUSA, Ohio, USA.
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1 Applicable range for rotationapeedup to5000 rpm.

1 The motor is able tput out a torque of about 0.45 Nm (231 Wadiishe rotational
speed 06000 rpm.

1 The servo motor is capable of being controlled amdjmmmed by a PC/LabVIEW
thanks to the interface and LabVIEW program.

1 A Copley ControlXenus Servo Drive/Controlles also included for PC/LabVIEW

control

5.2.3 Cylinders (Taylor-Couette Device)

The third and the most important part of thelgeis doublecylinder device what has to be
designed and further constructed. In order to construct the whole assembly including
doublecylinder and the transparent box containing theolinog fluid, a proper,
comprehensive and detailed design of the device is requiredthdt end, also the
specifications of pumps and motor that are supposed to be mounted to the device as well as
construction limitations and considerations should be taken into account. Therefore, the

specification®f the device might be enlisted as below

91 Fluidic fittings for the liquid input and output must ksper flangeless 1/16"
fittings such asJpchurch Scientifi&[207]. The outlet should be 1/4" tubing, again

with a standaradf Upchurch Scientifi® low pressure fting.

1 The nner cylinderis made of &inlesssteeland is rotatable wheredbe aiter
cylinder, that is actually a fixed cylindels made ofa transparent polymer like PC
or PMMA.

1 The entire assemblyf doublecylinderis surrounded by a transparegtinderbox,
which contains a circulating constant temperature wettgylene glycol batho

keep the temperature of process constant
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1 Pressure at outlet of the dowaiginder is expected to be less than thrass.
1 Fluids to be usetbr the experiments angater and Fe40 oll.

All the specifications for the construction are determined except for the dimensions of the
device, in particular, the radius of the inner cylinder, the gap width between the two
cylinders and the length of the device. According ® dlesired application of the device,

these may be optimized.

5.3 Optimization of the Cylinders Device

In orderto finalize the desigmnd make it ready to send further for the constructiorhall
specificatiors including the precisedimensiors are requiredThe dimensions must be
accurately and carefully optimized@ihe most criticapart of optimization is taletermine
the optimum radius of the inner cylindexs well as the gap widthlo this end, the
correlation secalled Haa correlation[95, 176, 208 (equation (5)) which relateshe mean
droplet diameteto the surface tensions appliedto carry ou the further optimization

computations

d . . amdr -r)g”’
Ep :1500\|W€-0.650\|Req-0.2 C%”?, CQI’0 rl)g )

whered, (m) is the mean droplet diameter aNg.e and Ngre are Weber anézimuthal

Reynoldsdimensionlessumbes respectively and are calculated as
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NWe_é%Tg (6)
N =g W 7 7)
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where D (m) is hydraulic diameter of the Tayloouette celthat is equal to two times of
gap width, |3 (Pa.s)is viscosity of dispers@hase r; and g (m) stand for inner and outer
cylinder radiug e s p e ¢ ¢(kgm?is densityjof continuaiphasgandY; (rad/s)stands

for rotationalspeed

Then, utilizing MATLAB R20138, the Haas correlation is optimized. To that end, some
initial parameters are needed to fulfill the optimization process, which are mean droplet
diameter, rotational speed and interfacial surface tension. The mean droplet diameter is
assumed 70 pum that 600007 m and the rotational speed should be in the range of 0 to
5000 rpm; thus, to be in the safe sibalfway and thredourths of the speed range that are
2500 and 3750 rpm (equal to 41.67 and 62.50 rad/s). For interfacial surface tension, since
addirg the surfactant is very likely to stabilize the droplets and avoid merging, two values
is considered that stand for interfacial surface tensioailoith and without surfactant

with water.

Table 5.1. Inter facial surface tension of FC40 oil with and without surfactant.[209

Dispersed Phase Continuous Phase d ( N/ m)
FC-40 Water 0.05206
FC-40 with 5% EA Water 0.00285

Then to fulfill the optimization, different values for the radius of inner cylinder are
considered and the calculations are accomplished to find the optimum value for gap width
and inner cylinder radius. The reasonable range for the inner cylinder radoissidered

to be in the range of 1 to 10 cm. And regarding the construction limitations for the gap
width, the reasonable and accepted range for the gap width is considér@éda®.0mm.
Finally, the optimization process is accomplished and a caipets of optimum results

are obtained thaire required to be screened to select the most appropriat€henmitial

sets of obtained data are representespaendixXI.
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However, due to the limitation of the size of available PMMA tubes (which is supposed to
be the outer cylinder) some modifications are necessBhe available standard
measurements for PMMA tube, close to the appropriate ranghisowork, are 32

and 34 mm in inner diameter. To this end, some modifications are needed to be
applied to the optimization to obtain new set of optimum resektingone of the
available standardneasurementsThus, utilizing the MATLAB R2013& coding

acpin, a few new sets of potentially acceptable sets of results are obtained taking
into account the inner radius of PMMA tube to match to 32 or 34 mm as illustrated
in Table5.2.

Table 5.2. New sets of acceptable dimensions for the cylinder device.

Droplet size (um)

Radius of inner

cylinder, S-S (mm)

Gap width (mm)

Inner radius of
PMMA Tube (mm)

70 30.35 1.636 31.986
70 30.4 1.644 32.044
70 32.1 1.944 34.044
70 32.0 1.925 33.925

Finally, due to the large gap width for the last two sets of result3aate 5.2
(corresponding to the PMMA tube size of 34 mth§ last two sets are eliminated from the
choices and between the first two, the first set of result (gap width of 1.636 mm) is selected
regarding that the obtained inner radius of PMMA tube is slightly smaller than 32 mm
(31.986 mm).

And regarding théength of cylindersthere is no specificorrelationfor calculation of the
exact length; howevethe ratio of cylinder length to the gap widthat is secalled aspect

ratio, is recommended to be larger thantdGvoid length effects in the Tayl@ouette
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device[176 177] In differentinvestigations, the aspect ratio of 11156], 16 [177] and
even 25(0095] have been reporteth this work the aspect ratio is considered to be about

150; thereforethe lergth of the cylinderss calculated to b25 cm.

Thus, the optimum dimensions for the doutytinder (TaylorCouette) device may be

enlisted as:
1 Radius of inner cylinder: 30.35 mm,
1 Gap width: 1.636 mm,

1 Length of cylinders: 20 cm.

Having these optimum dimsions, the doubleylinder device might be constructed by the

technicians.

5.4 Construction Procedure

Once the optimization process is fulfilled and the optindimensions are determined, the
cylinder device is constructed by the technicians at central wapksh ETH Zurich,
campus of Honggerberg. To that end, a detailed 3D design of the device is ridezled.
design should comply with the limitations in the actual construction, as well as, the
obtained precise dimensions for the device. Take for instancepdbe high rotational
speed of the inner cylinder, a cooliegstemis vital and regarding thavailability of the
cooling system for the doubteylinder deviceto keep the temperature constant, these two
cooling systems are combined. In a simple wolsy tooling system for the double
cylinder device is designed so that the bath of cooling agent would surround the bearing
and sealing parts of the motor as well. And regarding the large amount of the fluid as well
as its circulation possibility, it does nhaffect the performance of the cooling system of
doublecylinder device. To this end, two different drawings are designed for the device
with the slight deference in the inlet parts, in particular, in the angle of the inlet positions.
Finally, the perpenidular angel is chosen as the best design and the design is completely

fulfilled as depicted ifFigure5.4.
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Figure 5.4. The final schematic design of the TayleCouette deviceapproved for the
construction.

Also, the more detailed view of the design has been illustratéigume5.5.

Transparent Box Inlet Motor

Cooling
Solution

Outer
Cylinder

Inner
Cylinder

Inlet

Figure 5.5. The detailed view of the final design for TaylorCouette device.
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Having the approved design, the device is constructed. To that end, soasespieit as the
polymeric tube, bearings argkaling are directly ordered and purchased accordingly, in
addition to some pieces like the connectors, metal discs and metal tubes that are fabricated
in the workshop. In the end, all the fabricated and purchédsens and pieces are
assembledogether to construct the actual devidé.these parts are depicted Appendix

XIl.

This device is aimed to be used for the droplet generation using water a4 dtiCGas the
two immiscible phases. In particular, the experiments will be carried out mainly focusing
on the generation rate and the monodispersity of the generated drofielssafiocus on
the actual size of the droplet&gure5.6 represats the constructed desired Tayldouette

device ready for the experimental testsloreover, Appendix XlIl includes the

supplementary pictures of the device.

Figure 5.6. The constucted Taylor-Couette doublecylinder device ready to undergo
the experiments.
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6 CONCLUSION

Due to the emerging applicationStbe microdroplets, this workasendeavored to achieve

the best and functional methods capable of generating microdropletger in FC40 oil

in extremely high production rate (i.e. over a million droplets per second). To that end,
various methods were investigated and finally a most suitable method was selected for
replication which was fabrication of the microdropletsotilgh a multlayer module.
Through the experiment investigations, the prgmetocolfor fabricationof a multilayer

PDMS device was recognized. Moreover, the optimum and calesan for a multarray
microfluidic module equipped with eigldenticaland simultaneouow-focusing device

was obtained.Carrying out many different experimental attempts, a couple of major
drawbacks and problems for fabrication of a mlalyier microfluidic device were

identifiedwhat wereresolved accordingly

In additin, theeffective exploitation of a 3D printer for the direct fabrication of a multi
layer microfluidic devicdrom a three dimensional design was investigated. Subsequently,
the proper design and configurations for fabricating a particular -fayér micofluidic
module by the 3D printer were successfully achieved. However, due to the lack of time,
neither the PDMS muHiayer device (fabricated through the final troubleshot protocol),

nor the 3D printed muliayer module were not experimentally tested.

Furthermore, modeling and simulation of a microfluidic device concentrating on the
droplet generation phenomenon was also studied. Fulfilling that, theprigtedure fothe
simulation of a droplet generation phenomenotilizing the software COMSOL
Multiphysic§ wasstudied andleterminedIn the following,the simulation of a particular
flow-focusing droplet generatofas a sample) utilizingCOMSOL Multiphysic§ was
carried out, through whichffect ofthe input velocites ratio on droplet size in thesieed

microfluidic device wasiumerically investigated.

And finally, as an alternative method for the bulk generation of microdroplets, a double
cylinder device was designed and carefully optimized. The designed and optimized device
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was later mechanicallgonstructed for the experimental tests. This device is supposed to be

used for the experimental investigations further.
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8 APPENDICES

Appendix |: The fourstage layout design of the main chip

Figure 8.1. The procedure for drawing the layout of mainchip utili zing AutoCAD®

through circular array command. (1) Drawing an entire sector of the design, (2)
utilizaton of A pol ar arrayo c o mrmadncekatirg reighAsyrinte@icA D
sectors making a whole circular dayocéor
serpentines and making four serpentine systems, and (4) adding remaining channels.
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Appendix Il : Width details of the initial main chip layout
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Figure 8.2. Detailed initial layout of the main chip indicating the width of every
channel.




































