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Abstract

This thesis is focused on droplet microfluidics and droplet manipulation techniques to enhance
high throughput screening and-ohip reactions. Thenost impactful contributions of this
thesis are inventing a selective droplet splitting technique using a single layer microfluidic
valve (Chapter 3), demonstrating an integrated droplet generation, splitting, and merging
technique for producing products different concentrations (Chapter 4), and resolving the
interaction mechanisms of sperm with soft curved interfaces using droplet microfluidics
(Chapter 5).

A novel, on demand and compact high throughput screening platform is introduced in Chapter
3 by using a single layer valve to selectively split droplets. In this chapter, the transition
behaviour of the system is characterised for a range of oil and water inlets and valve actuation
pressures, showing that the valve can be actuated such thattleapdst to pass the bypass

loop will be split, but subsequent droplets will not be. Control over the pressure of two inlets
and one valve simultaneously gives users the capability to dictate the range of droplets that can
be produced ithe valve-inducedselective splitting platform. Whethe splitting technique is
combined with the selective generation and merging systems, it can be used as a high
throughput system for combinatorial library purposes as is shown in CHhapter

The platform introduced irChapter 4 uses pneumatic single layer valves to integrate
generating, splittingand merging in a single microfluidic device for the first time. These single
layer valves are used to control the generation of droplets and the location of splitting. The
gererated droplets act as vessbhttransport different samples around the chip, these vessels
can then be subdivided at splitting locations, just as pgedte be used to dispense a fraction

of its total volume. The split droplets enter a merging channehich daughter droplets of
different types and sizes can be reacted together. As a eggalt;ix of products with different
concentrations from an array of ingredients is produtld work advances research irgto

major application of droplet miofluidics, that of high throughput screening, in which libraries

of reagents are mixed together in different permutations. A second major application is in single

cell investigations, which is the topic of Chapter 5.

Single cell analysis techniques igeléndividual cells in droplets, allowing their contents to be

analysed, for example, post lysi:i Chapter 5,nstead of examining a cells lysatie
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behaviour of live, swimming cellare studied Sngle spermcells are isolated imroplets
rangingfrom30 em to 140 em in radius, and @tbhe res.t
examined It is revealedfor the first time that curvatures activate a dynamic response
mechanism in sperm to switch from a progressive suidigaed motility mode at low

curvatures to an aggressive surfattacking mode at high curvatures. In the attacking mode,

the sperm head is consistently aligned at 70° with respect to the interface and swim ~35%
slower, spending 1.6fld longer time at the interface than progressiveden The results

reveal that the increasing geometrical complexity of the female fallopian tube alters sperm
motion to guide the locomotion at lower curvatylmsg to increase and prolong surface contact

at higher curvatures, enabling sperm capacitatiod tertilization closer to the site of

fertilization.
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(1) before and (2) after of droplet passing the entrance of bypass loop. (c) Two images from

numerical simulation are shown, (1) before and (2) after sygjittf the mother droplet, this
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occurs for a deformation of 40 em equivalent

results show that 7% and 8% of mother droplet split numerically and experimentally. (d)

/////////////

Figure 3.6.Schematic showing the setup used for selective droplet splitting using single layer
microfluidic valves. The inlets and outlet of the microfluidic system is connected to a
microfluidic flow control system (MFCSVI-EZ, Fluigent system); while the inlet of the valve
control system is connected to a second Fluigent system to control the air pressure. This setup
includes high speed camera, inverted microscope and two fluigent systems. These are

//////////////

connectedtoacomputeror data col |l ectionééééeéeéeéesBeéeécé

Figure 3.7.The effect of the constriction position on the finger size. The operating conditions

of the system are Oil Pressure = 400 mbar, Water Pressure = 500 mbar and Deformation = 36
em. (a) Pl iogerintertacewertical lbcatiorf over time comparing the effect of the
constriction at the entrance and the constriction at the exit of the bypass channel on the finger
size. (b) Contours are extracted images from numerical simulation, when Constrigt®n == m

is imposed at the entrance of the bypass channel at different time instances. (c) Four images
from numerical simulation are shown for a co

//////

valve pressure of 600 mbar that is imposed atthe exitbfthgp ass channébééeéeééé

Figure 3.8.The effect of valve pressure on the valve efficiency which is defined as the ratio of
the number of split droplets in the bypass channel to the total number of droplets that pass the
inlet of bypass loop (a) Four diffent pairs of oil and water pressures are studied here which

is shown in the inset (b) Experimental images (1)) show valve has different efficiencies at
different valve pressures for the fixed inlet condition of Oil Pressure = 400 mbar and Water

////////////////////////////

Pressire = 500 mbar éééééééééécécécéeceececeeeeeniéeececececeé

Figure 3.9.Timelapse images of droplet passing the entrance of bypass loop with the constant
inlet conditions of Oil Pressure = 400 mbar and Water Pressure = 500 mbar (a) In the absence
of actuated valve (bAfter the valve is actuated to the pressure of 600 mbar. (c) During the

valve actuation when 650 mbar is i mpo.S55d in

Figure 3.10.Timelapse images of the droplet passing through the entrance of the bypass loop

in the opeating condition of Oil Pressure = 400 mbar, Water Pressure = 500 mbar and valve
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pressure = 650 mbar which shows that the system is selective and on demand with the minimum

,,,,,

possible actuation in the valve part ébbéééééé

Figure 3.11.Deformation of two valves with different membrane thicknesses under the P =
100 kPa (a) membrane thicknesses = 30(b) membrane thicknesses = 50 (1

@ THITE O CUIMEDE 66 666666666666666666666. .57

Figure 3.12.Visualization of valve actuatioat different pressures for membrane witt 80

thickness{ @ THifE (1 CUIMEDPE 666 6666666666666. 57

Figure 4.1. Schematic of the microfluidic device to achieve selective droplet splitting and
merging at multiple locations using eight sintdger microvalves. The microfluidic device
generates four different coloured droplets mimicking four different chemicals in the upstream
part of the chip, this is achieved using four valves located close to each of the channels carrying
discontinuous phase&.zoomedin view shows that downstream of the generation structures,
there is a multiple site splitting and merging section of the chip. Here, the droplet can be split
at any of four different locations each controlled by a separate microvalve, aftiencsjiie

,,,,,

daughter droplets are merged using a passive-pilars e d appr oachéé &2 é e é é é«

Figure 4.2. Droplet generation part of the muéiplitting and merging system using two
different approaches. (a) Schematic of the droplet generation part showing four valves
controlling the flow of four discontinuous phases. (b) Blue and green droplets are generated
alternately. (c) Green and red droplets are generated, one after the other. (d) Four different
coloured droplets are produced, sequentially- (B) Valve based droplet generation approach

is used to create a red, blue, white and green droplet, respextl yv. Scal e .Bbar s

Figure 4.3.Different Regimes of droplet splitting when droplets interact with four junctions
placed one after the other. (a) Droplets split in all the four junctions. (b) Droplets split in the
last three junctions. (c)Mplets split in the last two junctions. (d) There is no droplet splitting

in all the four junctions: scale baré&g67 100

Figure 4.4. Classification of different splitting regimes by the separation distance and the

percentage of thigow rate entering each junction. (a) Schematic shows the separation distance
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d1, d2, d3, d4. Regimes map is extracted based on (b) the average separation distance in each
branch of the main channel, and (c) the percentage of the flow rate enteringaatihdorided
by the total flow rate in the main channel, respectively. The dotted lines separate splitting and

,,,,,,,,,,,,,,,,,,,,,,,

no splitting regimesééééééécceceecececéecemmeceeccee

Figure 4.5. Splitting of different coloured droplets at different locations using sitayler
microfluidic valves. (a) Percentage of the relative daughter droplet volume against the
deformation of the microchannel channel for all the four junctions. (b) The blue coloured
droplet is split at the first junction when the valve is pressurise80d thbar (deformation of

53 um). (c) Splitting of the red coloured droplet at the second junction using valve pressurised
at 1800 mbar. (d) Droplet splitting of the green coloured droplet at third junction using valve
pressurised at 1800 mbar. (e) The whibloured droplet is split at the fourth junction when

the valve is pressurised at 1800 mbar®ééeéeeéeeceé

Figure 4.6.Splitting of different coloured droplets occurs whilst the valve is actuated. The two
daughter droplets are merged within the chamber, the first being retarded by the pillar
structures, after merging the total volume is such that the droplet is draggédmimerging
chamber. Merging of two different coloured droplets an equal volumetric ratio is shown at the
(a) third and (b) first junctions. In the former, a single red daughter droplet is merged with a
single clear one. For the latter two blue daeghiroplets are merged with two clear droplets,
Finally, (c) merging of an unequal number of droplets generated from two different samples is

achieved, such that the mixing ratioévls 1: 2

Figure 4.7.An image sequence demaraging the merging of two different selected droplets
(one clear and one red droplet) at the third junction. The clear droplet is split by transient
actuation of the valve, resulting in the deposition of a daughter droplet in the merging chamber.
Subsequet clear droplet passes without splitting due to timely deactivation of the valve.
Finally, a single red droplet is selected and split, again a daughter droplet is formed and merges

,,,,,,

with the clear daughter dropletééééé@&rRéeceecece

Figure 4.8.Flow rate distribution of multsplitting and merging system. (a) The resistance
network of a system considering the flow rate and hydrodynamic resistance of each branch
without consideration of the presence of droplets in the system. (b) Schematidwiptifecd

microfluidic system in which same flow rate enters in foyuictions with different width.
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(c) Schematic of the actual microfluidic system in the presence of four merging chambers

designed in such a way that same flow rate entersinfpunc i ons wi t h a7ssi mil a

Figure 4.9.Characterisation of the singlayer microvalve. (a) Maximum deformation of the

channel is plotted against different pressures that are applied to thelaysglealve. (b)
Deformation of the channel is plotteagainst the time when the sindggrer valve is fully
pressurised to the pressure of 1800 mbar and fully depressurised, respectively. (c) Image
sequence showing selectivity of the droplet splitting, red droplet arrives at the second junction

and do notglit at this junction, just before the second droplet arrives at this junction valve is
actuated to split the droplet. Before the third droplet arrives at this junction valve is deactivated,
and droplet does not split. Scale ba&€76100 Om

Figure 5.1.Sperm motility at curved interfaces representing the soft and folded epithelial tissue

in the female fallopian tube. (a) The female fallopian tube is a complex microenvironment
composed of soft and highly folded epithelial tissue, formingficed lumens with radius of
curvatures ranging from ~20 em to over 150
monodi sperse droplets ranging in size from
relevant range of curvatures in vivo. Tilag@se imges and representative trajectories of sperm
swimming in (c,d) aggressive attacking, (e,f) transition and (g,h) progressive surfaces aligned
motility modes in 40, 73, and 110 pradius droplets, respectively. The colour of the
instantaneous swimming trajecies corresponds to time, as shown in the legend in d. Orange
dashed lines highlight the deviation between instantaneous trajectory and average path due to

departing behavior. Scale bars, 50 um. Imageswere coatrdgt u st ed f oré 8l ar i ty

Figure 5.2. Characterization of sperm motility modes at curved interfaces. (a) Angle of attack,

U, and the percentage of the 12 s tracked
attacking (2°<<90°), (c) swimming parallel to-Z°< <2°), and (d) departing &-2°) the
interface in droplets ranging from 30 to 14
(nd10) , and P values -waye ANOYARr mi*iPeOdD. @5, n

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.3.Characterization ahe temporal behavior of sperm in the attacking, transition, and
progressive modes. (a) Representative variations of the angle of attack along the 12 s tracked

swimming trajectories for sperm swimming in the attacking, transition, and progressive modes.
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The horizontal red line indicates the threshold angle of attack of 2° for the sperm to align
parallel to or depart from the interface. (b) Crossover frequency as a function of droplet radius.
Values are reported as mean sneddusing om@yl 0) , a
ANOVA, *POO0.05, **PO0.0léééééééééécccesaéeéééésé

Figure 5.4.Sperm motility parameters at curved interfaces. (a) Curvilinear velocity (VCL), (b)
average path velocity (VAP), (c) amplitude of lateral head displacement (ALH), abhdgd)

cross frequency (BCF) for sperm swimming in droplets ranging in radius from 30 um to 140

Om. Values are reported as mean s.d-wa( n0O10)
ANOVA, *PO0.05, **PO0.01, ***PpPOOsefafohofthe ee Ta
measured sperm motility parametersééc8bééeécéeé

Figure 5.5. Theoretical model for estimating the angle of attack. (a) Angle of attack from
experimental measurements as compared with theoretical values with fixed (dashed line) and
varying (solid line) flagellar wave amplitude as a function of droplet radius. Sg@leema
representation of the reference system and modeled sperm shown by the inset. (b)
Experimentally measured flagellar wave amplitudes as a function of droplet radius. Values are

reported as mean s.d. (n=10 per radiuBl) éeééeée

Figure 5.6. Sperm motility behavior at curved interfaces in microchannels that represent the
increasing complexity of the female fallopian tube geometry. Overlaid trajectories of two
representative sperm (head shown in red and blue) in microchannels that mimitsveng re
range of curvatures in infundibulum, ampulla, and isthmus, with sperm exhibiting (aphead
swimming behavior in the attacking mode, (b) a combination of -beaswimming and
boundary following behavior in the transition mode, and (c) bourfddigwing behaviors in

the progressive mode, respectively. Images were cofttassted for clarity. Scale bars, 100

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Figure 5.7.Difference between average path and droplet radius for three different modes of
sperm swnming in droplets with different size. The distance between the boundary of the
surface and the circular average path of the sperm during the different swimming modes

increases while the droplet size incr.83ases¢éé
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Figure 5.8. Temporalvariations in the angle of attack for sperm in the attacking, transition,
and progressive modes. Representative variations of the angle of attack along the 12 s tracked
swimming trajectories for sperm swimming in droplets with radius raining from (ajrB@pu

40 pm, (b) 50 pm to 60 um, (c) 70 um to 80 pum, (d) 90 um to 100 pm, (e) 110 um to 120 pum,
and (f) 130 um to 140 um. Sperm are swimming in the attacking mode in a, in the transition

modeinbd and in the progressive mode ié&hé3E and f

Figure 5.9. Schematic shows the setup used for droplet microfluidic based sperm motility
analysing. The inlets and outlet of the droplet microfluidic system is connected to a
microfluidic flow control system (MFCSTNEZ, Fluigent system). Setup includ@RCA-
Flash4.0 V3 Digital CMOS camera (Hamamatsu Photonics, Japan), inverted fluorescence
microscope (Olympus 1X83, Japan) and Fluigent systems, connected to a computer for data

///////////////////////////

coll ectionééééééécéécéeecéceecééeeceeceeceeecepsecec

Figure 5.10.Theoretical moddir calculating the angle of attack at curvatures. (a) Sperm with
the conical envelope of the flagellar wave aligned with the curvature and (b) the schematic

used to drive the theoretical model &8r the

Figure 6.1.Newly introduced intra droplet manipulation techniques using passive and active
methods, (a) hydrodynamic, (b) electrical, (c) magnetic, and (d) acoustic have been used to
concentrate and enrich particles inside droplets. () SAW has been used as@eelshigue

to exchange the droplet medium.i(dyl) are reprinted with permission from ref. 366 Copyright
(2018) American Chemical Society. (e) is reproduced from ref. 379 with permission from The

,,,,,,,,,,,,,,,,

Royal Society of Chemistryééeeéeeééecdecécecece

Figure 6.2. Depiction of the system integrating a single layer valve and a SAW actuation
module for (a) intradroplet particle encapsulation, (b) intleoplet particle concentration, and

(c) intradroplet particle washing. Preliminary results show thpability of the system to
encapsulate the droplet with SAW on and valve off. (d) Particles are moving freely inside the
droplet before reaching the SAW exposed area. (€) SAW pushes the particles to the back
(upstream side) and top side of the droplet.aA®sult, (f) the particles are captured in the

daughter droplet and pushed out of thlB2 mai n
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Figure Al.1. Schematic of the experimental setup used in the present work. Due to wetting

properties of microfluidic chipgle-ionized water is a discontinuous phase and oil is continuous

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Figure Al.2. (a) Problem definition shown by a schematic. The computational domain is
shown by a dotted box and boundary conditions are showreanhlet, outlet and wall (b)
Zoomed in view of the entrance to the bypass channel and droplet shape before interaction with
it. (c) Mesh is plotted in the regiorn3cl ose

Figure Al.3. Grid size independence g Finger length (L_f) on the lefiand side of the Y

axis for different grid -axizesat 2eonst3amt amd=
drop (pP) i n a mi-handseidelfadheeli sord orhaidfifghmtent ¢
3 e m, eamm)d ob5Snaxis when diXpletinteracts with the entrance of the bypass channel at
constant b = 0.62éééééeéeéeéeéeéeéecéepbécecec
Figure Al.4. High-speed visualization of the droplet interaction with the entrance of the bypass
channel showing the transition from no droplet breakup to droplet break up at different time
intervals. Results are plotted®.7dr [BRleécodad
[ 39]. Capillary number is kept al mostl42const a

Figure Al.5. High-speed visualization of the droplet interaction with the entrance of a bypass
channel showing the transition from no drofetakup to droplet break up at different time
intervals showing the effect of Ca (a) Ca = 0.0022 [39] (b) Ca = 0.005 [39] (c) Ca =0.037 [39].
The ratio of channel width bis kept d#8nstant

Figure Al.6. Comparison betwee e x per i ment al and computati on:
0.005. (a) Higkspeed visualization of the droplet interaction with the entrance of a bypass
channel. (b) Computed contours of the volume fraction of water [39]. (c) Isometric view of the

isosurfc e of the volume fraction of wateflddat 0.5

Figure AL7.Compar i son between experimental and cor
0.007. (a) Higkspeed visualization of the droplet interaction with the entrance of a bypass
channel. (h Computed contours of the volume fraction of water [39]. (c) Isometric view of the

isosurface of the volume fraction of wadber at
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Figure AlL.8. (a) Regime map is showing contours of finger length (Loh)Cab pl ane. A
dotted lineis shown to demarcate regions of droplet breakup and no droplet breakup. (b)

Regime map showing contours of V_ratioonfCa p| ane é € é é é&&é&é é 146

Figure Al.9. (a) Dimensionless daughter droplet volume as a function of the capillary number
showing equialent squeezing and dripping regime. The dotted line shows the squeezing
regime given by Menech et al. and a ddshline showing current work. (b) Contours of shear

stress at different Ca in the equiv.aélldnt dr i

Figure Al.10. Evolution of finger length an@ with time. Finger LengthO plotted on the
left-handof Y-axis ande on the riglt-hard side of ¥axisVs. stagesof droplet interaction

,,,,,,,,,,,,,,,,,,,,,

(evolution with time)éééeéééecéeééeeééeceédoééeceée

Figure Al.11. Schematic of the droplet interacting with thgufiction. Zoomed in view shows
pressure notations inside and outsi ddb2t he dr

Figure Al.12. Evolution of average shear stress with time @arranging from equivalent
squeezing to thdrippingregime. Contours at the top of the figwteowaverage shear stress

and corresponding stage of dropletéérnfReract.

Figure Al.13. Evolution of pressure built up with time f&@a ranging from equivalent
squeezing to thdrippingregime. Contours at the tgpowpressure built up and corresponding

stage of droplet interaction for gi welil3 compu

Figure Al.14. Evolution of (F, +F,) and F, during various stages of the droplet interaction

with the bypass channel. a) Forces acting on the trapped droplée(basef droplet breakup

""""""

(c) Case of no droplet breakupeeeéeéédsdbéeceecece
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Figure Al.15. Comparison between dimensionless droplet length observed in experiments and
model presented by Garste@kial.[1]. The solidline is the curve showing predicted droplet

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Si zeéééeééécéeéeecéééeecéceeceéeéceeéeeceéeéeeéeedan

Figure AL16.Mot her dropl et | ength Vs NumbBérl®of exp

Figure Al.17. Contours of shear stress when droplet interacts with bypass channel. Black circle
shows finger and bypass channel. Black dots in the gap are representative of locations where

,,,,,,,,,,,,,,,,,,

we computed shear Stressééeéééeeééeéeéeddeecéeéece

Figure All.1. Conceptual depiction of selective droplet breakup using microvalves at two

| ocations. (a) The fAmot her guncdon g shevinsandaase gen
they pass down the main channel, interacts with the first and second junacsisnpd

adjacent to valves 1 and 2. When the valves are off, operating conditions are chosen such that

no droplet breakup occurs at these junctions. (b) When the first valve is pressurized and
deforms, the selected droplet breaks up and a small drapesdhe side branch, here it is

depicted that a sample of the green and red fluids are selected, subsequently these can be
passively merged in the branch (c) Similarly, the second valve also allows selective break up
such that different reactions can ib&iated in its merging station. The result is a system in
which a range of reaction permutatiorné can o

Figure All.2. Grid size independence study showing finger lengthy& minimum grid size

(e@eS) f oirntderroapclteiton with the first andlé8 econd

Figure All.3. A schematic of microfluidic system design with upstream droplet generation
section followed by two stage droplet division section. Mother droplets are produced upstream

andaremae to interact with identical dé& 4701 et di

Figure All.4. High-speed visualization, at a capillary number (Ca) of 0.01, of a mother droplet

interacting with the (a) first and (b) second junctions. In which a finger is seen to develop in the
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branch and either break into a droplet or retract. The discrepanegebeahe two junctions, of
the maximum length of the finger length (c) and the (d) percentage of the volume of the mother
dropl et which breaks into a daughter dmopl et

Figure All.5. The Resistance network of the microfluidic system with the associated flow rate

di stribution of the continuous phase,l72wi t hou

Figure All.6. A schematic of a microfluidic system with upstream droplet geioeraection
followed by droplet division section, designed such that the behavior at each splitting junction
is balanced. To achieve this the second junction consists of a section of channel with the

original width, followed by an expansion whichdropsdhe e r al | r esi stl@nce of

Figure All.7. High-speed visualization of droplet interaction with straight channel branching
from the first junction and the expansion channel stemming from the second junction. Five
regimes are observed: (a) No droplet breakup in both junctions, (b) Breakup imsthe fi
junction, (c) Breakup in first junction onset of breakup in the second junction, (d) Breakup in

both the junctions. (e) Intermittent 1B4r eakup

Figure All.8. The finger length for four regimes of droplet interactiopl@ted against Ca.
The finger length from regime e (intermittent breakup regime) is not plotted as it is not

consistent across each droplet. The dots below the regime letters indicates whether break up at

,,,,,,,,,,,,,,,,,

Figure All.9. The evolution of finger length measured in the first and second junction for both
the designs (symmetric and expansion channel) as a function of time under the same flow
conditions (Ca = 0.0055). Case of symmetric desigcond junction yields no breakup while

"""

all other cases represent breakupeéeééldbééececcee

Figure All.10. High-speed visualization of droplet interacting with the firgufiction and
expansion channel, which yields the same volume of daudtdptets at both the junctions.

,,,,,,

This | ies between regime 3 and 46é¢éc¢eeeléoe € é é é é

XXVi



Figure All.11. Comparison between experimental and 3D numerical simulations at Ca =
0.011. (a) Contours of thlumefraction of the continuous and discontinuous phaséiii)-

speed visualizatioaf the droplet interaction with the first and second juné&iéné é .€ 177

Figure All.12. Percentage efficiency of droplet breakup in the first junction against
deformation at the entrance of the first junction calculated using numerical simulations. Bottom
inset shows a top view of the 3D numerical simulation without deformation at theaentrfan

first junction resulting in no breakup. The top inset shows a top view of the 3D numerical

simulation with deformation of 50em da t he e

Figure All.13. Percentage efficiency of droplet breakup ia second junction and expansion

channel against deformation near the entrance of the second junction calculated using
numerical simulations. Bottom inset shows a top view of the 3D numerical simulation with
deformation of 6 0e m f oresultswyimnoebteakupc Thestepcinsat d | u

shows a top view of the 3D numerical simul a

,,,,,,,,,,,,,,,,,,,,,,

Figure All.14. High-speed visualization showing the interactiodaplets with two junctions
in the presence and absence of valve actuation. (a) Actuation of valve for the first junction (b)
Actuation of the valve for the second junction with the valve away from the entrance of second

junction (c) Actuation of the vaésfor the second junction with the valve at the entrance of

,,,,,,,,,,,,
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Chapter 1

Introduction



1.1.Motivation

Miniaturisation of mechanical and electrical components is one of the most promising
technologcal advancementsf the twentyfirst centurythat haded to significantconservation

of material, energy anthanufacturingoss. Due to theecentrapid increase in energy demand
worldwide, reducing energy lssisingmicroelectromechanical systems (MEM&jsbecone
increasngly importantfor design and operation engineersdeveloping novekengineering
systems. In recent decades, numerous studies have been undertale@oalactromechanical
systems (MEMS)these studies focused on findingwtechniques not onlyo sawe material

and cost, but alsoto achiee higher efficiencyin both operation and performanceEMS

have been widely used whifferent branches of science and technologgngingfrom new
techniques forooling electronic component® novel blood pressureensordor biomedical
science? When it comes to working with fluids, the structure and size of MEMS devices
necessitate these of fluidc systems wittvolumesranging from microliter to picolitreyhich
resuledin the development of a new field, smatlale fluid mechanics amicrofluidics’. Here,

the savings are primarily ietms of reagent volumes, in addition other advantages emerge due
to the size scale being in the order of a single cell, andghalisation possibilities this offer.

Microfluidics is thescience and technology sfudying, utilising, and contrding fluids that
aremicrolitre scale in volume amare mainly limited to microstructures of 1 to 100@icrons
in size Modern micrescale engineering technologiésve the potential toevolutionse
various branches of science and indubiryfferingnew capabilities and providingumerous
advantages ovetheir traditional macroscale counterparfBhere are several important
advantages in microfluidicghat includesmaller sample and reagents volumes, improved
reaction rate, higher sensitivity, portétlyi possibility of paralleation,and lower costThese
enhancement properties make microfluidieneficialfor on-chip reactions and mixing in
which different chemical reactions, nehemical mixing and molecular synthesis dam
achievedoy miniatuising huge chemical reactors and traditiomaicroscalenixers intosmall
but efficient microreactors and micromixérs With respect to biomedical applications
microfluidics has shown promise imderstandingell biology°, cancercell detectio12
assisted reproductive technology (ARTY, and single cell analysisi® by operating in
precisely monitoreénd controllecchemical and physical microenvironmervlicrofluidics
includes various domains fropaperbased microfluidics andopen microfluidic& to digital

microfluidics'” and droplet microfluidic$. As an example, idital microfluidics isone of the
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main domainf microfluidics which is about handling and manipulation of a sisgksile
microdroplet on a planar platfoffa Although many of the advancements using microfluidics

have taken place in a singjghase flow, twephase flow microfluidics, and specifically droplet
microfluidics has gained significant attention during the last two detad®s op | et

mi crofl uidics i nvol ves t he , wisteh odn et woh aisremi f
mi arro pilnettshphasderto provide a high throughp
maniagulng cell s and reagent s femiolitect oonatnrod Imlteedr m

vol ume.

1.2. Thesis Overview

This thesis focuses on the application of microfluidics forchbip reaction and cell biology
study by developingnicrovalve andiroplet manipulation techniqueBhe thesis investigates
various droplet manipulation techniques using microvalves to offesriabchip device that
could be miniaturisedubstitute®f traditional laboratory asgafor high throughpuindustrial
reactions. Specifically droplet generation, splitting and merging will be demonstrated using
singlelayer microvalves irfChapter 3 andChapter4. In order b alsoillustratethe application

of droplet microfluidics for singkeell analysis,the thesisalso presets a new method in
Chapter 5 forthe encapsulation of individual sperm in microdroplets of controlled size and
studying sperm motility characteristic§pecifically high throughputdroplet generation
techniquesare integratedwith an advancedmagng and analysis system order to gain a
better understanding tiiebiophysics obperminteractions with the curved microenvironment

of thefemalefallopian tuben vivo.

Chapter 2reviewsthe current state of literature the field of droplet microluidics andthe
applicatiors of microfluidic manipulation techniquegsplitting and merging) foon-chip
reaction, high throughput screening and cell biology study. Thé&pterhighlights new
opportunities in the fieldnd illustratescurrentresearch gapin the field, focusing orithe

researclaims of this PhD thesis

Chapter 3 investigates one of the most important manipulation techniques of droplet
microfluidics, droplet splitting. Utilising a novel singlayer valve, selectivity, efficiency and
response time of splitting of dropleaseimproved in this chapter. Ayipass loop is designed

to split incoming droplets selectively, thus turning the droplet eclop test tube into an en
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chip pipette. The results are analysed to support the explanation of the splitting phenomenon
in the entrance of the bypass loop. Thditgbto switch between nosplitting regime and
splitting regime whenever needed with the minimum external forassentialfor high
throughput screening and is demonstrated in this chapter. Flexibility of polydimethylsiloxane
(PDMS) isutilisedin this chapter to show that with minimum external force and without any
complexity in design or microfabrication process, a sil@yer microvalvas able toactuate

the microchannel and split the isolated chemicals with full controllability and selectivay. Th
presented system has the potential to replicate automated pipetting technologies currently used
on alarger scale. Combining droplet microfluidic splitting manipulation techniques and
microvalve technology to make a matrix of droplets caofd@enefitin pharmaceutical tests

where diseased carrying cells are tested against the proposed drugs to search for positive
reactiors. The ntegration of this manipulation technique with other manipulation techniques
such agyeneration and merging by using the présd microvalve can result in producing a
combinatorial library of chemicals for further screening which is presented in Chapter 4. This
work was published in Sensors and Actuators B: Chdfdica

Chapter 4 expands upon the work presente@hapter 3 bythe integration of the selective
valve-induced droplet splitting with valvemducedon-chip droplet generation and merging. In
this chaptera method is presented tategrae thethree most important droplet manipulation
techniquegdroplet generation, splittg and mergingselectively on the same microfluidic chip
using eight singldayer microvalves. As a means of manipulating droplets nmcrofluidic
system, singldayer microvalves providasimple and biecompatiblemethod In this chapter,
the sequeml generation of different droplet types demonstrated byusing an
activation/deactivation of four microvalves locatedloseproximity to the four discontinuous
phase inlets. These generated dropletsglitselectively at four junctions using paitclosure
of valves located at each junction. Finally,ingspillars to merge droplets in different
permutations and combinatigriee ability ofthe method to make a matrix of products with
different concentrations from an array of ingrediestdemontgated Moreover, fast reaction
kinetics studies could be performed the integration generation, splitting and merging of

microdroplets using this platform on a chip. This work has been submitted for publication.

Chapter 5 describes the results obtained from athigiughput droplet generation device for
single cell biology and sperm study. The female fallopian itulbige reproductive traés lined

with a highly complex convoluted epithelium surrounding a luthahprogressively narrows.
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The influence of this increasing geometrical complexity on sgsghaviouras they move
throughthis environment is unknown. Through the use of droplet microfluidics, we contain a
single sperm in droplB@tsmramgirmgiusomad@ oI
sperm swimming characteristick.is reveakd for the first timethat curvatures activate a
dynamic response mechanism in sperm to switch from a progressive sidaes motility

mode at low curvatures to an aggressive suiddiaEking mode at high curvatures. In the
attacking mode, the sperm head is consistetitiped at 70° with respect to the interface and
swims~35% slower, spending 1.66ld longer time at the interface than progressive mode.
Our experimental results and mathematimaldellingalso reveal that hydrodynamic effects
lead to an active responseahanism in sperm to decrease their flagellar wave amplitude by
up to 66% at high curvatures, potentially by activating an intercellular regulation mechanism
such as switclinhibition mechanism. The gathered data reveals that surface curvature within
the fallopian tube alters sperm motion from a faster surface aligned locomotion in distal regions
to a prolonged physical contact between sperm and the eglittiedue se to the sight of
fertilisation. This work has been submitted for publication.

Finally, Chapter 6 summas the main conclusions and outcomes efthlesis and presents

potential directions for futurstudies



Chapter 2

Literature Review and Research Aims



2.1. Preface for Chapter 2

In chapter 2, a detailed and comprehensive literature review will be given to present the studies
in the field of microfluidicsbased microsystemwith the focus ondroplet microfluidics,
microvalves andiroplet microfluidicsapplicatiors in the fields ofon-chip reactionshigh
throughput screening@nd cell biology. In the secondsection of this chapterdroplet
microfluidics will be briefly introducedandthe importance of this field of science will be
discussedThe literature review wilthenfocus onathorough analyis and critical compason

of differentmicrodroplet generating and splittimganipulation techniques in sectiod®and 4

In section5, fusion phenomenon is presented and different techniques which can intensify the
coalescence ohicrodroplets are briefly discussédis is followed by a review of microvalves

with a focuson multi-layer and singlelayer pneumatic valvesn section6. The range of
applicationsobtainedfrom the microfluidic platforms with the focus on using micrqulets
manipulation techniques for arhip reactions, high throughput screeniaggd cell biology
studes arethendiscussed in sectigry and8. Finally, section9, summarises the gap in the
literatureand introduceshe problem statememtf this PhD studyand its significance and

impact.

2.2. Droplet Microfluidics

One of the newly introduced methods for the improvement of high throughput scfééhing
chemical reactiort$?® and single cell biology study>?’ is droplet microfluidics.Dr op | et

mi crofdlusaigmrsovi de stransppripiveselts andnictoigamismstaon g inn g
size®m600 mi P Dfneotpdret microfluidics involve:
fluid phase(sdi spaerhdd d abdb ndfnerumnsu sd rpdyd|sesaas g e

b et wendofitersa nrda n oslwii t @1 n (tchoen toitnhuesriutsh pthlaes egr oduct
of even mor . biffeem methdodhavk beemsed to generate these streams of
microdropletsincluding T-junction®? and flow-focusing®3*which will be studiedin detail in

the next sectionlThese isolated microdroplets can be equated to test tubes if the lab is brought
onto a chip, asamples are physically and chemically isolated from surroundings and each
other, so each of thesisolated microdroplets can be used as a microreactor fohipn

reactions and nanoparticle synth&sté Different droplet manipulation techniques were

invented during the last two decades to give scientists the ability to form, handle and utilize

droplet microfluidicsfor different purposes includg droplet generatg®39, splittingf249-4%
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mergindg?44, trappind>*’, sorting®>°, mixing®*>2 and sensimj>®. The first three mentioned
techniques (droplet generation, splitting, merging) will be discusseéetailin the next three
sections of this chapter since skedechniquesereexamined and extend@dthe experiments
within this PhD thesis.

2.3. Genemation of Microdroplets

Droplet microfluidics generation techniqgues,
meet at a microfluidic junction,>’acrdeaditese mon
foundati omopf ebt maenc hpuftoauheesp att ® yenabl e t he <ch
mani pul ation techniques l i ke-dsppil eti nmani mat
t echniitgueecse s affenestate niircoriseameploet fli fferent
phasesdemtaimsea men chi p or ibarliéenhgeaoidihe m twaf tritohng u b e
the geonbrpt h&foe mawhiiocnh, shows t hatotvhietrh oduto pde
mani put at h panrgeu easl mos tAl ismp o sigs iolpll @t generati on
application from A%mapacedalilc! &8 capasbBlizotaisd no n
foddsndrug dekesddHgmce, before studying any
techniighhes§i ndvi ew di fferent regimes and met

det ai l

I n the mechanism of gener adii fofneroantf oprnmad u cotni
can be observed ®Y Aglueddnygg psiqgugcbédr agpi®hgon
j etbt’i°Fgs i pe &dmd mag-mu ibprie a’®iCmagi | | ary number i s
di mensi onl esgdempar ame¢ et hntdoaphieetsw e an tbloais e re
Capill ariyderfuamelmeat i o of viscous fOWceps) over
wheg(ePai ss)t he viscosity  ovgimislse th@entaiveuaws @Fhe
of the conti h(@bni¥i sphtatsee, swarnfdace tension bet\

di spers’dd phases

Starting from the( Owedsitbotctee i $ haary Mmotmhdeeri s

squeezi ngcruegi. mOropl et ficr motsitdry iimftl hiesrcrealg
i mpolsyede cont i’AHieoruesi nptheaesfdawee n t h e dci osnpteirnsueodu ¢
phageows wunti Wwhowiedtl lp ckfs Atdhea crheachwalettup sofa bu
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Figure 2.1 Different regimes of breakufa) squeezing(b)dripping, (c)jetting and(d) tip-multi-breaking regime
in a flow focusing droplet generation metfbda) i (d) are reproduced from ref. 31 with permissfom The

Royal Society of Chemistry.

Microfluidic based droplet generation methods can be grouped into active or passive
techniquesdepending on whether any external force field is used to form the droplets fctive)
or only the microchannel geometry and inherent fluid forpésy roles on droplet formation

(passivey’ % which will be discussed in detail in the next two subsections

2.3.1. Passive Droplets Generation

Passive droplegjeneration methogdsvhich makeuse of selective channel geometmnathout
any external forcarefast,low-cost on demand andimple inin operaton, thereforethey are
usually preferred forsingle cell isolation anchnalysi€®. The three most widely used
geometrical configuatiors for passive droplet generatn are crossflowing®?, flow

focusing®34, andco-flowing®®.

Pioneered by scientists &talifornia Institute of Technologycrossflowing was the first
geometrical configuratiothat wasised to generate microdroplets on demamathis method
dispersegphase stream meets the continupbase strearnm an arbitrary anglé0°<—0 1 8.0

If the two streams intersect perpendiculgdy= 90°) or in an acuténtersectionangle (G<—
000, it is also called a Junction. Otherwise it is calledheadon junction for—= 18® and
Y-junction for 96<—O 1 & ®ince Fjunctionis the simplest and most common passikaplet
generation methods]l the parametsrthat play an effective role dropletgeneratiorsuch as
Capillary number, surface tension, relative dimensions of channels and relative pressure
imposed in two inletsarewidely studied andavell-establishedor T-junctior’” or other cross

flowing generation method%%:% More complicated versions ofjlinctions havelsobeen
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introduced anddevelopedmore recently to increase thmonodispersityand diversityof

generated droplets afaginctionality of thesystem for especially mass production in chemical

and biological assaysncluding double Tjunctiont®, parallel dual TFjunctiors'®?, K-
junction'92193 v/ -junction'°+1%and block and break generation syst®nf\s an examplen a
doubleT-junction systemthe second dispersed stream is introduicéo the main channel

from the second arnfocated opposite to the first arm which carries the first dispersed stream,

as such two different coloured droplets are produced alternatelyiodifferent reagent&®.

It is alsoworth mentionng that among altlifferent generatioregimes(s qu e e zi ngi, sque
dripping transitisdm,e adr inmp kbteigp,d kjt entgt) i roogn,l yt it gh «
haviee®emser ved -filniomgh egecreorsdst i on met hod

Simultaneously invented by two different growpsrking independently of each otharflow
focusing droplet generation methodywo continuegphase streams come to the generation
junction from opposite directions while one disperpbdse stream meets them
perpendicularly. A small orifice ialsoadded after the junction from which two immiscible
fluids flow out®34 Different factors play rokein droplet generation regimes and droplet size
in flow focusingincluding flow rate or pressure imposed in the inlets, interfaeiadion,
density, contact angle and viscosikis droplet generation method is preferred when sensitive
biological or pharmaceutical samples neetedoaded into the microfluidic droplets due to

its improved monodispersity, high throughput, and hidleguency of dropleformatior?®.

Initially introduced by scientistat Harvard university in the beginning of tiwenty-first
century theco-flowing approachs very similar tdlow focusing in terms of physics of droplet
generatiot’”. The difference ishere, two streams afontinuousphases and one stream of
disperseghase meein paralel instead of meetingerpendicularlyn the generation junction
Two streams of continuous phas®w in the outer cylindrical channel whitene stream o
dispersed phadews in the same directian the inner cylindrical channet a way that these
two cylindrical channels are eaxial, so ceflowing can offer rotational symmeft§ Droplet
generatiorusingco-flowing has a wde range ofpplicationsncludingformation ofemulsions
and bubble¥® In emulsion studies, flow focusing droplet generatiothe modified version
of microcapillary device, cabe integratel with co-flow method to generate monodisperse

double emulsion droplets using eskep approach®!*L,
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2.3.2. Active Droplets Generation

Whil e formation of the same si zeagd edrtopglndtes ea
di verpspd i datcil anmddgihig t hroughput d¥i e mo',scdinsgcr
del itv&ermsyi ngl e c%I| |lhaanallgy sgivseap dlbyeditsmdr si ty i
generate different ranges ofmpdwwel pesf ommarra
bi ol ogical and chemical assays. As an exampl
targets can be achipnwveumits rcoghiulmpes fgo dearga b | e
addi tcioomn alols iazfee rp rtoldes cteodr edartoepk et sompl ex dr opl
necessheatexe eofnal forces t,al gbartgiavt & ametch od g

costlier and more complicated.

Electrical fieldas a direct currentas the first external force implemented on a chip to actively
generate microdropleis which water and oil phases plaglesas conductor and insulator,
respectively’®. Later on, electrochemicat®, magnetié!™'° centrifugat?®?3 optical?*%,
thermat?”12® and mechanical forcewere integrated on different device geometries (T
junction, flow focusing,step emulsificationand ceflowing) to improve theselectivity,
functionality, and frequencyn generation of microdroplet8dechanical vibratiob?®132 off-

chip valve$®*135 surface acoustic wav&AW)36139 piezoelectric actuatét®'#2 or onchip
microvalves**1% are different types of mechanical controls which have been used until now
to generate microdroplets. Whithe mechanism of the generation in the first three introduced
mechanical methods is based the modifcation of the fluid pressure, in the last two
mechanical methodghannel deformation and blockage help to improve the selectivity of

droplet generation.

As an example of using nanechanical forces to generate microdropleatanoscale
ferromagnetic oferrimagnetic can be diluted in the continuous or dispersed phases such as the
magnetic field can affect the generation mecharigroreatinga magnetic dratf®. Here, he

size of droplets and the frequency of generation are dependent to the device geometry, direction
and location othe appliednagnetic fiedl, and the flow rat&-4’ Integration of temperature
sensor and microheater at the orificeflofv focusing device can adjust not only the droplet

size but also the generation regiiieAlso, optical methods including focused pulsed laser
efficient in generation droplets especially monodisperse dropletssoalesof submicrometer

or even picoliter with the high generation frequency of 1028 While Capillary number
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is the most important dimensionless number in the study of thermal and optical droplet
generation methods, magnetic bond number als® pl&gy role in magnetic generation study
since it representbe relative importance of magnetic force over surface tettéion

As an examplef usingmechanical forcet have extra control over the production time and

droplet sizejnterdigital transducer (IDTyvas integrated with both flow focusitif§ and T

junctiont*®. The acoustic wave generated by a SAW devieevels through the continuous

phase affects the interface betwedme continuousand disperseghass, and also increases

the pressurenitheinlet of continuous phase. As a result, generation frequency is increased but

the generated droplet size is decreasedc used i nterdigi tedeeltsroansd
i mpl ement ed o-puhthbteo owwodnitfrioeld tThe f remaienngclye o f
136r confined nuSdbreorpPftTshieopli eesa@d number of
and the frequency of SANeavadri oan dar cuatehdei of nu ni
capill atly SsAwWbeffers the biocompatible and
gener atieonec omphexi ty in fabricatiobhhandobbn
of equampdehtmitation due to the pul sé&*®modul :
are the ndoisstadovbavinitoadgses acti ve dmwhpochmeéageset hi
nedd | ook for otthheartoefaclk o werl mestsé ocdoampd i cat ed
bi ocompadi bhddamard | bi ol ogy study.

2.4. Fission of Microdroplets

In a very complex worldo-chip droplet microfluidicinterconnection technology, which use
each unique droplet as a vessel for different reagents and chemicals, the ability to halve or
divide the plugs or larger droplets to smatlay dropletsis highly requestedespecially when
concentratn, separabtn and diluton d particles in dropletss of interestThe @ntrollable

ability to split droplets when combined witheneration andnerging mechanism, helps
microfluidic researchers to solve tlenglasing issueof having a combinatorial library of
chemicalsjngredientsand drugs in high throughput screeniAgsymmetric breaking up of
droplets is desirable when splitting is usethtwease the production rate of dropletsximize

the capacity ofthe device or produce one set of equal size dropket a backup control
experiment>1°°153 Howeer, whemcontrollable volume or concentration of chemicals inside

a droplet is requiredn pharmaceutical or chemical industri@s asymmetricsplitting of
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dropletsis moreof interest>*1%6, It seems that most of the methagsedto generate droplets
can beadoptedo split themas well For instance, ecreasing the width of the orifice in flow
focusing junctiorcanalso be usetbr splitting the plug to tiny droplets Droplet spliting can
be categorizethto passiveactiveand combineanethodswvhich arediscussedn detailin the

following next twosulsectiors.

2.4.1. Passive Droplets Fission

Passive manipulation techniques utilize interactive effects between dsppheese,
continuous phase and channel sotforaesOnthefists wi t h
attemptto passively splithe dropletssimple bifurcating junctionseredesigned and teste¢a

show the effectiveness dfifferent geometrical parameteom the splitting mechaniss.

Based on té findingsof this study there is a criticaéxtension lengtfratio between theshgth

of the mother droplet and tl@rcumferenceof the main channeldbovewhich all mother

droplets splitand below which the splitting/non-splitting regime is controllecnly by the

capillary numberHere splitting happens when the shear fomkich is controlledby the

channel desigrovercomeshe interfacial tensiarmAs shown inFigure 2.2 a mother droplet

with the length otoand velocity ofv (a,f) enters (b,gandexpands at the-Junction. Below

the critical linge the mother droplet (c) fully extends and then (d) penetediternatelyinto the

two equalsizesecondary channels. Above this critical line, longer dropliekshigher velocity

(h) breakand then each of the produced daughter drophetges to one ofhe daughter
channel®’. It has also been shown that the relative size of two daughter droplets can be
controlled by the relative resistance (|l engt
The results show thahe longer or wider the aria existed;the lagerthe dawghter dropleis

produced”1

Even thougtthe phenomenon of droplet splitting for large or moderate capillary numbers in
T-junctionswaswidely degribed in the literature, onlgfew studieshavefocused on the small
capillary numbers whichremore applicable in the microfluidic woPi46:162 Tables2.1 and

2.2 briefly classiy different regimes of dropledplitting in two different types of Junctions
(two-arm and on@arm). It is worthwhile to mention that in both cases there is a critical length
for droplets above which all droplets break up (Figure 2.3). This critical length is not only
linked with but also fully controlled by the geometry of the channel. Therefore, ibean
concluded that all long droplets split independently from the channel velocity. Short or
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mediumsized droplets can be split or not, depending on the velocity in the secondary channel

or capillary numbef-162

Capillary Number [nv /]

0.5 .
Extension [, /mw]
®)

Figure 2.2.Different geometrical parametentich affectdropletsplitting (a) - (€) Nan-splitting regimé®” (f) -

(i) Splitting regimé®’. (k) Dependency of splitting regime on capillary number and extension ehdth
Dependency of daught er ®d(mdelpetn deincegs odn damumghd elr e g toh
width®®®, (a)i (I) are reprintedigureswith permission from ref. 152. Copyrig{@004) by theAmerican Physical

Society(m)is reprintedigure with permission from ref. 46 Copyright(2013 by theAmerican Physical Society.

Table 2.1. Differentregimes ofsplitting in a two-arm T-junction®2 Schematics areeprinted from ref.157, with

the permission of AIP Publishing.

Regime Explanation Schematic

(@) No Short droplets at low
Splitting velocities penetrate intmne
of the arms. The drople
could block the arm or leav
the tunnel opewhenpassing

thearm

(b) Tunnel | Gap always exists betwee
Splitting the mediurrsize droplets anc
walls. Droplets stretchec
under viscous force
followed by fully extending

and symmetric splitting.

(c) Long droples block the
Obstructed | bifurcaing channels No

Splitting tunnel forms. A circular

shape neck forms anc

narrows  gradually until

splitting occurs.




Table 2.2. Different regimes ofsplitting in a onearm Tjunctiorf®. Schematics are reprinted figures w
permission from ref93. Copyright (208) by the American Physical Society.

Regime Explanation Schematic

(a) After the initial penetrationof
Retreat a short finger into an arnthe
Without tunnel opens in whicla thin
Splitting layer of oil is sandwiched
between the wall and drople
Droplet regains its shape ar
continues its path after finge
retreating.

(b) During t h e finge
Retarded | breakup occurs and th
Splitting daughter droplet separates a
is sucked into thedaughter

channel
(c) Long finger penetrates into
Direct secondary channel. The brid

Splitting between this finger and ma
plug gradually narrows an
finally the daughter droplet ig
split from the plug.

40 60 80 100
ld(um)
I I

Figure 2.3.Different splitting regimes in(l) two-armand(Il) one-arm T-junctions (a)o-splitting (b)tunnel or

120 144

retardedsplitting (c) obstructed or direcsplitting®®%2 (1) is reprinted from ref.157, with the permission of AIP
Publishing.(ll) is reprinted figure with permission from ref. 93. Copyright (2006) by the American Physical
Society.
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A new device with multiple bifurcating junctions was developed based on the introduced theory
in the previous paragraphs, as another passiveitpehfor splitting of droplets’. Although

multiple bifurcating Functions with equalength daughter channels resulted in successfully
splitting a big plg into 16 tiny droplet$’, asymmetric splitting was observed due to pressure
drop and high surface tension in a microchaltfeln the same study, the square PDMS
obstacle was placed in the centre of therathannel to split the mother droplet to two equal

size daughter droplets (Figure 2.4h)Asymmetric droplet splitting has also been achieved by
changingthe distance between the PDMS obstacle and the center line of the microtfannel

A sorting technique should be added here to separate the usemudaugter droplets from

each other, which is the drawback of this geomethieaed splitting methdef. Adding
surfactants to the main fluid is also an efficieaimo reduce the relatively high surface tension
between the continuous and dispersed phases (Oil and Water). Besides, using daughter
channels with decreasing cross section area helps droplets to maintain their extension, but it

interrupts the symmetry splitting*>°.

Changing the angle of bifurcating junction fron? 80T-Junctiorto 4% in Y-Junction (Figure

2.4a), adding a pointy structure to the bifurcating junction (Figure 2.4c), and connecting one
of the outlets of the daughter channels to an open tubing while fluid was withdrawn from other
daughter channels with the equal rdfeégure 2.4d), were three other successful ideas
implemented by researchers in order to split mother droplet into daughter droplets with the

same siz& 7163165

: E c% | e m
=
;I;' :qQ EREEERE

Figure 2.4. Four different techniques for symmetrically splitting of droplets. (a) Playing with the angle of the
bifurcating junctiof®, (b) using an obstacle in the center of the chdhfét) adding post to the junctiéii and

(d) connecting one of the outlets tathpen tubintf* (a) is reproduced with permission from Hsieh, et al. in
ref.158. (b) is reprinted figure with permims from ref. 152. Copyright (2004) by the American Physical Society.

(c) is reproduced from ref. 160 with permission from The Royal Society of Chemistry. (d) is reproduced from ref.

159 with permission from The Royal Society of Chemistry.

17



Discussediterature review in this sectiorshowed that like other manipulation technigge
passivesplitting has been provepossible However, as it was shown figure 2.3controllable
passive splittingpnly workedwithin a narrowange of operating conditionepenchg on the
geometry of microchannelBesides, passive methods are higtifectedby fabrication faults
and dowrstream distrbance which malseit worthwhile to integrate or replace themith

active splitting methods depend on the applicationHence in the nextsubsectiorof this
literature review, activand combinediroplet splitting methodarecritically discussed.

2.4.2. Active and Combined Droplets Fission

As previously discussegassive dropletplitting techniquearecheap and simpléueto their
working principle bas# on a combination of flow condition witlthe geometryof designs
However in more complexigh throughpuscreening researcbspeciallywhere selectivity of
the device idighly desiredactive methodseemto bemoreusefuldespite their higher cost
and complexity.The majority of droplet microfluidiananipulationstudiesspecifically for
splitting of microdropletsused passive techniques, with the exceptionsofme mostly new

studies whichappliedactiveor combinednethods.

Adding an electrical field to the simple bifurcating junction can induce and polarize the neutral
mother droplet andplit it into two negative and positive daughter droplets, each penetrating
to one of the daughter channelsarms It was found that the size of these oppositely charged
daughter droplets changes with an increase in the electrical field and there is an optimum
electric field strengthabove which no splitting happens and the mother droplet is entirely
sucked into one of the ddugr channels based on the electric field direétiorike an
electrical field,other active methods suchelectrostatic potential wells and laser can be used

to break up the dropletshen they are combined with passive methalhile without any

laser, droples split symmetrically at the -junction which has a poietistructure, adding laser
beamto one side of the pointy structure increases the local surface tension on the droplet
guiding it topenetrate more tthe other side. The longer the laser actuasdnduced in one
daughter channgthe smaller thelaughterdropletsare There is a critical duration daser
actuation, beyond which the droplet completelyswitches to the opposite daughter
channet?>166.167 A similar trend has been observed for breakup mechanism by using an
integrated micro heater placed under one of the secondary chahvdsosity gradient is

produced by heating the fluid which results in decreasing the viscosity, hydrodynamic
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resistance and surface tension and finally sucking the continuous phase and droplets into the
heated channel. Again, here, there is the optimum temperature above which droplet completely
penetrates into the heated daughter channel. Vaporizing the fipetially in théow-pressure

area, and changing the continuity of droplets due to high temperature are amongst the
drawbacks othe heatingbasedsplitting method®®1¢® This ability of the electrical, heating

and laseibased splitting, improves the controllability over the sizes of daughter droplets in
compari®n to the purepassive splitting(Figure 2.5. However, damaging live cells and
reagents is the most evident demerit of thesenbined manipulation techniquegor

microdroplet splitting.

off on
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Figure 2.5.Combining @ssive and active methods for gginmetricdropletsplitting without anyexternalforces
(b) controllable asymmetridropletsplitting by using electric field, laser or integrated micro heater ¢cpplet
sorting by increasing any of mentioned forces (Electrisalength, duration of lase actuation or
temperature}>12516869 (a) | (c) are reprinted figures with permission freaf. 162. Copyright (2007) by the

American Physical Society.

The {fexibility and functionality of Electrowettingn-Dielectric (EWOD) and
Dielectrowetting for droplet actuation were successfully tested for droplet spliiiggre

2.639. In these methods, constantly energizing the outer electrodes excite surfaces on the two
sides of the dropl et whil e the electrode
deactivateafter a certain period of activitfherefore the dropleis drawn towards its sides

and halved®"!

Despite the cost and complexity equipment Surface Acoustic Waves (SAW) have been
implemented irthe splitting mechanism of droplets, receftR*’>. Using a pair of offaxis
IDTs, SAW wasdirectly applied on the two ends of a sessile droplet to break (figpre
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2.6b). Depending on the SA\Wower and excitation time of each IDT and relative impedances
or power between them, different behaviors were observed. While insufficient input power
only extends the droplet towards the sides or retgteimilar and different input energy levels

of two IDTs can symmetrically and asymmetrically break up the droplet, respectively. Similar
to the other active mechanisms, the overcritical SAW energy level can only translate or reflect
the droplets which is more useful in sorting manipulatemhniqué’? A very similar approach

was used to split the moving water droplet flows into the oil actuated by skintgsf

interdigitated transduc€Figure 2.6¢.

PDMS

-0 9@

LiNbO, ﬁSAw

Droplet split

FIDTH E’
acoustic ‘ |

wave b

@) (©)

Figure 2.6.Newly introduced active splittinmethods, (a) dielectrowetting targets a sessile didhlén) SAW
halves a sessile dropl& (c) SAW splits moving droplet in a chantél(d) SAW affects plug which approaches

Y -junctiont’®, and (e) SAW works as a pipette for a plug passing through the bypass thaf@)eés reprinted
figure with permission from ref.66. © 2017 IEEE. (b) is reproduced from ref. 167 with permission from The
Royal Society of Chemistry(c) is reproduced from ref. 168 with permission from The Royal Society of
Chemistry(d) is reprodued from ref. 42 with permission from The Royal Society of Chemi@jys reproduced

from ref.170with permission from The Royal Society of Chemistry.

Droplets splitting/norsplitting regimes and the ratio of daughter droplets controlled by

the capillary number of fluids, applied voltage and the region of the droplet targeted by
SAW!”3 Splitting and steeringfaa moving droplet in the presence of travelling SAv&ls
investigated while the mother droplet approalte Y-junction(Figure 2.79. In the absence

of SAW, symmetric breaking up was observed due to the symmetric geometry of daughter
channels whereagpplying SAW leads to asymmetric splitting or fully steering droplets to one
of the daughter channels depamgon the power levéi“ Finally, pipetting from a moving

plug in the design in which by-pass loop was added as a secondary channel to the main

channelwas recently investigatedFigure 2.6& Without using SAW, only a small finger
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penetrates into the secondary channel and no pipetting occurs. Actuation of the upper part of
the loopusing AW, pushes the continuous phase fluid in the secondary channel and increases
the pressure difference between the main and secondary chandalfeds the interface
between the main and secondary streahfliid. The higher the SAW power and the longer

the actuation duratioarg the largethefinger is formed which is finally split from the main
channel angenetratedo the bypass loop. Adding capacitive sensor to the chip system
improves the controllability and selectivity the introduced pipéttg mechanisi>.

While it seems that SAW is more versatile and-dmmpatible than other active methods for
fission, the cost andomplexity of operational instruments make it worthwhile to search for a
reasonabl&ost substitution active method for droplet splittigich is one of the aims of this
PhD study.

2.5. Fusion of Microdroplets

While splitting seems to be an effective hwd forseparatig, concentratingportioning,and
diluting particles in droplets, mergirtgvo or more dropletplays a pivotal role in mixing
chemicals andingredients and accelerating biological or chemical reaction between
themt® 155176 Because each microdroplets that could be merged can work as an isolated
capsule, droet microfluidic also supplies a unigue environment for studying fast organic
reactions’’. Like fissionof microdroplets geometry of the microchannel as well as velocity of
fluid has an effect on fusion. However, other parameters such as capillary number, viscosity,
impact velocities and wetting properties play an important role here, which makes merging

pheromenonanalysismore sophisticated in comparison to other manipulation techrif§ues

Two reviews on the merging phenomenon of microdroplets were repeblighedand widely

studied the mechanisms that play an effective role in fti$ibff The latter presentextheory

termed thedrainage modeh order to explain the coalescence of microdroplets in the presen

or absence of surfactants. Based on this theory, in the absence of any surfactant, there exists a
thin layer of continuous phase between two separate droplets preidnts them from beg

merged The thinner the drainage filis, the more probable the coalescenceamaur As soon

as this thin film fades away and two droplets touch or become close enough to each other, the
intermolecular forces become strong enough to tear up interfetesen the droplets and

merge them(Figure 2.7 It was also found that there is a critical capillary number below
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which mergingis more likely to occurOn the other hand, in the presence of surfactants,
Marangoni flowis inducedn the oppositelirection to the film drainage due itvegularity in

the surface tension of the interface. Besides, bipolar surfactant molecules which coated the
interfaces of droplets repel each other antensifythe stability of droplets. These tvedfects
cooperatewith each otheto delaythe film drainage and droplet fusion in the presence of
surfactant§Figure 2.7p'8,

2.5.1. Passive Droplets Fusion

Like droplet generatiorsplitting and other droplet manipulation techniques, unspontaneous
fusion of microdropletscan be subcategorized into passive and active merging, which are
briefly discussedn this andthe following subsectionsAdding fusion TFunction, fusion
chamber, pillars or bpass channel to the microchannels, modified the geometrical designs
and faciltated droplet merging as shown kigure 2.7ee. These modifications decrease the
velocity of the first droplet that reaches the chandak to an expansion in the designed
channel or other geometrical restrictions and give the following drepfétient chance to
come and touch the first droplét thin film between two trapped daughter droplets pressent
the merging of two droplet&Vithin a short time, this thin film drains out, and two daughter
droplets mergeand the newly formed droplet continues its journey downstream towards the

exit of thechannef3179183

Trapping which is another important manipulation technique can be employed to catch targeted
droplets in a storage chamber or wélsgure 2.74g)*8416 Whentrappingis followed by
flushing the system with pure continuous phagkatdoes not have any surfactanterging

caneasily happen without using any exterfuates®®,
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Figure 2.7. Passive fusion of microdroplefa) without surfactaat®, (b) with surfactart® (c) with fusion
junctiont’®, (d) with fusion chambé?®?, (e) with pillarg?, (f) with storage chamb®¥, and(g) with storage welf®.

(a) and (b) are reprinted from ref. 173 with permission from Elsevier. Copyright © 2015 Elg&viereprinted
with permission from ref. 174. Copyright 2007, Springer.igdeprinted figure with permission from ref. 176.
Copyright (2008) by the American Physical Soci€g).is reproduced from ref. 37 with permission from The
Royal Society of Chemistr (f) is reprinted with permission from ref. 180. Copyright 2016, Sprin@gris
reproduced from ref. 181 with permission from The Royal Society of Chemistry.

2.5.2. Active Droplets Fusion

While passive fusion manipulation techniques are highly applicable in the absence of
surfactantwhen surfactantsare presentexternal force assist in overcominthe increased
stability of theinterfaceto merge dropletsAmong different active methodslectrocoalescence

is the most common for droplet fusion. As it is obvious from its name, electrocoalescence is
the coalescencef dropletsunder the effect of a variabéectric field>1819 While electric
forces were used widely as an active method for droplet mewghney, possible external forces
such asdielectrowetting’®1’? or surface acoustiwave$?** havebeen recently applied to
merge the dropletsAdditional equipment used in introduced actieehniquesencourage
researchers to search fdreaper and simpler methsfdr unspontaneous merging of droplets
which can be integrated with active manipulation techniques for generating and splitting

microdroplets.

2.6. Microvalves

In this part otheliterature review, pneumatic valves, their different types and their importance

in the labon-a-chip (LOC)dropletmanipulation techniquesill be introduced
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Conventionally,valves have been used for controlling, blocking, minimizing, guiding, or
altematively switching the flow of fluid into specific directions within complex engineered
structures. As miniaturization of every mechanical component came into use in the last
decades, the idea that valves could be miniaturized and work as microactueatioittorezed

droplet manipulation techniques. While based on their initial mode, microvalves can be
categorized into mostly open, mostly close and bistable microvalves, classifying them based
on existenceactive or nonexistence gassive of any externaforce is moreusefut®. In
passive microvalves, the pressure difference between the inlet and outlet of the valve controls
the flow rate without any external actuation. Passive microvadressubdivided to
mechanical/check valves and nmowechanical/capillary valves which arensodered as a
micropumps in some literaturdé'®% On the other hand, an autonomous actuation system is
used to control the flow rate in the main microfluidic channel by using active microvalves.
Mechanical (magnetic, electric, piezoelectrictioermal), noAmechanical (electrochemical,
phase change, bistie) or external (rheological, modular, pneumatic) actuation systems which
can be used to open and close the microvavethe basis of subdividing active valves into
different subcategorié¥. Based on th&opic of this PhD project, we only critically focused on

the pneumatic valves which are one of the most useful valves in the microfluidic world due to
its simplicity, ease of fabrication, higtower density, bieompatibility, reasoablecost
experimental setup and versatity'%® Besides, pneumatic valves can be controlled
electronically, allowing several independent microvalves to work simultanearsly

automatically®’.

@ =] coi (b) (©)
F?“ Core Spacer
| | Electrode 1 PET
(@ ® @
—

Figure 2.8.Schematic of different actuation systems in active mechanical microvalvasadagtic (b)eectric
(c) piezoelectric (d)bimetallic (e)thermopneumatic and (Bhape memory alloynicrovalved®. (a)i (f) are

reproduced from ref. 186 with permission from © IOP Publishing Ltd. All rights reserved.
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2.6.1. Multi -Layer Pneumatic Valves

Initially introduced by the Quake group, these types of valves have been also referred to as
Quake valve¥8 Since hen, multilayer valveshave beenbroadly used to controllably
generat&®2% split!® sorf®, mergé® and mix°:2%2 either droplets or cells. As is easily
understoodrom its name, flow and control channels have been manufactured in two different
layersand then have beg@ositioned on top of each other, with a shared thin flexibteontal
membrane in betweetihem thus they are labelled as multi-layer valve. Increasing the
pressure of gas or liquid in the control layer actuates the membrane which results in
compressing and finally blocking the flow chartffelSimilarly, applying negative pressure in

the control channel moves the membrane in the opposite direction and expands the flow

channel due to the suction efféét

Multi-layer valves can be subdividedto pushdown valves, pushp valves, pustip and
pushdown valves and sieve valv@sgure 2.9ad). The @ntrol channel passes over and below
the flow channel in the pustiown and pustup valves, respectively. However, the control
channel lies in between two flow channels in the pysland pustdown valves. While in the

first three mentioned valves, a tigtgal and true valving has been achieved due to the rounded
profile of the flow channel, the sieve valves have failed to be fully closed therextangular
shape of the flow channeHence when the complete sealing of the channel without any

leakage isr\eeded, pushp and pustiown multilayer valves are the best possible choies

Multi-layer valves showed their capability in splittindg microdroplets in which ifferent
regimes of splitting in the microfluidic channels are controlled by the difference between the
valving pressurénducedin the control channel and the overall pressure in the flow channel.
As shown inFigure 2.9eat a small valving pressure, expanding the flow channel towards the
control channel results sno-splitting regime Above a criticapressurga constrictionegime

is shaped whickeads taosplitting a mother droplet into two different sized daughter drogets,
small satellite droplet which is attachedadigger daughter dropletAn increment in the
valving pressure decreases the aizé increases the numhéidaughter droplefsespectively
Finally, above another critical pressure, the flow channel is completely blocked by the valve
making boththe micralroplet of dispersed phasand the continuous phase unable to pass
through it®,
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Multi-layer valves suffer from sophisticated fabrication and designing pexcé&dsw layer

and control layer have different concentrations of the curing agent in PiDkt8forethey

should be cured separatelyhe recessity for aligning different PDMS layers by hand under
the microscopen top ofeach other or by usirgmask aliger and specific photoresist add at
least onechallengingstep to the fabrication procé¥s Besies, carefully fitting the control

layer and the flow layer in the designing step is required in order to escape from overlapping.
Any partial change in the control layer may leadh®redesign om vital change in the flow

layer and vice versa, which msumesextra time, costand energ$®. These drawbacks
encouraged researchers to look for a substitutiomtdti-layervalves which is the subjeof

the nextsubsectiorof this literature review.

“push-down” “push-up”
. flow | full valve | | sieve valve full valve |
layer
<‘D control channel _
control control channel control channel “)”“U‘
layer
Kglass
valve

... flow
7 out

closed

slide
control channel
control channel control channel

Figure 2.9.(a) Top and (b) (d) Side views of dlﬁererﬂypesof multi-layervalveg® and (3) different regimes

(a)

of droplet break up by usingulti-layer valve$®. (a) 1 (d) are reproduced from ref. 199 with permission from
The Royal Society of Chemistrye) is reproduced fromef. 194 with permission from The Royal Society of
Chemistry.

2.6.2. Single-Layer Pneumatic Valves

Pioneered by scientists at Wiscondifadison University, singkayer valves integrates ease
of fabrication and simplicity of singlyer devices with theontrollability and versatility of
the pneumatic valvé¥2°7 Followed by Harvard university scientists, this valve perfectly
showed its high efficiency to generdfeand sort®®2%° droplets.In contrast tomulti-layer
valves here, ¢hin layer of elastomeric membrane liestically between the control and flow
layerg45208209 | jke sieve multilayer valves, single layer valvesffer from leakage mostly
via the corner®f the channelEven when fully actuated by air, thdg not closecompletely,
due to the rectangular profile of the flow channel. However, ineavationsto use them at
both sides of the channel as a pincer or to fabricate them usingidedlmolding method

reduce the leakage tnegligible amount and makes them atahle substitution omulti-
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layewvalves in DNA synthesis and other biological applications wheretighk microvalve

seem to be an urgent prioAt)>

In many manipulation techniques, only a certain change in flow rate or pressure in the main
stream without complete blockage is requitbdreforethe two key advamages okinglelayer

valves (simplicity in structure, and eased of fabrication) result in choosing them as the best
candidate fogeneratingsorting, splitting and merging of microdroplets without adding any
supplementary steps in the design or fabrcatiThe versatility of the single layer valve
allowed researchers to test them in different designs for droplet manipulation techniques, some

of which are schematized Figure 2.1¢8208.209.211,21219
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Figure 2.10.Using singlelayer valves for different manipulation techniques {ajd) sorting?®, (e) merdgng?8,
and (f) splitting*® of microdroplets(a)i (d) are reproduced from ref. 42 with permission from The Royal Society

of Chemistry.

Adding a pair of single layer valve opposite to each other after the orifice of a flow focusing
junction results inmembrane deformation when it is needed, which gives theeusetlent

control over the size of droplets and frequency of genef4tié In thesorting manipulation
techniqueas shown irFigure 2.10awhile without applying external pressure via microvalve,
thefluid tends to carry droplets to the upper chamber due to its lower resistance, actuating the
valve blocks the upper chamber and deflects the droplet to wex hamber with higher

resistanc®® A similar trend has successfully been tested for sorting droplets approaching the
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bifurcation Y-junction(Figure 2.108?°°. Single-layervalves also showed their excellent ability

to guide droplets to the different subchannels which branches from one main chéntrehw
PDMS walls in between them. Regulating the relative pressure between two different
microactuators can block all subchannels except one, which gives dmplehoice but to

flow to the targeted subchanr{€igure 2.10)%.

Although sortingand generatin of microdroplets vere investigated sufficiently by using a

single layer valve as an actuator, there was only one study found in the literature, which focused
on themerging manipulation technique in spite of its importance in making a combination of
dropletsfor on chip reactins Hydrodynamically controlling the pressure on the sides of two
parallel channels by using tvginglelayervalves successfully resulted in merging of two or
three droplets. Pillar arrays were placed between the main and side channels to give researcher
the capability to decrease the flow rate and trap droplets for the purpose of merging. While the
valve which is placed close to the main channel controls the velocity of droplets, the space
between the droplets and the number of trapped and finally chérgplets were a function of

the pressure differences between two valves during the act(@igome 2.1088

Despite the significance of droplet splitting in high throughput screenntg,ome work was

found in the literature review, which successfully reportediinglelayermi cr oval veds a
on the splitting mechanism of droplets as depictdedgnre 2.10f When valves are turned off,
symmetric splitting is observed due to the same hydrodynamic resistance of two daughter
channels branched from the main channel at thenttion. Applying pressure to one of the

valves actuates the membrane and increases the resistance of the connected subchannel.
Therefore the size of the daughter droplet decreased in that branch. The more deformation is
imposed by one of the microvalves|argerdifference is observed between the resistance of

two daughter channels and the size of two daughter droplets. Results obtained from the
experiments showed that the relative size of daughter droplets is a function of the main flow
rate, pressure differencketween two valves and the relative size of subchannels and
microvalves. Although thehigh-pressureinjection into one of the microvalgecannot
completely seal dfthe affected microchannel due to its rectangular shape, it can completely
divert the dropt to the other brancfiherefore the presented design has thgh efficiency

for both splitting and sortingf microdropletsas shown inFigure 2.10d#° However,

selectivity (here meaimg thesplitting of only the targeted dropletyvhich is one of the most

28



importantchallengesn the microfluidic world usinglropletmanipulation technigueso u |l d n 6t

be achieved in their work which remainsesearclgap and the topic othis PhD study.

2.7. Droplet Microfluidic s for On-chip Reactions and High
Throughput Screening

One of themost importanapplicatiors of the multidisciplinary science of ajplet microfluids

is in thefield of pharmaceutical scienté??2 Pharmacetical companies mostly benefit from
drug and vaccinaliscovery delivery and screeningesearch by means of High Throughput
Screening (HTS). This technology enables testing of different compounds, chemicals,
antibodies oreagentsn different concentradins on a patient diseaseaells ororgansso as

to search for a positive reaction between them. In these types of experiments usually a giant
matrix of possible combinationsf the drugis experimente@ndapplied oncells which are
infected with cancediabetes, HIVkidneyor otherdisease®®. Rathertoo much time, energy

and moneyneedto be consumed to fully test such a large matfisombinationgo extract the
unique array wittthe specific combinatioras afinal productwhich can be eithesidrug ora
vaccine Routinely plates that consist of a matrix of wells and reagents are used for HTS
reaction.Ingredientsare transferred tahe plates bypipetting robotsthat are integrated to
robotic arms. Bulky and higpriced equipment that needs to be used in HTS, led researchers
to think about miniaturization. Maximizing the number of tests per sample, enhancing the
reliability of HTS andoptimisingthe total cost of equipment can be achieved by reducing the
volumes ofingredientswhen miniaturisation is appliefbr HTS??%. Faster heat and mass
transfer result i n easier regul ation of the
smaller sampleé$®. Finally, improved detection sensitivity is achieved due to less background
noise Despite all these advantages, miniaturized microliter systems have lingtiemo the
relatively low accuracy of robotipipettingequipment and evaporation thatcus in these

open systest?6:227

These disadvantages of miniaturised HTS technigar$e minimisedeffectively by using
dropletmicrofluidic devices in which chemicalsellsand reagents are usually encapsulated in
picolitre droplets in an immiscibliguid (for instance, the diseased cetlbig molecules like
graphene oxides or carbon nanotubas betrappedin water dropletss a dispersed phase

which is usually made within an oil carrieontinuous phage These closed systenaffer
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