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Abstract 
 

This thesis is focused on droplet microfluidics and droplet manipulation techniques to enhance 

high throughput screening and on-chip reactions. The most 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 of 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 that the next droplet 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 in the valve-induced selective splitting platform. When the 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 Chapter 4.  

 

The platform introduced in Chapter 4 uses pneumatic single layer valves to integrate 

generating, splitting, and 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 

generated droplets act as vessels that transport different samples around the chip, these vessels 

can then be subdivided at splitting locations, just as pipettes can be used to dispense a fraction 

of its total volume. The split droplets enter a merging channel in which daughter droplets of 

different types and sizes can be reacted together. As a result, a matrix of products with different 

concentrations from an array of ingredients is produced. This work advances research into a 

major application of droplet microfluidics, 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 isolate individual cells in droplets, allowing their contents to be 

analysed, for example, post lysis. In Chapter 5, instead of examining a cells lysate, the 
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behaviour of live, swimming cells are studied. Single sperm cells are isolated in droplets 

ranging from 30 ɛm to 140 ɛm in radius, and the resulting sperm swimming characteristics are 

examined. It is revealed for the first time that curvatures activate a dynamic response 

mechanism in sperm to switch from a progressive surface-aligned motility mode at low 

curvatures to an aggressive surface-attacking 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 1.66-fold longer time at the interface than progressive mode. The results 

reveal that the increasing geometrical complexity of the female fallopian tube alters sperm 

motion to guide the locomotion at lower curvatures, but to increase and prolong surface contact 

at higher curvatures, enabling sperm capacitation and fertilization closer to the site of 

fertilization.  
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different valve pressures for the fixed inlet condition of Oil Pressure = 400 mbar and Water 

Pressure = 500 mbaréééééééééééééééééééééééééééé..54 

 

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 (b) After the valve is actuated to the pressure of 600 mbar. (c) During the 

valve actuation when 650 mbar is imposed in the valve inletéééééééééééé....55 
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in the operating 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 partééééééééééééééééééééééé55 

   

Figure 3.11. Deformation of two valves with different membrane thicknesses under the P = 

100 kPa (a) membrane thicknesses = 30 ʈÍ (b) membrane thicknesses = 50 ʈÍ (1

φπ ʈÌȾÈÒ, 1 ςυ ʈÌȾÈÒ)éééééééééééééééééééééééé..57 

 

Figure 3.12. Visualization of valve actuation at different pressures for membrane with 30 ʈÍ 

thickness (1 φπ ʈÌȾÈÒ, 1 ςυ ʈÌȾÈÒ)ééééééééééééééééé.57 

 

Figure 4.1. Schematic of the microfluidic device to achieve selective droplet splitting and 

merging at multiple locations using eight single-layer 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 phases. A zoomed-in 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, after splitting the 

daughter droplets are merged using a passive pillar-based approachéééééééééé62 

 

Figure 4.2. Droplet generation part of the multi-splitting 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. (e) - (h) Valve based droplet generation approach 

is used to create a red, blue, white and green droplet, respectively. Scale bars are 100 Õmé..65 

 

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) Droplets split in the last two junctions. (d) There is no droplet splitting 

in all the four junctions: scale bars, 100 Õméééééééééééééééééé..é67 

 

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

percentage of the flow 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 entering each branch divided 

by the total flow rate in the main channel, respectively. The dotted lines separate splitting and 

no splitting regimeséééééééééééééééééééééééééééé...68 

 

Figure 4.5. Splitting of different coloured droplets at different locations using single-layer 

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 pressurised at 1800 mbar (deformation of 

53 µm). (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 white coloured droplet is split at the fourth junction when 

the valve is pressurised at 1800 mbaréééééééééééééééééééééé70 

 

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 dragged out of the merging 

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 daughter droplets 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 ratio is 1:2 (red: clear)éééééééééééééé...é71 

 

Figure 4.7. An image sequence demonstrating 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. 

Subsequent 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 dropletééééééééééééééééééééééé..é72 

 

Figure 4.8. Flow rate distribution of multi-splitting 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) Schematic of the simplified 

microfluidic system in which same flow rate enters in four T-junctions 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 enters in four T-junctions with a similar widthé..75 

 

Figure 4.9. Characterisation of the single-layer microvalve. (a) Maximum deformation of the 

channel is plotted against different pressures that are applied to the single-layer valve. (b) 

Deformation of the channel is plotted against the time when the single-layer 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 not split 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 bar 100 Õméééééééééééééééééé.é76 

 

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, forming confined lumens with radius of 

curvatures ranging from ~20 ɛm to over 150 ɛm. (b) Encapsulation of individual sperm in 

monodisperse droplets ranging in size from 30 to 140 ɛm, mimicking the physiologically 

relevant range of curvatures in vivo. Time-lapse images 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 µm-radius droplets, respectively. The colour of the 

instantaneous swimming trajectories 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 µm. Images were contrast-adjusted for clarityééééé81 

 

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

Ŭ, and the percentage of the 12 s tracked swimming trajectory in which the sperm is (b) 

attacking (2°< <90°), (c) swimming parallel to (-2°< <2°), and (d) departing (<-2°) the 

interface in droplets ranging from 30 to 140 ɛm in radius. Values are reported as mean s.d. 

(nÓ10), and P values were determined using one-way ANOVA, *PÒ0.05, **PÒ0.01, 

***PÒ0.001éééééééééééééééééééééééééééééé...é83 

 

Figure 5.3. Characterization of the 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 s.d. (nÓ10), and P values were determined using one-way 

ANOVA, *PÒ0.05, **PÒ0.01éééééééééééééééééééééééé...84 

 

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), and (d) beat 

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

Õm. Values are reported as mean s.d. (nÓ10), and P values were determined using one-way 

ANOVA, *PÒ0.05, **PÒ0.01, ***PÒ0.001 (see Table 5.1). (e) Schematic representation of the 

measured sperm motility parameterséééééééééééééééééééééé86 

 

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. Schematic 

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 radius)ééééééééééééééééééééé.88 

 

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 mimics the relevant 

range of curvatures in infundibulum, ampulla, and isthmus, with sperm exhibiting (a) head-on 

swimming behavior in the attacking mode, (b) a combination of head-on swimming and 

boundary following behavior in the transition mode, and (c) boundary-following behaviors in 

the progressive mode, respectively. Images were contrast-adjusted for clarity. Scale bars, 100 

Õmééééééééééééééééééééééééééééééééééé.90 

 

Figure 5.7. Difference between average path and droplet radius for three different modes of 

sperm swimming 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 increaseséééééééééééééééééééé..93 
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Figure 5.8. Temporal variations 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 (a) 30 µm to 

40 µm, (b) 50 µm to 60 µm, (c) 70 µm to 80 µm, (d) 90 µm to 100 µm, (e) 110 µm to 120 µm, 

and (f) 130 µm to 140 µm. Sperm are swimming in the attacking mode in a, in the transition 

mode in b-d and in the progressive mode in e and féééééééééééééé...éé94 
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microscope (Olympus IX83, Japan) and Fluigent systems, connected to a computer for data 

collectionéééééééééééééééééééééééééééééééé..94 
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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. (e) SAW has been used as a washing technique 

to exchange the droplet medium. (a) ï (d) are reprinted with permission from ref. 366 Copyright 
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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 which drops the overall resistance of the branché173 

Figure AII.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 in the first 

junction, (c) Breakup in first junction onset of breakup in the second junction, (d) Breakup in 

both the junctions. (e) Intermittent breakup in both the junctionsééééééééééé174 

 

Figure AII.8.  The finger length for four regimes of droplet interaction is plotted 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 

the first (red) and second (green) junction occursééééééééééééééééé175 

 

Figure AII.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 design second junction yields no breakup while 

all other cases represent breakupééééééééééééééééééééééé.176 

 

Figure AII.10. High-speed visualization of droplet interacting with the first T-junction and 

expansion channel, which yields the same volume of daughter droplets at both the junctions. 

This lies between regime 3 and 4éééééééééééééééééééééé.é176 

 



xxvii  
 

Figure AII.11. Comparison between experimental and 3D numerical simulations at Ca = 

0.011. (a) Contours of the volume fraction of the continuous and discontinuous phase. (b) High-

speed visualization of the droplet interaction with the first and second junctionéééé.é177 
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1.1. Motivation  

Miniaturisation of mechanical and electrical components is one of the most promising 

technological advancements of the twenty-first century that has led to significant conservation 

of material, energy and manufacturing costs. Due to the recent rapid increase in energy demand 

worldwide, reducing energy loss using microelectromechanical systems (MEMS) has become 

increasingly important for design and operation engineers in developing novel engineering 

systems. In recent decades, numerous studies have been undertaken on microelectromechanical 

systems (MEMS); these studies focused on finding new techniques not only to save material 

and costs, but also to achieve higher efficiency in both operation and performance. MEMS 

have been widely used in different branches of science and technology, ranging from new 

techniques for cooling electronic components to novel blood pressure sensors for biomedical 

sciences1,2. When it comes to working with fluids, the structure and size of MEMS devices 

necessitate the use of fluidic systems with volumes ranging from microliter to picolitre, which 

resulted in the development of a new field, small-scale fluid mechanics or microfluidics3. Here, 

the savings are primarily in terms of reagent volumes, in addition other advantages emerge due 

to the size scale being in the order of a single cell, and the visualisation possibilities this offer. 

 

Microfluidics is the science and technology of studying, utilising, and controlling fluids that 

are microlitre scale in volume and are mainly limited to microstructures of 1 to 1000 microns 

in size. Modern micro-scale engineering technologies have the potential to revolutionise 

various branches of science and industry by offering new capabilities and providing numerous 

advantages over their traditional macroscale counterparts. There are several important 

advantages in microfluidics that include smaller sample and reagents volumes, improved 

reaction rate, higher sensitivity, portability, possibility of parallelisation, and lower cost. These 

enhancement properties make microfluidics beneficial for on-chip reactions and mixing in 

which different chemical reactions, non-chemical mixing and molecular synthesis can be 

achieved by miniaturising huge chemical reactors and traditional macroscale mixers into small 

but efficient microreactors and micromixers4-6. With respect to biomedical applications, 

microfluidics has shown promise in understanding cell biology7-10, cancer cell detection11,12, 

assisted reproductive technology (ART)13,14, and single cell analysis15,16 by operating in 

precisely monitored and controlled chemical and physical microenvironments. Microfluidics 

includes various domains from paper-based microfluidics17 and open microfluidics18 to digital 

microfluidics17 and droplet microfluidics19. As an example, digital microfluidics is one of the 
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main domains of microfluidics which is about handling and manipulation of a single sessile 

microdroplet on a planar platform20. Although many of the advancements using microfluidics 

have taken place in a single-phase flow, two-phase flow microfluidics, and specifically droplet 

microfluidics has gained significant attention during the last two decades21. Droplet 

microfluidics involves the use of two immiscible fluid phases, with one phase forming 

microdroplets in the other phase, to provide a high throughput method for encapsulating and 

manipulating cells and reagents in controlled microenvironments of femtoliter to nanoliter in 

volume.  

 

1.2. Thesis Overview 

This thesis focuses on the application of microfluidics for on-chip reaction and cell biology 

study by developing microvalve and droplet manipulation techniques. The thesis investigates 

various droplet manipulation techniques using microvalves to offer lab-on-a-chip devices that 

could be miniaturised substitutes of traditional laboratory assays for high throughput industrial 

reactions. Specifically, droplet generation, splitting and merging will be demonstrated using 

single-layer microvalves in Chapter 3 and Chapter 4. In order to also illustrate the application 

of droplet microfluidics for single-cell analysis, the thesis also presents a new method in 

Chapter 5 for the encapsulation of individual sperm in microdroplets of controlled size and 

studying sperm motility characteristics. Specifically, high throughput droplet generation 

techniques are integrated with an advanced imaging and analysis system in order to gain a 

better understanding of the biophysics of sperm interactions with the curved microenvironment 

of the female fallopian tube in vivo. 

 

Chapter 2 reviews the current state of literature in the field of droplet microfluidics and the 

applications of microfluidic manipulation techniques (splitting and merging) for on-chip 

reaction, high throughput screening and cell biology study. This chapter highlights new 

opportunities in the field and illustrates current research gaps in the field, focusing on the 

research aims of this PhD thesis. 

 

Chapter 3 investigates one of the most important manipulation techniques of droplet 

microfluidics, droplet splitting. Utilising a novel single-layer valve, selectivity, efficiency and 

response time of splitting of droplets are improved in this chapter. A bypass loop is designed 

to split incoming droplets selectively, thus turning the droplet or on-chip test tube into an on-



4 
 

chip pipette. The results are analysed to support the explanation of the splitting phenomenon 

in the entrance of the bypass loop. The ability to switch between non-splitting regime and 

splitting regime whenever needed with the minimum external force is essential for high 

throughput screening and is demonstrated in this chapter. Flexibility of polydimethylsiloxane 

(PDMS) is utilised in this chapter to show that with minimum external force and without any 

complexity in design or microfabrication process, a single-layer microvalve is able to actuate 

the microchannel and split the isolated chemicals with full controllability and selectivity. The 

presented system has the potential to replicate automated pipetting technologies currently used 

on a larger scale. Combining droplet microfluidic splitting manipulation techniques and 

microvalve technology to make a matrix of droplets can be of benefit in pharmaceutical tests 

where diseased carrying cells are tested against the proposed drugs to search for positive 

reactions. The integration of this manipulation technique with other manipulation techniques 

such as generation and merging by using the presented 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: Chemical22. 

 

Chapter 4 expands upon the work presented in Chapter 3 by the integration of the selective 

valve-induced droplet splitting with valve-induced on-chip droplet generation and merging. In 

this chapter, a method is presented to integrate the three most important droplet manipulation 

techniques (droplet generation, splitting and merging) selectively on the same microfluidic chip 

using eight single-layer microvalves. As a means of manipulating droplets in a microfluidic 

system, single-layer microvalves provide a simple and bio-compatible method. In this chapter, 

the sequential generation of different droplet types is demonstrated by using an 

activation/deactivation of four microvalves located in close proximity to the four discontinuous 

phase inlets. These generated droplets are split selectively at four junctions using partial closure 

of valves located at each junction. Finally, using pillars to merge droplets in different 

permutations and combinations, the ability of the method to make a matrix of products with 

different concentrations from an array of ingredients is demonstrated. Moreover, fast reaction 

kinetics studies could be performed by 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 a high-throughput droplet generation device for 

single cell biology and sperm study. The female fallopian tube in the reproductive tract is lined 

with a highly complex convoluted epithelium surrounding a lumen that progressively narrows. 
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The influence of this increasing geometrical complexity on sperm behaviour as they move 

through this environment is unknown. Through the use of droplet microfluidics, we contain a 

single sperm in droplets ranging from 30 ɛm to 140 ɛm in radius, and observe the resulting 

sperm swimming characteristics. It is revealed for the first time that curvatures activate a 

dynamic response mechanism in sperm to switch from a progressive surface-aligned motility 

mode at low curvatures to an aggressive surface-attacking mode at high curvatures. In the 

attacking mode, the sperm head is consistently aligned at 70° with respect to the interface and 

swims ~35% slower, spending 1.66-fold longer time at the interface than progressive mode. 

Our experimental results and mathematical modelling also reveal that hydrodynamic effects 

lead to an active response mechanism in sperm to decrease their flagellar wave amplitude by 

up to 66% at high curvatures, potentially by activating an intercellular regulation mechanism 

such as switch-inhibition 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 epithelial tissue close to the sight of 

fertili sation. This work has been submitted for publication. 

 

Finally, Chapter 6 summarises the main conclusions and outcomes of the thesis and presents 

potential directions for future studies. 
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Chapter 2 
 

Literature Review and Research Aims 
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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 microfluidics-based microsystems with the focus on droplet microfluidics, 

microvalves and droplet microfluidics applications in the fields of on-chip reactions, high 

throughput screening and cell biology. In the second section of this chapter, droplet 

microfluidics will be briefly introduced and the importance of this field of science will be 

discussed. The literature review will then focus on a thorough analysis and critical comparison 

of different microdroplet generating and splitting manipulation techniques in sections 3 and 4. 

In section 5, fusion phenomenon is presented and different techniques which can intensify the 

coalescence of microdroplets are briefly discussed. This is followed by a review of microvalves 

with a focus on multi-layer and single-layer pneumatic valves in section 6. The range of 

applications obtained from the microfluidic platforms with the focus on using microdroplets 

manipulation techniques for on-chip reactions, high throughput screening, and cell biology 

studies are then discussed in sections 7 and 8. Finally, section 9, summarises the gap in the 

literature and introduces the problem statement of this PhD study and its significance and 

impact.  

 

2.2. Droplet Microfluidics  

 One of the newly introduced methods for the improvement of high throughput screening23,24, 

chemical reactions25,26, and single cell biology study23,27 is droplet microfluidics. Droplet 

microfluidics also provides opportunities to transport live cells and microrganisms ranging in 

size from 5 to 500 micrometer28,29. Droplet microfluidics involves the use of two immiscible 

fluid phases, such that one (dispersed or discontinuous phase) forms droplets in a volume range 

between femtoliters and nanoliters within the other (continuous phase) with the production rate 

of even more than 100 kHz30,31. Different methods have been used to generate these streams of 

microdroplets, including T-junction32 and flow-focusing33,34 which will be studied in detail in 

the next section. These isolated microdroplets can be equated to test tubes if the lab is brought 

onto a chip, as samples are physically and chemically isolated from surroundings and each 

other, so each of these isolated microdroplets can be used as a microreactor for on-chip 

reactions and nanoparticle synthesis35,36. Different droplet manipulation techniques were 

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

droplet microfluidics for different purposes including droplet generating37-39, splitting22,40,41, 
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merging42-44, trapping45-47, sorting48-50, mixing51-53 and sensing54-56. The first three mentioned 

techniques (droplet generation, splitting, merging) will be discussed in detail in the next three 

sections of this chapter since these techniques were examined and extended in the experiments 

within this PhD thesis.  

 

2.3. Generation of Microdroplets 

Droplet microfluidics generation techniques, in which a constant flow of buffer and sample 

meet at a microfluidic junction, create monodisperse droplets at rapid speed57 and is the 

foundation of other droplet manipulation techniques58. Generally, to enable the chip to do other 

manipulation techniques like splitting, merging, trapping and intra-droplet manipulation 

techniques, it is necessary to first generate microdroplets from the same or different dispersed 

phases on demand on the same chip or bring them to the inlet of the main chip with tubes from 

the generation chip after their formation, which shows that without generation, other droplet 

manipulations techniques are almost impossible. Also, droplet generation has a wide range of 

application from nanoparticles fabrication59 and cell encapsulation60 to emulsions61 and 

foams62 and drug delivery research63. Hence, before studying any other manipulation 

techniques, it is best to first review different regimes and methods of droplet generations in 

detail.  

 

In the mechanism of generation or formation of microdroplets, different production regimes 

can be observed including squeezing64,65, squeezingïdripping transition66, dripping65,67, 

jetting67,68, tip-streaming69, and tip-multi-breaking70. Capillary number is used as a 

dimensionless parameter to demarcate the physical boundaries between these regimes. 

Capillary number is defined as the ratio of viscous forces over surface tension (ὅὥ ‘ὺ‎ϳ) 

where ɛ (Pa s) is the viscosity of the continuous phase, ὺ (m sī1) is the average flow velocity 

of the continuous phase, and ‎ (N mī1) is the surface tension between the continuous and 

dispersed phases71. 

 

Starting from the lowest capillary number (CaÒ0.015), where the shear force is negligible, the 

squeezing regime occurs. Droplet formation in this regime is mostly influenced by the pressure 

imposed by the continuous phase71. Here, the interface between the continuous and dispersed 

phases grows until it blocks the whole width of the channel. As a result, there is a build-up of 
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pressure upstream which finally overcomes the interfacial tension, the interface ruptures and 

large non-spherical droplets or plugs are created which occupy the whole width of the 

channel72,73. In the squeezing regime, the channel geometry and the relative flow rate between 

continuous and dispersed phases play key roles in generation process and droplet volume37,74,75, 

however, the relative viscosity between the continuous and dispersed phases or other physical 

properties of two fluids are of less importance71,76. Here, the generated droplets have a larger 

volume in comparison to other generation regimes37.  

 

Increasing the Capillary number of the continuous phase results in a confined transition regime 

between squeezing and dripping regimes (0.015ÒCaÒ0.02)65,71,72, in which both surface tension 

and shear forces are of great importance65,75. In this intermediate regime, the interface between 

the continuous and dispersed phases obstructs the channel partially and provisionally during 

the generation of microdroplets66,77-79. For 0.02ÒCa, the dominance of shear force, enforces the 

dispersed phase to break up and creates the droplet before the protrusion of fluid emerging 

from the side channel blocks the main channel (Dripping regime)32,71. As a result, droplets are 

spherical and smaller in size in comparison to squeezing and transition regimes (Figure 2.1b). 

However, the production rate, stability and monodispersity are much higher than other 

generation regimes which make this regime an excellent candidate for high throughput 

screening, drug delivery and cancer therapy80,81. Here, the size of generated droplets is highly 

dependent on the capillary number and fully independent of the relative flow rate74,82.  

 

By further increase of the flow rate of either the continuous phase or dispersed phase, a jet 

consisting of the dispersed phase is shaped in the middle of the channel (Figure 2.1c). This jet 

stream breaks up downstream and creates highly monodisperse droplets (Jetting regime) as a 

result of Rayleigh-Plateau instabilities67,83,84, which can be used in single-cell protease 

detection85, fibre synthesis86, and wafer die marking87. Creeping flow condition in the tip-

streaming regime results in shaping the very thin cone jet88, which finally splits to tiny 

monodisperse droplets as small as a micron or even sub-micrometer89-91. These sub-micrometer 

droplets have an increasing demand in emulsions and nanoparticle productions69. Tip-multi-

breaking regime is very similar to tip-streaming regime unless the cone jet is unsteady in tip-

multi-breaking regime. So, droplets production is not continuous but rather sequential (Figure 

2.1d). As a result, trains of polydisperse droplets are shaped one after the other which gradually 

increase in size from the back to the front of the train92. These trains of droplets are well suited 

to  use in multi-volume droplet digital PCR93, smart biosensors or drug delivery applications94.  
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Figure 2.1. Different regimes of breakup, (a) squeezing, (b) dripping, (c) jetting, and (d) tip-multi-breaking regime 

in a flow focusing droplet generation method37. (a) ï (d) are reproduced from ref. 31 with permission from The 

Royal Society of Chemistry. 

 

Microfluidic based droplet generation methods can be grouped into active or passive 

techniques, depending on whether any external force field is used to form the droplets (active)38 

or only the microchannel geometry and inherent fluid forces play roles on droplet formation 

(passive)37,80, which will  be discussed in detail in the next two subsections. 

 

2.3.1. Passive Droplets Generation  

Passive droplet generation methods, which make use of selective channel geometries without 

any external force are fast, low-cost, on demand and simple in in operation, therefore they are 

usually preferred for single cell isolation and analysis95. The three most widely used 

geometrical configurations for passive droplet generation are cross-flowing32, flow 

focusing33,34, and co-flowing96.  

 

Pioneered by scientists at California Institute of Technology, cross-flowing was the first 

geometrical configuration that was used to generate microdroplets on demand32. In this method, 

dispersed-phase stream meets the continuous-phase stream in an arbitrary angle (00<— Ò1800). 

If the two streams intersect perpendicularly (— = 900) or in an acute intersection angle (00<— 

Ò900), it is also called a T-junction. Otherwise, it is called head-on junction for — = 1800 and 

Y-junction for 900<— Ò1800. Since T-junction is the simplest and most common passive droplet 

generation methods, all the parameters that play an effective role in droplet generation such as 

Capillary number, surface tension, relative dimensions of channels and relative pressure 

imposed in two inlets, are widely studied and well-established for T-junction97 or other cross-

flowing generation methods76,98,99. More complicated versions of T-junctions have also been 



11 
 

introduced and developed more recently to increase the monodispersity and diversity of 

generated droplets and functionality of the system for especially mass production in chemical 

and biological assays including double T-junction100, parallel dual T-junctions101, K-

junction102,103, V-junction104,105 and block and break generation system106. As an example, in a 

double T-junction system, the second dispersed stream is introduced into the main channel 

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

as such two different coloured droplets are produced alternately from two different reagents100. 

It is also worth mentioning that among all different generation regimes (squeezing, squeezingï

dripping transition, dripping, jetting, tip-streaming, and tip-multi-breaking) only the first four 

have been observed in the cross-flowing generation method37.  

 

Simultaneously invented by two different groups working independently of each other in flow 

focusing droplet generation method, two continues-phase streams come to the generation 

junction from opposite directions while one dispersed-phase stream meets them 

perpendicularly. A small orifice is also added after the junction from which two immiscible 

fluids flow out33,34. Different factors play roles in droplet generation regimes and droplet size 

in flow focusing including flow rate or pressure imposed in the inlets, interfacial tension, 

density, contact angle and viscosity. This droplet generation method is preferred when sensitive 

biological or pharmaceutical samples need to be loaded into the microfluidic droplets due to 

its improved monodispersity, high throughput, and higher frequency of droplet formation58.  

 

Initially  introduced by scientists at Harvard university in the beginning of the twenty-first 

century, the co-flowing approach is very similar to flow focusing in terms of physics of droplet 

generation107. The difference is, here, two streams of continuous phases and one stream of 

dispersed phase meet in parallel instead of meeting perpendicularly in the generation junction. 

Two streams of continuous phases flow in the outer cylindrical channel while one stream of a 

dispersed phase flows in the same direction in the inner cylindrical channel in a way that these 

two cylindrical channels are co-axial, so co-flowing can offer rotational symmetry96. Droplet 

generation using co-flowing has a wide range of applications including formation of emulsions 

and bubbles108. In emulsion studies, flow focusing droplet generation in the modified version 

of microcapillary device, can be integrated with co-flow method to generate monodisperse 

double emulsion droplets using one-step approach109-111. 
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2.3.2. Active Droplets Generation 

While formation of the same sized droplets on demand (monodispersity) is of great interest in 

diverse applications including high throughput biological screening112, emulsions113, drug 

delivery114 and single cell analysis95, having great control over the polydispersity index to 

generate different ranges of droplets on demand is also useful to improve the performance of 

biological and chemical assays. As an example, quantitative and accurate detection of genetic 

targets can be achieved using programmable pneumatic micropumps93. Therefore, having 

additional control over the size of produced droplets to create a more complex droplet patterns, 

necessitates the use of external forces to generate microdroplets, although active methods are 

costlier and more complicated. 

 

Electrical field as a direct current was the first external force implemented on a chip to actively 

generate microdroplets in which water and oil phases play roles as conductor and insulator, 

respectively115. Later on, electrochemical116, magnetic117-119, centrifugal120-123, optical124-126, 

thermal127-129 and mechanical forces were integrated on different device geometries (T-

junction, flow focusing, step emulsification and co-flowing) to improve the selectivity, 

functionality, and frequency in generation of microdroplets. Mechanical vibration130-132, off-

chip valves133-135, surface acoustic wave (SAW)136-139, piezoelectric actuator140-142, or on-chip 

microvalves143-145 are different types of mechanical controls which have been used until now 

to generate microdroplets. While the mechanism of the generation in the first three introduced 

mechanical methods is based on the modification of the fluid pressure, in the last two 

mechanical methods, channel deformation and blockage help to improve the selectivity of 

droplet generation.  

 

As an example of using non-mechanical forces to generate microdroplets, nanoscale 

ferromagnetic or ferrimagnetic can be diluted in the continuous or dispersed phases such as the 

magnetic field can affect the generation mechanism by creating a magnetic drag146. Here, the 

size of droplets and the frequency of generation are dependent to the device geometry, direction 

and location of the applied magnetic field, and the flow rate37,147. Integration of temperature 

sensor and microheater at the orifice of flow focusing device can adjust not only the droplet 

size but also the generation regime128. Also, optical methods including focused pulsed laser is 

efficient in generation droplets especially monodisperse droplets in the scale of sub-micrometer 

or even picoliter with the high generation frequency of 10 kHz124,148. While Capillary number 



13 
 

is the most important dimensionless number in the study of thermal and optical droplet 

generation methods, magnetic bond number also plays a key role in magnetic generation study 

since it represents the relative importance of magnetic force over surface tension147. 

 

As an example of using mechanical forces to have extra control over the production time and 

droplet size, interdigital transducer (IDT) was integrated with both flow focusing138 and T-

junction139. The acoustic wave generated by a SAW device, travels through the continuous 

phase, affects the interface between the continuous and dispersed phases, and also increases 

the pressure in the inlet of continuous phase. As a result, generation frequency is increased but 

the generated droplet size is decreased. Focused interdigital transducers (FIDT) were also 

implemented on the modified T-junction to control the frequency of production of one single 

137 or confined number of droplets (2-5 droplets)136. The size and number of generated droplets 

and the frequency of generation are the function of SAW power and duration of pulse and 

capillary number137. SAW offers the biocompatible and contactless technique for droplet 

generation. However, the complexity in fabrication and bonding the IDTs on PDMS, the cost 

of equipment, and limitation due to the pulse modulation capabilities of signal generators149 

are the most obvious disadvantages of this active droplet generation method which creates the 

need to look for other active methods that are of lower cost and less complicated but also 

biocompatible and on demand for cell biology study.  

 

2.4. Fission of Microdroplets 

In a very complex world-to-chip droplet microfluidic interconnection 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 smaller tiny droplets is highly requested, especially when 

concentration, separation and dilution of particles in droplets is of interest. The controllable 

ability to split droplets when combined with generation and merging mechanism, helps 

microfluidic researchers to solve the long-lasting issue of having a combinatorial library of 

chemicals, ingredients and drugs in high throughput screening. A symmetric breaking up of 

droplets is desirable when splitting is used to increase the production rate of droplets, maximize 

the capacity of the device, or produce one set of equal size droplets as a backup control 

experiment19,150-153. However, when a controllable volume or concentration of chemicals inside 

a droplet is required in pharmaceutical or chemical industries, an asymmetric splitting of 
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droplets is more of interest154-156. It seems that most of the methods used to generate droplets 

can be adopted to split them as well. For instance, decreasing the width of the orifice in flow 

focusing junction can also be used for splitting the plug to tiny droplets58. Droplet splitting can 

be categorized into passive, active and combined methods which are discussed in detail in the 

following next two subsections.  

 

2.4.1. Passive Droplets Fission 

Passive manipulation techniques utilize interactive effects between dispersed phase, 

continuous phase and channel structures without using any external ýelds or forces. On the first 

attempt to passively split the droplets, simple bifurcating junctions were designed and tested to 

show the effectiveness of different geometrical parameters on the splitting mechanism157. 

Based on the findings of this study, there is a critical extension length (ratio between the length 

of the mother droplet and the circumference of the main channel) above which all mother 

droplets split and below which the splitting/non-splitting regime is controlled only by the 

capillary number. Here, splitting happens when the shear force which is controlled by the 

channel design, overcomes the interfacial tension. As shown in Figure 2.2, a mother droplet 

with the length of l0 and velocity of v (a,f) enters (b,g) and expands at the T-Junction. Below 

the critical line, the mother droplet (c) fully extends and then (d) penetrates alternately into the 

two equal-size secondary channels. Above this critical line, longer droplets with higher velocity 

(h) break and then each of the produced daughter droplets moves to one of the daughter 

channels157. It has also been shown that the relative size of two daughter droplets can be 

controlled by the relative resistance (length or width) of two daughtersô microfluidic channels. 

The results show that the longer or wider the arm is existed; the larger the daughter droplet is 

produced157-160. 

 

Even though the phenomenon of droplet splitting for large or moderate capillary numbers in 

T-junctions was widely described in the literature, only a few studies have focused on the small 

capillary numbers which are more applicable in the microfluidic world99,161,162. Tables 2.1 and 

2.2 briefly classify different regimes of droplet splitting in two different types of T-junctions 

(two-arm and one-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, it can be 

concluded that all long droplets split independently from the channel velocity. Short or 
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medium-sized droplets can be split or not, depending on the velocity in the secondary channel 

or capillary number99,162. 

 

 

Figure 2.2. Different geometrical parameters which affect droplet splitting (a) - (e) Non-splitting regime157 (f) - 

(j) Splitting regime157. (k) Dependency of splitting regime on capillary number and extension length157. (l) 

Dependency of daughter droplet sizes on armsô length157. (m) Dependency of daughter droplet sizes on armsô 

width159. (a) ï (l) are reprinted figures with permission from ref. 152. Copyright (2004) by the American Physical 

Society. (m) is reprinted figure with permission from ref. 154. Copyright (2013) by the American Physical Society.   

 

Table 2.1. Different regimes of splitting in a two-arm T-junction162. Schematics are reprinted from ref.157, with 

the permission of AIP Publishing. 

Regime Explanation Schematic 

(a) No 

Splitting 

Short droplets at low 

velocities penetrate into one 

of the arms. The droplet 

could block the arm or leave 

the tunnel open when passing 

the arm.  

 

(b) Tunnel 

Splitting 

Gap always exists between 

the medium-size droplets and 

walls. Droplets stretched 

under viscous force, 

followed by fully extending 

and symmetric splitting. 

 

(c) 

Obstructed 

Splitting 

Long droplets block the 

bifurcating channels. No 

tunnel forms. A circular-

shaped neck forms and 

narrows gradually until 

splitting occurs. 
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Table 2.2. Different regimes of splitting in a one-arm T-junction99. Schematics are reprinted figures with 

permission from ref. 93. Copyright (2006) by the American Physical Society. 

Regime Explanation Schematic 

(a) 

Retreat 

Without 

Splitting 

After the initial penetration of 

a short finger into an arm, the 

tunnel opens in which a thin 

layer of oil is sandwiched 

between the wall and droplet. 

Droplet regains its shape and 

continues its path after finger 

retreating. 

 

(b) 

Retarded 

Splitting 

During the fingerôs retreat, 

breakup occurs and the 

daughter droplet separates and 

is sucked into the daughter 

channel. 

 

(c) 

Direct 

Splitting 

Long finger penetrates into a 

secondary channel. The bridge 

between this finger and main 

plug gradually narrows and 

finally the daughter droplet is 

split from the plug.  

 

 

 

Figure 2.3. Different splitting regimes in (I) two-arm and (II) one-arm T-junctions (a) no-splitting (b) tunnel or 

retarded splitting (c) obstructed or direct splitting99,162. (I) is reprinted from ref.157, with the permission of AIP 

Publishing. (II) 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 passive technique for splitting of droplets157. Although 

multiple bifurcating T-junctions with equal-length daughter channels resulted in successfully 

splitting a big plug into 16 tiny droplets157, asymmetric splitting was observed due to pressure 

drop and high surface tension in a microchannel150. In the same study, the square PDMS 

obstacle was placed in the centre of the microchannel to split the mother droplet to two equal-

size daughter droplets (Figure 2.4b)157. Asymmetric droplet splitting has also been achieved by 

changing the distance between the PDMS obstacle and the center line of the microchannel157. 

A sorting technique should be added here to separate the unequal-size daughter droplets from 

each other, which is the drawback of this geometrical-based splitting method157. Adding 

surfactants to the main fluid is also an efficient way to 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 of splitting150. 

 

Changing the angle of bifurcating junction from 900 in T-Junction to 450 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 rate (Figure 2.4d), were three other successful ideas 

implemented by researchers in order to split mother droplet into daughter droplets with the 

same size157,163-165. 

 

 

Figure 2.4. Four different techniques for symmetrically splitting of droplets. (a) Playing with the angle of the 

bifurcating junction163, (b) using an obstacle in the center of the channel157, (c) adding post to the junction165 and 

(d) connecting one of the outlets to the open tubing164. (a) is reproduced with permission from Hsieh, et al. in 

ref.158. (b) is reprinted figure with permission 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. 
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Discussed literature review in this section showed that like other manipulation techniques, 

passive splitting has been proven possible. However, as it was shown in Figure 2.3, controllable 

passive splitting only worked within a narrow range of operating conditions depending on the 

geometry of microchannels. Besides, passive methods are highly affected by fabrication faults 

and downstream disturbance which makes it worthwhile to integrate or replace them with 

active splitting methods depending on the application. Hence, in the next subsection of this 

literature review, active and combined droplet splitting methods are critically discussed. 

 

2.4.2. Active and Combined Droplets Fission 

As previously discussed, passive droplet splitting techniques are cheap and simple due to their 

working principle based on a combination of flow condition with the geometry of designs. 

However, in more complex high throughput screening research, especially where selectivity of 

the device is highly desired, active methods seem to be more useful despite their higher cost 

and complexity. The majority of droplet microfluidic manipulation studies specifically for 

splitting of microdroplets used passive techniques, with the exception of some mostly new 

studies, which applied active or combined methods.  

 

Adding an electrical field to the simple bifurcating junction can induce and polarize the neutral 

mother droplet and split it into two negative and positive daughter droplets, each penetrating 

to one of the daughter channels or arms. 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 strength, above which no splitting happens and the mother droplet is entirely 

sucked into one of the daughter channels based on the electric field direction115. Like an 

electrical field, other active methods such as electrostatic potential wells and laser can be used 

to break up the droplets when they are combined with passive methods. While without any 

laser, droplets split symmetrically at the T-junction which has a pointed structure, adding laser 

beam to one side of the pointy structure increases the local surface tension on the droplet, 

guiding it to penetrate more to the other side. The longer the laser actuation is induced in one 

daughter channel, the smaller the daughter droplets are. There is a critical duration of laser 

actuation, beyond which the droplet completely switches to the opposite daughter 

channel125,166,167. A similar trend has been observed for breakup mechanism by using an 

integrated micro heater placed under one of the secondary channels. A viscosity 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 fluid, especially in the low-pressure 

area, and changing the continuity of droplets due to high temperature are amongst the 

drawbacks of the heating-based splitting method168,169. This ability of the electrical, heating 

and laser-based splitting, improves the controllability over the sizes of daughter droplets in 

comparison to the pure passive splitting (Figure 2.5). However, damaging live cells and 

reagents is the most evident demerit of these combined manipulation techniques for 

microdroplet splitting. 

 

 

Figure 2.5. Combining passive and active methods for (a) symmetric droplet splitting without any external forces 

(b) controllable asymmetric droplet splitting by using electric fields, laser or integrated micro heater (c) droplet 

sorting by increasing any of mentioned forces (Electrical strength, duration of laser actuation or 

temperature)115,125,166-169. (a) ï (c) are reprinted figures with permission from ref. 162. Copyright (2007) by the 

American Physical Society. 

The flexibility and functionality of Electrowetting-on-Dielectric (EWOD) and 

Dielectrowetting for droplet actuation were successfully tested for droplet splitting (Figure 

2.6a). In these methods, constantly energizing the outer electrodes excite surfaces on the two 

sides of the droplet, while the electrode beneath the surface of the dropletôs central line is 

deactivated after a certain period of activity. Therefore, the droplet is drawn towards its sides 

and halved170,171. 

 

Despite the cost and complexity of equipment, Surface Acoustic Waves (SAW) have been 

implemented in the splitting mechanism of droplets, recently172-175. Using a pair of off-axis 

IDTs, SAW was directly applied on the two ends of a sessile droplet to break it up (Figure 
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2.6b). Depending on the SAW power 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 rotates it, similar 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 manipulation technique172. A very similar approach 

was used to split the moving water droplet flows into the oil actuated by slanted-finger 

interdigitated transducer (Figure 2.6c).  

 

 

Figure 2.6. Newly introduced active splitting methods, (a) dielectrowetting targets a sessile droplet171, (b) SAW 

halves a sessile droplet172, (c) SAW splits moving droplet in a channel173, (d) SAW affects plug which approaches 

Y-junction174, and (e) SAW works as a pipette for a plug passing through the bypass channel175. (a) is reprinted 

figure with permission from ref. 166. © 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 reproduced from ref. 42 with permission from The Royal Society of Chemistry. (e) is reproduced 

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

 

Droplets splitting/non-splitting regimes and the ratio of daughter droplets was controlled by 

the capillary number of fluids, applied voltage and the region of the droplet targeted by 

SAW173. Splitting and steering of a moving droplet in the presence of travelling SAW was 

investigated while the mother droplet approached the Y-junction (Figure 2.7d). In the absence 

of SAW, symmetric breaking up was observed due to the symmetric geometry of daughter 

channels whereas applying SAW leads to asymmetric splitting or fully steering droplets to one 

of the daughter channels depending on the power level174. Finally, pipetting from a moving 

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

channel was recently investigated (Figure 2.6e). 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 loop using SAW, pushes the continuous phase fluid in the secondary channel and increases 

the pressure difference between the main and secondary channels and affects the interface 

between the main and secondary streams of fluid. The higher the SAW power and the longer 

the actuation duration are, the larger the finger is formed which is finally split from the main 

channel and penetrated to the by-pass loop. Adding a capacitive sensor to the chip system 

improves the controllability and selectivity of the introduced pipetting mechanism175. 

 

While it seems that SAW is more versatile and bio-compatible than other active methods for 

fission, the cost and complexity of operational instruments make it worthwhile to search for a 

reasonable-cost substitution active method for droplet splitting which is one of the aims of this 

PhD study. 

 

2.5. Fusion of Microdroplets 

While splitting seems to be an effective method for separating, concentrating, portioning, and 

diluting particles in droplets, merging two or more droplets plays a pivotal role in mixing 

chemicals and ingredients and accelerating biological or chemical reaction between 

them19,155,176. Because each microdroplets that could be merged can work as an isolated 

capsule, droplet microfluidic also supplies a unique environment for studying fast organic 

reactions177. Like fission of 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 

phenomenon analysis more sophisticated in comparison to other manipulation techniques178. 

 

Two reviews on the merging phenomenon of microdroplets were recently published and widely 

studied the mechanisms that play an effective role in fusion176,178. The latter presented a theory 

termed the drainage model in order to explain the coalescence of microdroplets in the presence 

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 which prevents them from being 

merged. The thinner the drainage film is, the more probable the coalescence can occur. 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 interfaces between the droplets and 

merge them (Figure 2.7a). It was also found that there is a critical capillary number below 
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which merging is more likely to occur. On the other hand, in the presence of surfactants, 

Marangoni flow is induced in the opposite direction to the film drainage due to irregularity in 

the surface tension of the interface. Besides, bipolar surfactant molecules which coated the 

interfaces of droplets repel each other and intensify the stability of droplets. These two effects 

cooperate with each other to delay the film drainage and droplet fusion in the presence of 

surfactants (Figure 2.7b)178. 

 

2.5.1. Passive Droplets Fusion 

Like droplet generation, splitting and other droplet manipulation techniques, unspontaneous 

fusion of microdroplets can be subcategorized into passive and active merging, which are 

briefly discussed in this and the following subsections. Adding fusion T-junction, fusion 

chamber, pillars or by-pass channel to the microchannels, modified the geometrical designs 

and facilitated droplet merging as shown in Figure 2.7c-e. These modifications decrease the 

velocity of the first droplet that reaches the channel, due to an expansion in the designed 

channel or other geometrical restrictions and give the following droplet sufficient chance to 

come and touch the first droplet. A thin film between two trapped daughter droplets prevents 

the merging of two droplets. Within a short time, this thin film drains out, and two daughter 

droplets merge and the newly formed droplet continues its journey downstream towards the 

exit of the channel43,179-183.  

 

Trapping which is another important manipulation technique can be employed to catch targeted 

droplets in a storage chamber or wells (Figure 2.7f-g)184-186. When trapping is followed by 

flushing the system with a pure continuous phase that does not have any surfactant, merging 

can easily happen without using any external forces186. 
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 Figure 2.7. Passive fusion of microdroplets (a) without surfactant178, (b) with surfactant178, (c) with fusion 

junction179, (d) with fusion chamber181, (e) with pillars43, (f) with storage chamber185, and (g) with storage well186. 

(a) and (b) are reprinted from ref. 173 with permission from Elsevier. Copyright © 2015 Elsevier. (c) is reprinted 

with permission from ref. 174. Copyright 2007, Springer. (d) is reprinted figure with permission from ref. 176. 

Copyright (2008) by the American Physical Society. (e) is reproduced from ref. 37 with permission from The 

Royal Society of Chemistry. (f) is reprinted with permission from ref. 180. Copyright 2016, Springer. (g) is 

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 

surfactant, when surfactants are present, external forces assist in overcoming the increased 

stability of the interface to merge droplets. Among different active methods, electrocoalescence 

is the most common for droplet fusion. As it is obvious from its name, electrocoalescence is 

the coalescence of droplets under the effect of a variable electric field115,187-190. While electric 

forces were used widely as an active method for droplet merging, other possible external forces 

such as dielectrowetting170-172 or surface acoustic waves42,44 have been recently applied to 

merge the droplets. Additional equipment used in introduced active techniques encourage 

researchers to search for cheaper and simpler methods for unspontaneous merging of droplets 

which can be integrated with active manipulation techniques for generating and splitting 

microdroplets. 

 

2.6. Microvalves 

In this part of the literature review, pneumatic valves, their different types and their importance 

in the lab-on-a-chip (LOC) droplet manipulation techniques will be introduced.  

 

https://en.wiktionary.org/wiki/coalescence
https://en.wiktionary.org/wiki/droplet
https://en.wiktionary.org/wiki/electric_field
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Conventionally, valves have been used for controlling, blocking, minimizing, guiding, or 

alternatively 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 microactuators revolutionized 

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 existence (active) or non-existence (passive) of any external force is more useful191. In 

passive microvalves, the pressure difference between the inlet and outlet of the valve controls 

the flow rate without any external actuation. Passive microvalves are subdivided to 

mechanical/check valves and non-mechanical/capillary valves which are considered as a 

micropumps in some literatures192-194. 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, piezoelectric or thermal), non-mechanical (electrochemical, 

phase change, bistable) or external (rheological, modular, pneumatic) actuation systems which 

can be used to open and close the microvalves are the basis of subdividing active valves into 

different subcategories191. Based on the topic 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, high-power density, bio-compatibility, reasonable-cost 

experimental setup and versatility195,196. Besides, pneumatic valves can be controlled 

electronically, allowing several independent microvalves to work simultaneously and 

automatically197. 

 

 

Figure 2.8. Schematic of different actuation systems in active mechanical microvalves: (a) magnetic (b) electric 

(c) piezoelectric (d) bimetallic (e) thermopneumatic and (f) shape memory alloy microvalves191. (a) ï (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 valves198. Since then, multi-layer valves have been broadly used to controllably 

generate199,200, split199, sort50, merge200 and mix201,202 either droplets or cells. As is easily 

understood from its name, flow and control channels have been manufactured in two different 

layers and then have been positioned on top of each other, with a shared thin flexible horizontal 

membrane in between them; thus, they are labelled as a 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 channel198. Similarly, applying negative pressure in 

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

channel due to the suction effect203. 

 

Multi -layer valves can be subdivided into push-down valves, push-up valves, push-up and 

push-down valves and sieve valves (Figure 2.9a-d). The control channel passes over and below 

the flow channel in the push-down and push-up valves, respectively. However, the control 

channel lies in between two flow channels in the push-up and push-down valves. While in the 

first three mentioned valves, a tight seal and true valving has been achieved due to the rounded 

profile of the flow channel, the sieve valves have failed to be fully closed due to the rectangular 

shape of the flow channel. Hence, when the complete sealing of the channel without any 

leakage is needed, push-up and push-down multi-layer valves are the best possible choices204. 

 

Multi -layer valves showed their capability in splitting of microdroplets in which different 

regimes of splitting in the microfluidic channels are controlled by the difference between the 

valving pressure induced in the control channel and the overall pressure in the flow channel. 

As shown in Figure 2.9e, at a small valving pressure, expanding the flow channel towards the 

control channel results in a no-splitting regime. Above a critical pressure, a constriction regime 

is shaped which leads to splitting a mother droplet into two different sized daughter droplets, a 

small satellite droplet which is attached to a bigger daughter droplet. An increment in the 

valving pressure decreases the size and increases the number of daughter droplets, respectively. 

Finally, above another critical pressure, the flow channel is completely blocked by the valve, 

making both the microdroplet of dispersed phase and the continuous phase unable to pass 

through it199. 
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Multi -layer valves suffer from sophisticated fabrication and designing processes. Flow layer 

and control layer have different concentrations of the curing agent in PDMS, therefore they 

should be cured separately. The necessity for aligning different PDMS layers by hand under 

the microscope on top of each other or by using a mask aligner and specific photoresist add at 

least one challenging step to the fabrication process204. Besides, 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 lead to the redesign or a vital change in the flow 

layer and vice versa, which consumes extra time, cost and energy205. These drawbacks 

encouraged researchers to look for a substitution for multi-layer valves which is the subject of 

the next subsection of this literature review. 

 

 

Figure 2.9. (a) Top and (b) ï (d) Side views of different types of multi-layer valves204 and (e) different regimes 

of droplet break up by using multi-layer valves199. (a) ï (d) are reproduced from ref. 199 with permission from 

The Royal Society of Chemistry. (e) is reproduced from ref. 194 with permission from The Royal Society of 

Chemistry. 

 

2.6.2. Single-Layer Pneumatic Valves 

Pioneered by scientists at WisconsinïMadison University, single-layer valves integrates ease 

of fabrication and simplicity of single-layer devices with the controllability and versatility of 

the pneumatic valves206,207. Followed by Harvard university scientists, this valve perfectly 

showed its high efficiency to generate145 and sort208,209 droplets. In contrast to multi-layer 

valves here, a thin layer of elastomeric membrane lies vertically between the control and flow 

layers145,208,209. Like sieve multi-layer valves, single layer valves suffer from leakage mostly 

via the corners of the channel. Even when fully actuated by air, they do not close completely, 

due to the rectangular profile of the flow channel. However, new innovations to use them at 

both sides of the channel as a pincer or to fabricate them using dual-sided molding method 

reduce the leakage to a negligible amount and makes them a suitable substitution of multi-
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layervalves in DNA synthesis and other biological applications where leak-tight microvalve 

seem to be an urgent priority210-213. 

 

In many manipulation techniques, only a certain change in flow rate or pressure in the main 

stream without complete blockage is required, therefore the two key advantages of single-layer 

valves (simplicity in structure, and eased of fabrication) result in choosing them as the best 

candidate for generating, sorting, splitting and merging of microdroplets without adding any 

supplementary steps in the design or fabrication. The versatility of the single layer valve 

allowed researchers to test them in different designs for droplet manipulation techniques, some 

of which are schematized in Figure 2.1048,208,209,211,214-219. 

 

 

Figure 2.10. Using single-layer valves for different manipulation techniques (a) ï (d) sorting48, (e) merging218, 

and (f) splitting219 of microdroplets. (a) ï (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 in membrane deformation when it is needed, which gives the user excellent 

control over the size of droplets and frequency of generation145,220. In the sorting manipulation 

technique, as shown in Figure 2.10a, while without applying external pressure via microvalve, 

the fluid 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 the lower chamber with higher 

resistance208. A similar trend has successfully been tested for sorting droplets approaching the 
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bifurcation Y-junction (Figure 2.10c)209. Single-layer valves also showed their excellent ability 

to guide droplets to the different subchannels which branches from one main channel with thin 

PDMS walls in between them. Regulating the relative pressure between two different 

microactuators can block all subchannels except one, which gives droplets no choice but to 

flow to the targeted subchannel (Figure 2.10b)215. 

 

Although sorting and generation of microdroplets were investigated sufficiently by using a 

single layer valve as an actuator, there was only one study found in the literature, which focused 

on the merging manipulation technique in spite of its importance in making a combination of 

droplets for on chip reactions. Hydrodynamically controlling the pressure on the sides of two 

parallel channels by using two single-layer valves successfully resulted in merging of two or 

three droplets. Pillar arrays were placed between the main and side channels to give researchers 

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 merged droplets were a function of 

the pressure differences between two valves during the actuation (Figure 2.10e)218. 

 

Despite the significance of droplet splitting in high throughput screening, only one work was 

found in the literature review, which successfully reported the single-layer microvalveôs ability 

on the splitting mechanism of droplets as depicted in Figure 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 the Y-junction. 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, a larger difference 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 difference between two valves and the relative size of subchannels and 

microvalves. Although the high-pressure injection into one of the microvalves cannot 

completely seal off the affected microchannel due to its rectangular shape, it can completely 

divert the droplet to the other branch. Therefore, the presented design has the high efficiency 

for both splitting and sorting of microdroplets as shown in Figure 2.10d,f219. However, 

selectivity (here meaning the splitting of only the targeted droplet), which is one of the most 
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important challenges in the microfluidic world using droplet manipulation techniques couldnôt 

be achieved in their work which remains a research gap, and the topic of this PhD study. 

 

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

Throughput Screening 

One of the most important applications of the multidisciplinary science of droplet microfluids 

is in the field of pharmaceutical science221,222. Pharmaceutical companies mostly benefit from 

drug and vaccine discovery, delivery and screening research by means of High Throughput 

Screening (HTS). This technology enables testing of different compounds, chemicals, 

antibodies or reagents in different concentrations on a patientôs diseased cells or organs so as 

to search for a positive reaction between them. In these types of experiments usually a giant 

matrix of possible combinations of the drug is experimented and applied on cells which are 

infected with cancer, diabetes, HIV, kidney or other diseases223. Rather too much time, energy 

and money need to be consumed to fully test such a large matrix of combinations to extract the 

unique array with the specific combination as a final product which can be either a drug or a 

vaccine. Routinely, plates that consist of a matrix of wells and reagents are used for HTS 

reaction. Ingredients are transferred to the plates by pipetting robots that are integrated to 

robotic arms. Bulky and high-priced 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 and optimising the total cost of equipment can be achieved by reducing the 

volumes of ingredients when miniaturisation is applied for HTS224. Faster heat and mass 

transfer result in easier regulation of the compoundôs temperature and its concentration in 

smaller samples225. Finally, improved detection sensitivity is achieved due to less background 

noise. Despite all these advantages, miniaturized microliter systems have limitations due to the 

relatively low accuracy of robotic pipetting equipment and evaporation that occurs in these 

open systems226,227. 

 

These disadvantages of miniaturised HTS techniques can be minimised effectively by using 

droplet microfluidic devices in which chemicals, cells and reagents are usually encapsulated in 

picolitre droplets in an immiscible fluid (for instance, the diseased cell or big molecules like 

graphene oxides or carbon nanotubes can be trapped in water droplets as a dispersed phase, 

which is usually made within an oil carrier continuous phase). These closed systems offer 






















































































































































































































































































































