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Abstract 

Droplet-based microfluidics involves the generation and manipulation of droplets in a two-

phase microfluidic system. With the advent of microfluidic device fabrication using soft 

lithography techniques in poly-dimethyl siloxane (PDMS), droplet-based microfluidics has 

attracted significant attention. Today, it finds application in chemical, biological and 

biomedical interdisciplinary research areas. The present PhD thesis investigates one of the most 

crucial droplet manipulation capabilities, the controlled breakup of droplets in the two-phase 

microfluidic system. 

 First, we experimentally and numerically investigate droplets' interaction with a T-

junction that forms the entrance to a bypass channel. The PDMS microchannel is fabricated 

using standard soft lithography techniques. Droplets are generated upstream at standard T-

junction. These generated droplets can interact with a second T-junction, which acts as the start 

of the bypass channel, which is a channel loop that later re-joins the main channel. Specifically, 

the effect of Capillary Number (Ca) and the bypass channel's relative width to the main channel 

(β) is examined. Regimes of droplet breakup and no breakup are plotted on the Ca-β plane. 

We observe a critical value of Ca at constant β and vice versa at which droplet breakup occurs. 

Combining experimental data with numerical simulations, we show that droplet breakup occurs 

when the average shear stress and hydrodynamic pressure drop across the trapped droplet 

exceed the differential Laplace pressure. Droplet breakup at the entrance of the bypass channel 

shows squeezing and dripping regime like droplet generation. We extended this study for the 

selective breakup of droplets at two locations using two single-layer microvalves. The 

microfluidic system consists of a standard droplet generation section upstream and a droplet 

division section downstream. The droplet division section is designed using resistive network 

analysis so that the same flow rate enters each junction. We observed five different regimes of 

droplet breakup, namely, (1) no droplet breakup at either junction, (2) droplet breakup in the 

first junction, (3) droplet breakup in both junctions with higher daughter droplet volume in the 

first junction, (4) daughter droplet volume higher in the second junction, and (5) intermittent 

droplet breakup at both junctions. Under specific flow conditions, the nature of the droplet 

interaction with both the junctions is similar. We then showed design requirements for 

microvalves' location, simulated by deformation of the main channel wall. Using results from 

the simulations, we experimentally show the droplets' selective breakup at either junction using 

two single-layer microvalves. 
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 We extend this new technique to selectively breakup and merge different droplets at 

four locations using eight single-layer microvalves. We generate four different coloured 

droplets upstream using four standard T-junctions controlled by four microvalves. We could 

generate the same kind of droplets, pairs of droplets, or four different droplets, one after the 

other depending on the requirement, showing excellent operational flexibility. We designed 

four chambers downstream of the splitting junctions; each containing pillar induced merging 

section. Again, resistive network analysis was used so that the same flow rate enters each 

junction. We observed four regimes of droplet interaction with these four junctions. We 

operated the system in a regime where there is no droplet breakup at all four junctions. The 

generated droplets are then split selectively at four junctions by altering local geometries by 

the actuation of single-layer microvalves. Finally, we have shown the ability to merge two 

similar droplets and two different kinds of droplets in various concentrations. The presented 

microfluidic platform provides control over the valve pressure at each junction which gives the 

user complete ability over the volume of droplet and kind of droplet which is split, and at which 

junction the splitting and subsequent merging events take place. 
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Chapter 1 

1 Introduction 

The development of soft lithography techniques for microfabrication has increased interest in 

fluid flow at the microscopic level [1,2]. Microfluidics attracted the attention of research fields 

ranging from engineering, biology, chemistry, and physics, making it an interdisciplinary 

research area. It is an adaptable tool for a range of applications due to advantages like micro to 

nanolitre scale fluid consumption resulting in a decrease in the cost of samples/reagents, 

decrease in the overall size of the setup, high surface area to volume ratio, fast reactions, and 

high throughput analysis. Microfluidics promises to exceed the overall performance compared 

to conventional equipment used for general laboratory procedures like mixing, pipetting, 

centrifugation, and incubation with inexpensive microchips or lab on chip (LOC) devices. 

A subset of microfluidics is droplet-based microfluidics [3,4] or digital microfluidics, 

which involve generation and manipulation of droplets of nL to fL volume size. Monodisperse 

droplets can be generated in an immiscible carrier fluid at rates of more than 20 kHz [5,6]. 

Droplets generated are separated by immiscible carrier fluid, which in turn provides physical 

and chemical isolation to each droplet and avoids cross-contamination. Different samples, 

reagents, and cells can be encapsulated in a droplet allowing various screening and selection 

processes [7]. These microsystems allow control of each droplet volume, precise and reliable 

droplet manipulation; hence each droplet can be considered as the microreactor which can be 

transferred, mixed, and analysed at multiple locations [8]. Due to these advantages, droplet-

based microfluidics finds application in reaction kinetics [9], protein crystallisation [10,11], 

clinical diagnostic [12,13], single-cell analysis [14], microparticle synthesis [15,16], clinical 

and biological assays [17,18], inorganic chemistry [19], and high throughput screening [20–

24]. While droplet production is rapid and highly repeatable, there is a need to control and 

manipulate the droplet via generation, breakup, sorting, merging, mixing, and trapping within 

the microfluidic circuits. 

1.1 Droplet Generation 

The first step for any droplet-based microfluidic device is the precise and controlled generation 

of monodisperse droplets. Droplet generation is achieved mostly through passive techniques 
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without any external actuation or source of energy. However, for selectivity, few researchers 

used active techniques of droplet generation as well. There are three critical geometries for 

generating droplets passively, namely T-junction, flow-focusing and co-flow devices. 

Moreover, some researchers also demonstrated active methods like pneumatic microvalves, 

surface acoustic waves and electric field for on-demand and selective generation of droplets. 

The generation of droplets is also categorised based on the mechanism into three regimes: 

squeezing, dripping, and jetting regime with different forces dominating each regime. Here, we 

first discuss microfluidic geometries used for droplet generation, regimes, and droplet 

generation mechanism. 

1.1.1 Device geometries 

1.1.1.1 T-junction 

T-junctions are the most commonly used geometries for droplet generation. Two immiscible 

fluids, continuous/carrier fluid and discontinuous/dispersed fluid contact each other 

orthogonally to produce monodisperse droplets, as shown in Figure 1.1 (a). This geometry was 

used for the first time by Thorsen et al. [25] to generate stable droplets. The droplet size, 

frequency of generation and separation distance between droplets in a T-junction are 

determined by flow parameters like flow rate of two fluids, interfacial tension, Capillary 

Number and dimensions of the geometry. The continuous and discontinuous fluids are carried 

to the junction by two separate channels; when interacting, they form an interface at the 

junction. Over the time the small portion of the discontinuous phase enters the main channel, 

further elongation of the head of the discontinuous phase occurs until the neck thins out. 

Eventually, a droplet is generated from the discontinuous fluid. 

 

Figure 1.1: Schematic showing geometries for droplet generation (a) T-junction, (b) flow-focusing 

geometry, and (c) co-flow geometry. Here Qc represents the flow rate of the continuous fluid, and Qd 

represents the flow rate of the discontinuous fluid. 
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1.1.1.2 Flow-focusing 

In flow-focusing devices, the discontinuous fluid is broken into droplets by two streams of 

continuous fluid, as shown in Figure 1.1 (b)—two streams of continuous fluid shears stream 

of dispersed phase which causes controlled and stable droplet formation. Anna et al. [26] first 

proposed flow-focusing geometries. Compared to T-junction, flow-focusing geometries are 

more complicated to operate, as they involve a total of three fluid streams. Still, they offer 

enhanced monodispersity and control over the volume of droplets. These geometries are 

preferred while working with the biological samples and can produce smaller droplets with 

greater control. Flow parameters that govern the droplet production are viscosity and the flow 

rates of two phases. There are many variations of flow focusing geometries developed based 

on the application for which they are used. 

1.1.1.3 Co-flowing 

In co-flow geometries, continuous and discontinuous fluid streams flow parallel to each other, 

with two streams of the continuous phase bordering the discontinuous phase on both sides. This 

results in a thinning of the discontinuous phase thread, and ultimately the formation of droplets, 

as shown in Figure 1.1 (c). Umbanhowar et al. [27] demonstrated the use of co-flow devices 

for the first time. The physics of flow-focusing devices and co-flow devices are similar. 

1.1.2 Active Methods of Droplet Generation 

Passive methods of droplet generation can produce droplets of similar size continuously, but 

they do not deliver on the aspect of selectivity or on-demand nature of droplet production. In 

studies where it is often necessary to change the volume of samples/reagents active methods 

of droplet generation are attractive, as they offer additional control over droplet production. 

Active methods of droplet generation utilise an external actuation or source of energy for 

droplet generation rather than just relying on the channel’s geometric configuration. Though 

the addition of active droplet generation techniques to the microfluidic chip adds the 

complexity and cost of the device, it does provide extra control over a range of parameters and 

offer on-demand droplet generation in chemical and biological screening processes. Several 

researchers demonstrated the use of active methods [28] like single/ multi-layer pneumatic 

microvalves [29–31], surface acoustic waves (SAW) [21,32–34], dielectrophoretic [35–39], 
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electro-wetting [40–42], thermal actuation [43–47] and magnetic actuation [48–51] 

successfully for droplet generation. 

 Abate et al. [31] used single-layer pneumatic microvalves for precise control of size, 

and frequency of droplets generated in the flow-focusing device. Two microvalves are placed 

close to the flow-focusing junction. The authors demonstrated that without the actuation of 

valves, droplets are generated in specific size and frequency for a particular flow rate of 

continuous and discontinuous phase, as shown in Figure 1.2 (a-h). When valves are 

pressurised systematically, a broad range of droplet sizes with different frequencies can be 

produced without changing the flow rates.  Schmid et al. [33] used surface acoustic waves 

(SAW) near the flow-focusing junction for droplet generation. The authors demonstrated that 

the size of the droplet formed could be controlled at will by changing the power of SAW. The 

size of the droplets produced is inversely proportional to the power of SAW while the 

frequency of droplet generation is directly proportional to the power, as shown in Figure 1.2 

(i). In the subsequent work, authors [34] extended their study in T-junction in a squeezing 

regime. Collins et al. [32] used SAW to produce on-demand picolitre-sized droplet. The 

volume of the droplet generated can be varied by parameters like applied power, time for which 

SAW is actuated, and geometric configuration. 
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Figure 1.2: Active methods of droplet generation (a-h) Single-layer microvalves for control of droplet 

size and frequency in a flow-focusing device [31]. (i) Application of SAW near the flow-focusing 

junction for controlling droplet size [33]. Reproduced from ref. 31 and 33 with permission. 

1.1.3 Mechanism of Droplet Generation 

Two theories are proposed to explain the mechanism of droplet generation in a microfluidic 

system, namely ‘shear driven droplet generation’ proposed by Thorsen et al. [25], and ‘rate of 

flow controlled generation’ proposed by Garstecki et al. [52]. Before discussing the details of 

these two theories, it is essential to understand the dimensionless numbers and forces acting on 

the droplet during generation.  

1.1.3.1 Important Dimensionless Numbers in Droplet Microfluidics 

Various dimensionless numbers play an important role in droplet formation; these 

dimensionless parameters are explained below. 

1.1.3.1.1 Capillary Number 

The Capillary Number represents the relative effect of viscous forces against the interfacial 

tension between the two immiscible fluids. Mathematically, the Capillary Number is given as, 
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 𝐶𝑎 =  
𝜇. 𝑉

𝛾
 1.1 

Where µ, V, and γ represents dynamic viscosity, the velocity of the continuous fluid and 

interfacial tension between two immiscible phases (continuous and discontinuous phase), 

respectively[[53]]. Generally, for applications involving microchannels and microfluidic 

droplet generation, the Capillary Number is small (less than 0.1), hence it indicates that 

capillary forces are more dominant than viscous forces.  

1.1.3.1.2 Peclet Number 

The Peclet number is the ratio of advection transport rate to diffusion transport rate of a 

particular physical quantity (for example heat, mass). Mathematically, the Peclet Number is 

given by, 

        𝑃𝑒 =  
𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

Diffusion transport rate
 

 𝑃𝑒 =  
𝐿 𝑢

𝐷
 

1.2 

Where L represents the characteristics length, u represents the velocity of the continuous phase, 

and D represents the diffusion coefficient.  

1.1.3.1.3 Bond Number  

The bond number is the ratio of body forces versus surface tension forces. 

 𝐵𝑜 =  
∆𝜌𝑔𝐿2

𝜎
 

1.3 

Where Δρ, g, and σ represents the density difference between the two phases (continuous and 

discontinuous phase), gravity, and interfacial tension between two phases, respectively. Bond 

Number plays a crucial role in determining the shape of a droplet moving in the microfluidic 

system. For a Bond Number less than 1, the shape of the droplet in the microfluidic system is 

approximately spherical. 

1.1.3.1.4 Weber Number 

The Weber number shows the relative strength of inertia forces and the surface tension forces. 

 𝑊𝑒 =  
𝜌𝑣2𝑙

𝜎
 

1.4 
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If the Weber number is greater than one, it indicates that inertia forces dominate over surface 

tension forces. For droplet generation in microfluidic systems, capillary forces typically 

dominate inertia forces; hence the value of Weber Number is less than 1.  

1.1.3.2 Forces Acting during Droplet Generation 

1.1.3.2.1 Interfacial Force 

Interfacial tension depends on the Laplace pressure jump (ΔP) across the droplet interface, 

which is mathematically given by, 

∆𝑃 = 𝛾 [
1

𝑟𝑎
+

1

𝑟𝑟
] 

1.5 

 

Where ra is the radius of axial curvature and rr is the radius of radial curvature, γ is interfacial 

tension between two immiscible phases. The radial curvature bound by the height of 

microfluidic system while the radius of axial curvature is equal to the width (w) of the 

microfluidic channel upstream and half of the width downstream (w/2), as shown in Figure 

1.3. 

 

Figure 1.3: A schematic representation of the shape of the discontinuous phase entering the main 

channel, which is carrying a continuous phase just before the droplet generation. Pc and Pd represent 

hydrodynamic pressure in the continuous and discontinuous phase, respectively.  

The Laplace pressure jump upstream and downstream is calculated as follows[54], 

downstream

∆𝑃𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 = 𝛾 [
1

𝑤
+

2

ℎ
] 

 

1.6 

 

∆𝑃𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 = −𝛾 [
2

𝑤
+

2

ℎ
] 

 

1.7 
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The negative sign in equation 1.7 represents that the force is acting in the opposite direction, 

adding above two equations and multiplying it by the cross-section area gives the interfacial 

force[54]. 

𝐹𝛾 = −𝛾ℎ 1.8 

In the absence of any other force acting on the discontinuous phase, the interfacial force acts 

as a stabilizing effect resisting the process of droplet breaking up from the stream of 

discontinuous fluid. 

1.1.3.2.2 Shear Force 

The shear stress acting on the tip of the discontinuous phase is calculated by using the velocity 

of the continuous fluid (ugap) in the gap between the droplet and the channel wall as follows, 

Where ε represents the gap between the droplet and the microchannel wall, we can assume with 

reasonable accuracy that the flow rate of the continuous phase supplied through the inlet of the 

main channel is equal to that in ε. Shear stress is calculated as [52] 

𝜏 ≈  [
𝜇𝑢𝑔𝑎𝑝

𝜀
] 

1.10 

Putting the value of ugap in the above equation, we get 

𝜏 ≈ [
𝜇𝑄𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑝ℎ𝑎𝑠𝑒

ℎ. 𝜀2
] 

  

1.11 

The shear force on a droplet tip at a T-junction is given as, 

𝐹𝜏 ≈
𝜇𝑄𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑝ℎ𝑎𝑠𝑒

𝜀2
× 𝑤 

  

1.12 

The shear force calculated above is an overestimation since, we assume that the discontinuous 

phase tip is static in the main channel; whilst the nature of the discontinuous phase tip is 

dynamic.  

1.1.3.2.3 Resistance to the Flow of Continuous Fluid 

The blocking effect due to the presence of the discontinuous phase tip in the main channel 

gives rise to the resistance to flow. We can use the Hagen-Poiseuille or thin-film equation to 

𝑢𝑔𝑎𝑝 = [
𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒

ℎ. 𝜀
] 

 

1.9 
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calculate the pressure drop caused due to this resistance to the flow using the value of ε. When 

the value of ε is of the order of w, we can use Hagen-Poiseuille equation 

∆𝑝 ≈
𝜇. 𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 . 𝑤

ℎ2. 𝜖2
 

1.13 

If ε << w, we can use the pressure drop equation for thin film, 

∆𝑝 ≈
𝜇. 𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 . 𝑤

ℎ. 𝜖3
 

 

1.14 

 

 

𝐹𝑅 = ∆𝑝. ℎ. 𝑤 1.15 

 

𝐹𝑅 =
𝜇. 𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 . 𝑤2

ℎ. 𝜖3
 

1.16 

 

From the above equations, we observe that value of Fτ and FR are inversely proportional to ε. 

When ε << w, Fτ > FR [52]. In the process of droplet generation, stabilization is provided by 

interfacial force while the other two forces are destabilizing (assisting droplet generation) in 

nature. 

1.1.4 Available Models of Droplet Generation 

There are different models available for explaining the scaling and mechanism of the droplet 

generation. Out of these models, two are used widely. First one proposed by Thorsen et al. 

[25], which is commonly known as a ‘shear driven model’ and the second one is proposed by 

Garstecki et al. [52], which is commonly known as a ‘rate-of-flow-controlled’ droplet 

generation. In the following subsection, we will discuss these two models. 

1.1.4.1 Shear Driven Droplet Generation 

Thorsen et al. [25] carried out several experiments by varying the pressure of water and oil, to 

investigate the droplet generation in microfluidic T-junction. The authors observed that the size 

of the droplets formed depend on the geometry of device and pressure/flow rate of two fluids 

used. When the pressure of the oil (continuous phase here) is much higher than that of the water 

(discontinuous phase here), there is no droplet generation. As the pressure of the water becomes 

comparable to that of the oil, droplet generation starts. Based on the ratio of oil and water, 

droplets of the different sizes and separation distances are formed. 



10 
 

 According to this theory, droplet generation is caused by the competition between 

capillary and shear forces. The volume of the droplet formed in the T-junction is determined 

by equating the Laplace pressure with the shear force acting the tip of the discontinuous phase 

and droplet is generated when shear force overcomes the Laplace pressure. 

∆𝑝~
𝜇𝑢𝑔𝑎𝑝

𝜀
 

1.17 

 

𝑟 ~ 
𝛾𝜀

𝜇𝑢𝑔𝑎𝑝
 

1.18 

 

∴    𝑟 ~ 
𝛾

𝜇𝜖̇
 

 

1.19 

 

Where r is the radius of droplet formed and 𝜖̇ is the shear rate.  

1.1.4.2 Rate-of-flow Controlled Droplet Generation 

This mechanism of droplet generation is given by Garstecki et al. [54]. According to this 

mechanism, droplet generation at the T-junction is governed by flow rate or the pressure of 

continuous (Pc) and discontinuous (Pd) fluids used as shown in Figure 1.4. The process of 

droplet generation consists of four stages, namely 1) the small portion of discontinuous phase 

enters the main channel. 2) The discontinuous phase starts to occupy the cross-section of the 

main channel. 3) The neck of the discontinuous phase starts to become thinner and thinner. 4) 

The droplet separates from the discontinuous phase and moves in the main channel. 

It is necessary to understand what happens with Pc and Laplace pressure (∆P) during 

these four stages, while Pd is assumed to remain constant. Laplace pressure (equation 1.5) 

decreases in the first two stages of droplet generation; this is because the height of the system 

bounds the radial curvature while axial curvature tends to increase till the third stage. Hence 

Laplace pressure is maximum just before the droplet is breaking from the discontinuous phase. 

During the first stage ( 𝑃𝑑 − ∆P) >  𝑃𝑐   , which forces the discontinuous phase to enter the main 

channel. However, during stage two, three and four pressure in the continuous phase (Pc) 

continues to increase due to blockage of the continuous fluid. Hence  𝑃𝑐 − ( 𝑃𝑑 − ∆P) becomes 

maximum in the fourth stage, which causes droplet getting separated from the discontinuous 

phase. Variation of different pressures during four stages is shown in Figure 1.4 (a-e) and 

Table 1.1. 
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Figure 1.4 : Variation of Pc, Pd and ∆P during droplet generation at T-junction [54]. (a-b) Pressure 

acting on a droplet along with radius of curvature. (c-e) Variation of pressure acting on a droplet during 

different stages of droplet generation.  Reproduced from ref. 54 with permission. 

 Pd Pc ∆P Pc – (Pd - ∆P) 

Stage 1 Constant Constant Decreases Negative value 

Stage 2 Constant Increases Decreases Positive value 

Stage 3 Constant Increases Decreases Positive value 

Stage 4 Constant Increases Increases Maximum value 

Table 1.1:  Variation of Laplace pressure, the pressure of the continuous and discontinuous phase 

during four stages of droplet generation. 

With the help of above analysis, Garstecki et al. [52,55] came up with the scaling relation for 

determining the size of the droplet formed in T-junction of a microfluidic system, 
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The velocity of the continuous phase is given by, 

𝑢𝑐  ≈  
𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒

ℎ. 𝑤
 

1.20 

 

While the velocity of the droplet can be given as, 

𝑢𝑑  ≈  
𝑄𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒

ℎ. 𝑤
 

 

1.21 

 

The final length of the droplet is equal to 

𝐿 = [𝑤 +
𝑑. 𝑢𝑑

𝑢𝑐
] 

1.22 

 

 

𝐿

𝑤
= [1 + 𝛼 (

𝑄𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒

𝑄𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
)] 

 

1.23 

 

  

1.1.5 Regimes of Droplet Generation 

Interaction of the discontinuous phase with the continuous phase has been investigated several 

times by researchers based on the flow conditions and type of droplets formed. They observed 

three different regimes of droplet generation, namely squeezing, dripping, and jetting regime 

and how different theories of droplet generation explain these regimes. 

 Menech et al. [53] observed that at the low capillary Number (Ca < 0.01), resistance to 

the flow of the continuous phase is a most critical factor in the formation of a droplet, known 

as the squeezing regime. In this regime, as the discontinuous fluid tip enters the main channel, 

pressure in the continuous phase continues to increase until the discontinuous phase completely 

blocks the main channel. The time duration of this blocking stage is called Tblock. As the flow 

of continuous phase is blocked completely, it squeezes the neck of discontinuous phase till 

droplet breaks up into the main channel and pressure changes abruptly. This time duration is 

called as Tsqueeze. When Qc >> Qd, blocking time is more than the squeeze time and vice versa. 

In this regime, stabilising force is interfacial tension while destabilising force is due to building 

up of the pressure. In squeezing regime, the shear force plays the least important role compared 

to the other two forces. This regime is best explained by ‘rate-of-flow-controlled’ droplet 

generation. 

   As the Capillary number increases (Ca > 0.02), the size of the droplet formed decreases 

compared to the squeezing regime. The changes in the pressure of the continuous phase 

decrease drastically, and significant contributing force for the droplet formation comes from 
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both shear force and resistance to the flow of continuous phase. This regime is termed the 

dripping regime. In the dripping regime, the discontinuous phase does not entirely block the 

main channel. The gap between the droplet and the microfluidic wall is significant compared 

to that of the squeezing regime. Thorsen et al. [25] gave the mechanism of droplet formation 

in this regime. However, the size of the droplet predicted by the shear driven breakup model is 

consistently over predicting the actual size of droplets formed in experiments, because pressure 

effects which were considered negligible compared to the shear force also significantly 

contribute to the droplet formation. The presence of shear force and force due to resistance to 

the flow, makes prediction of the droplet size in this regime complicated compared to the 

squeezing regime. When Capillary Number is increased further droplet generation point moves 

consistently forward and instead of droplets stream of discontinuous phase flows downstream 

parallel to the continuous phase. This regime is termed the jetting regime. 

 After discussing various aspects of droplet generation, the generated droplet is 

manipulated in a microfluidic system. The next section will cover the most crucial droplet 

manipulation technique, which is known as droplet breakup and sorting used for dividing the 

droplet in required volume at the desired location on a chip. 

1.2 Droplet Breakup and Sorting 

The volume of the droplets generated using geometries like T-junction and co-flow is on the 

higher side. These generated droplets carrying samples and reagents are delivered to the 

required location on-chip using a manipulation technique called droplet breakup. Based on the 

application where it is used, droplets can be subdivided into symmetric or asymmetric daughter 

droplets. Droplet breakup techniques can be categorised as active or passive droplet breakup. 

Active methods use an external source of energy like surface acoustic waves, microvalves to 

achieve selective or non-selective droplet breakup. In contrast, passive droplet breakup 

methods use change in geometry instead of an external source of energy to achieve droplet 

breakup. In the section below, we explain different methods used to achieve droplet breakup. 

1.2.1 Use of Channel Geometry 

Use of channel geometry to achieve droplet breakup is a passive tool in microfluidics. Droplets 

can be subdivided at different locations using these simple, inexpensive methods with less 

control in terms of selectivity and volume of the daughter droplet formed. Link et al. [56] used 
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two geometries 1) Successive T-junctions to subdivide the large droplet into symmetric smaller 

daughter droplets (shown in Figure 1.5 a-j and m) and 2) obstacles placed in a channel, where 

the location of the obstacle determines the ratio in which a droplet is subdivided ( Figure 1.5 

L). Link et al. found out that there exists a critical capillary number above which droplet always 

breaks and is given as 𝐶𝑎 =  𝛼𝜀0
1

(𝜀0
2/3

−1)
2 where α is a constant determined using viscosity 

contrast of the fluids, ε0 is the initial extension of the droplet. Critical Capillary number is 

validated with the experimental results and found to be in good agreement with the 

experiments. Furthermore, the authors plotted the regions of the breakup and no breakup on a 

parameter map featuring the Capillary number and initial extension of the droplet. With this 

understanding, Link et al. used the series of three T-junctions to break the droplet 

symmetrically into eight daughter droplets, as shown in Figure 1.5 m. 

 

Figure 1.5: (a-j) Image sequence from Link et al. [56] showing droplet interaction with T-junction with 

the width of the channel (w0), length of the droplet (l0), and velocity (v) shown. (k) Regime map showing 

breakup and non-breakup regimes plotted on extension Vs. Capillary Number. Reproduced from ref. 

56 with permission. 

Ménétrier-Deremble and Tabeling [57] used asymmetric junctions connecting at an arbitrary 

angle to the main channel carrying mother droplets (Figure 1.6 d). The authors observed that 

when droplet interacts with such junctions, there are three possible outcomes, namely direct 

breakup, retarded breakup, and no breakup. In direct breakup, when the mother droplet interacts 

with the junction, the finger length of the droplet formed in the secondary channel continues to 

(L)

(m)
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increase, and eventually, the droplet breaks up creating a daughter droplet (Figure 1.6 a). Here, 

the term finger length refers to the maximum portion of the mother droplet that enters the 

secondary channel. In retarded breakup, the mother droplet enters the junction, but here, with 

time the finger length of the droplet starts to decrease, yet still break up occurs (Figure 1.6 b). 

Finally, in the no breakup case, the mother droplet enters the junction, then over the time it 

retreats, hence the finger length decreases, resulting in no droplet breakup (Figure 1.6 c). The 

authors concluded that there exists a critical value of finger length above which droplet breakup 

occurs while below that finger length no droplet breakup takes place. 

 

Figure 1.6: Image sequence from Ménétrier-Deremble and Tabeling [57] showing outcomes of droplet 

interaction with the T-junction (a) Direct breakup (b) No breakup (c) Retarded breakup. (d) The 

geometry used for experiments. Reproduced from ref. 57 with permission. 

The phenomenon of droplet breakup in a range of moderate (10-3) to large (10-1) 

capillary number is widely described in the literature, but there are very few studies that focus 

on the low capillary number range. Jullien et al. [58] extended the range of capillary number 

compared to the previous studies, covering from 4×10-4 to 0.2. The authors identified three 

regimes of droplet breakup. In the first regime, there is no droplet breakup. In the second regime 

a gap is formed between the droplet and wall of the microchannel, and finally in the third 

regime, the droplet completely obstructs the flow of continuous phase before the droplet 

breakup occurs.  

In addition to experimental work, some studies use numerical simulations to explain 

the physics of droplet breakup in microfluidic systems[59]. Hoang et al.[60] used full three-

dimensional numerical simulations and stop-flow simulations to investigate the droplet 

breakup at T-junction in a microfluidic system. The authors concluded that the breakup process 

consists of two steps, in the first step the droplet deforms due to an externally applied flow 

while in the second step, surface tension driven pinching occurs which is related to externally 

(d)
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applied flow. The second step of breakup starts when the curvature at the neck of the droplet 

exceeds the curvature everywhere else. It depends strongly on the aspect ratio of the geometry 

while weakly depends on the capillary number and viscosity ratio of fluids. De Menech [61] 

used a phase-field model for investigation of droplet breakup in T-junction. The results of the 

phase-field model are validated with experimental work and are found to be good agreement, 

showing that phase-field models can be used for two-phase microfluidics system. The author 

concluded that the breakup of the droplet in T-junction depends on the viscosity ratio of the 

continuous and discontinuous phase. Leshansky et al.[62] used 2D numerical simulations with 

simple geometric construction to explain droplet breakup in T-junction. The authors explained 

the role of critical droplet extension in droplet breakup using lubrication in the gap of droplet 

and channel wall. 

Even though passive methods of droplet breakup/sorting are cheap and straightforward, 

they do not provide the desired control required for chemical and biological applications. In 

the next sections, we will discuss active methods (electrical, thermal, acoustic, and pneumatic 

actuation) of droplet breakup and sorting on a microfluidic chip. 

1.2.2 Use of Electric Actuation 

The channel geometries used for droplet breakup/sorting discussed in the previous 

section when incorporated with an external source of energy changes the outcome of droplet 

interaction with a secondary channel from no breakup to break up or no sorting to sorting, thus 

providing more control. Some studies use electric [63–67], magnetic and thermal actuation to 

change droplet breakup behaviour when required.  Link et al. [63] used an electric field to 

achieve droplet breakup. The authors applied the electric field to simple T-junction to achieve 

asymmetric droplet breakup or sorting of the droplets. In the absence of an applied electric field 

when the droplets arrived at the junction, they split into the bifurcating junction randomly, 

however, when the electric field is applied to one of the branch droplets entered that branch. 

The volume of the droplet breakup can be controlled by an electric field applied at the 

junction—this method provided a contact-free way of droplet breakup and sorting, which is a 

requirement of screening processes. Ahn et al. [64] used an electric field to charge the droplets 

(either positive or negative) and later sort these droplets in one of the three channels (shown in 

Figure 1.7 a and b). In the absence of electric field, droplets preferred the central channel, but 

in the presence of a stable electric field, they were sorted in the selected channel. Some studies 
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used dielectrophoretic [68,69], electric capacitance [70] and fluorescence activated [71,72] 

droplet sorting. 

 

Figure 1.7: Working principle of the device which uses an electric field for sorting based on the polarity 

of the droplets [64]. Droplets are sorted in one of the three outlets shown. Reproduced from ref. 64 with 

permission. 

1.2.3 Use of Thermal Actuation 

Some studies have used thermo-capillary forces, induced due to localized application 

of laser [73,74] to manipulate droplet behaviour. Baroud et al. [74] used a localised laser to 

block the path of the droplet by acting as a thermo-capillary valve hence showing a way to sort 

the droplets actively. In an extension of this study, the authors [73] demonstrated different 

droplet manipulations like droplet generation, merging, asymmetric breakup and sorting with 

the help of focused laser beams in combination with passive method (so utilising the change in 

geometry shown in Figure 1.8 a and b). To achieve droplet breakup, authors used obstacle 

placed at the bifurcating junction, which divided the incoming droplet symmetrically in the 

absence of laser. When a laser beam on one side of the obstacle is turned on, it caused the flow 

on that side to be reduced or stopped wholly, depending on the power applied, resulting in the 

asymmetric breakup or sorting of the droplet.  
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Ting et al. [75] used the surface tension gradient created by thermal effects to break the 

droplet asymmetrically or sort the droplet in one of the secondary channels. The micro heater 

is placed in one of the secondary channels, as shown in Figure 1.8 c. In the absence of the 

heater being activated, droplets were divided symmetrically in both the secondary junctions. 

However, when heater temperature is gradually increased from 25 degrees to 40 degrees, 

droplet divides asymmetrically in the bifurcating junction and volume of the daughter droplet 

formed in the secondary channel with heater is higher than without heater. When the heater 

temperature is increased further to 55 degrees, the droplet completely enters the secondary 

channel with the integrated heater as plotted in Figure 1.8 c; hence droplets are sorted from 

above the heater temperature of 40 degrees. 

 

Figure 1.8: Laser [73] and microheater [75] induced droplet breakup. (a) Symmetric mother droplet 

breakup in both the branches in the absence of laser. (b) Asymmetric mother droplet breakup when the 

laser is turned on. The branch in which laser is turned on results in smaller daughter droplet volume. (c) 

Schematic showing micro heater placed on one side of the simple bifurcating junction resulting in 

droplet being completely sucked on the side of the channel integrated with microheater. (d) Micro heater 

temperature is plotted against the size of daughter droplet formed showing different regimes of droplet 

breakup. Reproduced from ref. 73 and 75 with permission.  

1.2.4 Use of Surface Acoustic Waves (SAW) 

Surface acoustic waves (SAW) are generated by interdigital transducers (IDT) which are 

fabricated on the surface of piezoelectric material. The IDTs consists of electrodes, the 

dimensions of which determine the resonance frequency of the device. In these devices, 
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acoustic forces are used for droplet manipulation. Surface acoustic waves [76–81] are used 

widely for droplet breakup and sorting due to its bio-compatible nature. 

 Franke et al. [76] used SAW for sorting of the droplets in two channels, as shown in 

Figure 1.9 a. In the absence actuation of SAW, droplets were sorted into the channel with 

lower hydrodynamic resistance; however, when SAW is actuated, the acoustic force pushes the 

droplet into the channel with higher hydrodynamic resistance, which results in the sorting of 

droplets. Sesen et al. [77] used SAW for asymmetric droplet breakup and sorting of droplet 

plug. In the absence of SAW actuation, droplets interacting with the Y-junction divides equally 

into two branches. Authors demonstrated, with actuation of the SAW, droplet plug can be 

divided asymmetrically into two daughter droplets, and even an entire plug can be sorted into 

one of the branches. The volume of droplet divided in each branch is directly proportional to 

the power of the surface acoustic wave, as shown in Figure 1.9 b. Sesen et al. [80] allowed the 

droplet to interact with the bypass channel of the microfluidic chip. The system is operated on 

the knife-edge where a slight change in flow condition can cause the outcome of droplet 

breakup or no breakup. In the absence of SAW actuation, there is no droplet breakup, however 

when SAW has actuated droplet breaks into the bypass channel and that too selectively as 

shown in Figure 1.9 c. 

 

Figure 1.9: (a) SAW [76] used for sorting of the droplet, the first figure shows the path of a droplet 

when SAW is not actuated while the second figure shows the path of droplet after actuation of SAW. 

(b) Power supplied to SAW [77] plotted against the ratio of droplet division at Y-junction (c) SAW [80] 
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used for selective droplet breakup and merging at T-junction of a bypass channel. Reproduced from ref. 

76,77 and 80 with permission. 

1.2.5 Use of Pneumatic Microvalves 

Microvalves offer flow control in a microfluidic system, either by providing on/off control of 

the flow or partially changing the flow conditions. In general, microvalves are classified based 

on the mean of actuation used. Microvalves most commonly use mechanical actuation [82–

85], electrochemical actuation [86,87], pneumatic actuation [88–92]. However, pneumatic 

microvalves are simple to operate, cheap and can easily be incorporated in a microfluidic chip 

with soft lithography techniques and hence are compatible in droplet-based microfluidics; 

hence in this section, we will be discussing in detail about pneumatic microvalves used for 

droplet breakup and sorting [30,93–95]. 

Integration of pneumatic microvalves in microfluidic system fabricated by soft 

lithography process was demonstrated for the first time by Unger et al. [89]. Pneumatic 

microvalves consist of two flow channels, namely control channel and flow channel. Control 

channel is designed for carrying pressurised air or other fluid while the flow channel carries 

the primary fluid/droplets in the microfluidic system. Control and flow channel are separated 

from each other by a thin elastic membrane, and this elastic membrane is deformed by 

pressurised air to block the flow partially or entirely in the microfluidic system and thereby 

alter the flow conditions. Based on the soft lithography process used for the microfabrication, 

microvalves are broadly classified as single-layer microvalves, also called as horizontal 

microvalves and multilayer microvalves also called as vertical microvalves. In single-layer 

microvalves, both control and flow channel are fabricated in the same layer. In these valves the 

control and flow channel are separated by a membrane in same horizontal plane; hence they 

are also called as horizontal microvalves. On the other hand, in multilayer microvalves, the 

control channel is fabricated on the top of the flow channel using two or more layers of 

lithography, and they are separated by an elastic membrane hence called as vertical valves. 

When compared on the aspect of the simplicity of fabrication, the complexity of the 

microfluidic system and cost involved, single layer microvalves are more appealing than 

multilayer microvalves. 

 Abate et al. [96] used single-layer microvalve for droplet sorting at the bifurcating 

junction. In the absence of valve actuation, droplets always prefer secondary channel with 

lower resistance, when the valve is actuated droplets are sorted in the branch with higher 
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resistance and authors also demonstrated selectivity in sorting droplets, as shown in Figure 

1.10 (a,b,c). Yoon et al. [97] used two single-layer microvalves close to two branches of the 

bifurcating junction to achieve asymmetric droplet breakup and sorting. In the absence of valve 

droplets were divided in the same volume at the junction, while when one of the valves is 

actuated, it causes deformation of the secondary channel and thereby achieve asymmetric 

droplet breakup. When pressure is increased further, the deformed valve completely blocks the 

flow in a particular channel to cause droplet getting steered into another branch. Chen et al. 

[94] used multilayer valves to sort the droplets in three branches connected to three different 

outlets, as shown in Figure 1.10 (d-h). Pneumatic microvalves are located on top of the flow 

channel on both the sides of the sorting area. In the absence of valve actuation, droplets were 

always sorted in the central channel, when the valve is actuated droplets were sorted either in 

the left or right side of the central channel based on which valve is activated. 

 

Figure 1.10: (a-c) Single-layer microvalve used for droplet sorting [96] at a bifurcating Y-junction. (d-

h) Multilayer microvalve, in which control channel is located on top of the flow channel is used for 

droplet sorting [94]. Reproduced from ref. 96 and 94 with permission. 

Single-layer microvalves are bio-compatible, cheap, and simple when compared to other active 

methods like electric control, SAW, thermal control. These advantages make single-layer 

microvalve ideal candidate for conducting chemical and biological screening processes on the 
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chip. Even though different microfluidic manipulation techniques like droplet breakup and 

merging are demonstrated with the help of single-layer microfluidic valves, integration of all 

these on the same chip with selectivity is missing. 

In this PhD thesis, we demonstrate the integration of selective droplet generation, 

breakup and merging at multiple locations using multiple single-layer microvalves. To be 

specific, we demonstrate the use of single-layer valve to achieve selective droplet breakup at a 

bypass channel and two locations in the second and third chapter of the thesis, respectively. In 

the fourth chapter of the thesis, we integrate all the droplet manipulation techniques on the 

same microfluidic chip with the use of eight single-layer microvalves. 

1.3 Droplet Merging and Mixing 

For many chemical and biological applications [1,98], where reactions need to be performed 

within a droplet, merging and mixing of droplets plays an important role. When two droplets 

in a microfluidic system come close to each other, in the absence of surfactants, a film of 

continuous phase fluid prevents the droplet merging. As time passes, this film starts to thin and 

the two droplets can merge [99]. In the presence of surfactant, the time required for thinning 

out of the film increases due stability of the droplets. 

 Droplet merging and mixing can be achieved by passive methods such as the addition 

of geometrical feature [100–105], pillars [106], changing the wetting property of the small 

portion of the channel [107] and promoting chaotic mixing using serpentine channels [108]. 

Passive merging of droplets is challenging in terms of control, to merge different droplets 

droplet generation frequency needs to be matched according to the need of application and 

geometrical feature used for merging. Niu et al. [106] used pillars for droplet merging. When 

droplets enter a merging chamber, which consists of pillars, their velocity decreases, and 

finally, it gets trapped in the chamber. A merging chamber can hold a specific volume of 

droplet. When the next droplet arrives in the chamber, it merges with the previous droplet and 

pillars cannot hold the volume of both the droplets, causing the merged droplet to exit the 

chamber as shown in Figure 1.11 a. Tan et al. [104] used a fusion chamber to achieve droplet 

merging. The fusion chamber is located at the trifurcating junction, the merging is achieved by 

taking into consideration the time required to drain the continuous fluid in between two droplets 

as shown in Figure 1.11 b and c. Authors showed merging of up to six droplets in this study.  
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Figure 1.11: Passive methods to achieve droplet merging (a) Image sequence showing pillar induced 

[106] droplet merging. (b) Use of fusion chamber located at a trifurcating junction for droplet merging 

[104] (c) Image sequence showing merging of two and three droplets. Reproduced from ref. 106 and 

104 with permission. 

Droplet merging can also be achieved with better control but with the added complexity of 

using active methods such as electric field [63,109–112], surface acoustic waves (SAW) 

[80,113,114], microvalves [115], optical platforms [116] and thermal actuation [117]. Sesen et 

al. [113] used surface acoustic waves for an on-demand merging of droplets. The geometry 

consists of an expansion channel to slow down the droplet, and later stop the droplet movement 

by using acoustic force. The droplet is immobilised until the next droplet arrives in an 

expansion channel and merges with the previous droplet. The drag force of newly formed 

droplet overcomes the acoustic force, and the newly formed droplet is released from an 

expansion channel, as shown in Figure 1.12 a. Ahn et al. [111] demonstrated merging of two 

different sizes of droplets by application of the electric field, as shown in Figure 1.12 b. Two 

droplets of different sizes are produced by using two T-junctions. Due to the difference in 

velocities of smaller and larger droplets, smaller droplets catch up with larger droplets. Both 

these droplets are then merged using an electric field. Jamshaid et al. [115] used single-layer 

microvalves along with pillar to demonstrate droplet merging. Droplets are slowed down using 

pillar in a chamber, with actuation of microvalves any further movement of the droplet is 

restricted till the successive droplet comes and merges with the already trapped droplet. Finally, 

microvalve is deactivated to release newly-formed droplet after merging. Even though droplet 

merging here is achieved using single-layer microvalve, selectivity and merging different 
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composition of the droplet is not demonstrated. In this PhD thesis, we show the merging of 

droplets made from different materials with a combination of single-layer microvalve and 

pillars to show selectivity and different permutations and combinations required for performing 

different reactions on a chip. 

 

Figure 1.12: Active methods of droplet merging. (a) Use of surface acoustic waves and expansion 

channel to demonstrate on-demand merging of two droplets [113]. (b) Use of electric field to merge 

two droplets of different sizes [111]. Reproduced from ref. 113 and 111 with permission. 

1.4 Scope and Objective of the Present Thesis 

Droplet-based microfluidics is considered as the potential tool to bring high-throughput 

screening (HTS) on a microfluidic chip. Pharmaceutical industries use high-throughput 

screening (HTS) for drug research, in HTS target cells are tested against permutations and 

combinations of samples/reagents. For HTS on-chip, the system needs to perform different 

permutations and combinations of reactions on-chip. Droplet-based microfluidics is considered 

as the potential tool to bring HTS on a microfluidic chip. Different samples, reagents and cells 

can be encapsulated inside a droplet. As droplets are separated from each other by a buffer of 

the continuous phase, there is no cross-contamination chance. For permutations and a 

combination of reaction, droplet needs to be generated, split and merged at will or selectively. 

From the available literature, various active and passive methods are used for droplet 

manipulation. However, no study shows a combination of droplet generation, breakup, and 

merging with selectivity. Active methods previously used in the literature like electric force, 

surface acoustic waves, lasers have disadvantages, including cost, biocompatibility issues and 
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an overall increase in the setup complexity. To incorporate surface acoustic waves on a 

microfluidic chip, apart from traditional soft lithography on a silicon wafer and PDMS 

moulding, we need a lithium niobate wafer with interdigital transducers (IDTs) fabricated on 

it. To incorporate electric control on a chip, we need to fabricate electrodes on a microfluidic 

chip. This additional microfabrication increases the overall cost and adds extra complexity to 

the operation of a device. Therefore, in this PhD thesis, we propose the use of active (single 

layer horizontal pneumatic microvalve) and passive methods to demonstrate selectivity in 

droplet manipulation techniques. To be specific, we are going to investigate the droplet 

interaction with a bypass channel in terms of droplet breakup and no droplet breakup. Then 

follow it up with droplet interaction with two junctions and use of two microvalves to 

selectively break the droplet. Finally, using eight microvalves, we will demonstrate selectivity 

in droplet generation, breakup and merging for different permutations and combinations. 

1.5 Organisation of the Thesis  

The rest of the thesis has been organized as follows: 

Chapter 2 – Droplet Breakup in a Bypass Channel:  

This chapter studies droplet interactions with a T-junction, at the entrance to a bypass channel, 

using both experiments and numerical techniques. The regime map showing two different 

regimes of no droplet breakup and droplet breakup is plotted, which shows the knife edge 

separating the regimes. 

Chapter 3 – Droplet Breakup Using Single-Layer Microvalves:  

We describe a microfluidic system for droplet breakup at two locations using a T-junction and 

expansion channel which are placed one after another. We observed five different regimes of 

droplet breakup when droplet interacts with both the junctions. We operated the system on the 

knife-edge separating regime of droplet breakup and no breakup at both the junctions. Later 

we used two single-layer horizontal microvalves placed close to two junctions to break the 

droplet at two locations selectively. 

Chapter 4 – Controlled Droplet Manipulation Using Single-Layer Microvalves:  
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This chapter demonstrates selective droplet generation, breakup and merging of different 

droplets at four junctions and merging chambers using eight single-layer horizontal 

microvalves. Compared to the last chapter, we added microvalves for selectivity in generating 

different kinds of droplets, later breaking them at four junctions and finally merging different 

droplets at four merging chambers.  

Chapter 5 - Conclusions and future work: 

 This chapter explains conclusions drawn from the three chapters above and presents the future 

scope of work. 
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Chapter 2 

2 Droplet Breakup at the Entrance of the Bypass Channel 

in a Microfluidic System 

We experimentally and numerically investigate breakup of a droplet at the entrance to a 

microfluidic bypass channel. The PDMS microchannels are manufactured using standard 

photolithography techniques, and we employ a high-speed camera to visualize the interfacial 

dynamics of the droplets. 3D numerical simulations are carried out for conditions causing both 

droplet breakup and non-breakup. The droplets are generated upstream of the bypass channel 

using a standard T-junction, the subsequent interaction with the entrance to the bypass channel 

is studied. In particular, the effects of capillary number (Ca) and the relative width of the 

bypass channel with respect to the main channel (β) are examined. The regimes of breakup and 

non-breakup are plotted on Ca-β plane, experimentally, with the volume of the daughter 

droplets formed and the finger length in the bypass channel are also plotted on this regime 

map. There exists a critical value of Ca at constant β and a critical value of β at constant Ca, 

at which droplet breakup occurs. Combining measurements with numerical simulations, we 

show that the droplet breakup occurs if the hydrodynamic pressure drops across the droplet 

and average shear stress overcomes the differential Laplace pressure. We also found out that 

droplet breakup at the entrance to the bypass channel can exhibit squeezing and dripping 

regimes which are equivalent to those occurring in droplet generation at a T-junction. 

2.1 Introduction 

Droplet microfluidics is finding widespread use in applications as diverse as drug discovery, 

clinical diagnostics, chemical synthesis, single-cell encapsulation, on-chip chemistry, and the 

production of microstructures [21,100,118–120]. Droplets are produced when two immiscible 

liquids, one of which acting as the continuous and other as the discontinuous phase, interact 

with each other in a microfluidic system [121–125]. Using different geometries droplets can 

be produced in a broad range of volumes ranging from fL to nL [6]. Droplets produced in the 

microfluidic system are isolated from each other by a buffer of the continuous phase, hence in 
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the paradigm of lab-on-a-chip, they can be viewed as analogous to test tubes at the laboratory 

scale. The presence of the continuous phase allows easy transport of the droplets around the 

microfluidic system. 

While droplet production is rapid and highly repeatable, there is a need to control and 

manipulate the droplets’ passage, behaviour within the microfluidic systems [21]. Techniques, 

to achieve this, are broadly classified as being either passive or active. Passive techniques 

require no external source of energy; instead, they control droplet outcomes through the use of 

changes in channel geometry [56,57,105,126], gravity [127] and surface properties [107]. 

Active techniques require an external source of energy through various means like the use of 

electric forces [64], dielectrophoresis [68,71], magnetic forces [128] or surface acoustic waves 

[33,34,129]. Acoustic actuation can also be used to produce individual droplets on demand and 

volume of the droplet can be controlled via the applied power [32] or producing small (fL) 

droplets [130]. Passive techniques cause the same outcome for each droplet, while the nature 

of active methods allows the possibility of bespoke interactions.  

The physics of passive droplet generation at a T-junction displays three distinct regimes 

[53,131], namely ‘squeezing’ ‘dripping’ and ‘jetting.’ The squeezing regime has been reported 

to exist for Ca less than 0.015 when the width of the channels meeting at the T-junction is equal 

to each other [53,132,133]. A model was proposed by Garstecki et al. [52] to predict the length 

of the droplets formed: (l/w) = (1 + αQin/Qout ) where l, w, α, Qin and Qout are the length of the 

droplet, the width of the microchannel, a fitting parameter, the flow rate of the continuous and 

discontinuous phase, respectively. In the dripping regime, a droplet generation occurs when the 

shear force and pressure build-up, around the tip of the protruding discontinuous phase, become 

dominant over the interfacial force [25]. The range of Capillary number (Ca) reported for this 

regime is Ca > 0.015 [53]. Finally, a third regime exists, termed “jetting” in this regime the 

discontinuous phase extends downstream, and two phases move side-by-side in a laminar flow 

for a distance of a few channel widths downstream. 

After droplet generation, there are studies, for investigating the conditions required for 

the subsequent divisions of the droplets at T-junctions. Link et al. [56] investigated the droplet 

breakup in a symmetric T-junction and demonstrated breakup of mother droplet into precisely 

controlled daughter droplets. Their analytical model shows that there exists a critical capillary 

number, and a critical initial extension of the mother droplet which indicated when droplet 

breakup would occur: ε0 = l0 /(πw0) is the initial extension where l0 and w0 are the length of the 

droplet and width of the channel, respectively. Menetrier-Deremble and Tabeling [57] 

experimentally studied the droplet breakup at the junction between microfluidic channels 
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which meet at various angles. They showed that when the droplet interacts with the asymmetric 

junction of arbitrary angles, three outcomes are possible, namely direct breakup, retarded 

breakup and no breakup. The authors proved that there exists a critical finger length, above 

which droplet breaks up. Subsequently, Jullien et al. [58] identified two regimes of the breakup 

for a droplet interacting with the symmetrical T-junction over a Capillary number range of 

4×10-4 < Ca < 2×10-1. These two regimes were defined using the distance between the droplet 

and channel wall. In the first regime, there is a gap between the droplet and the microchannel 

wall, on the other hand, in the second regime, there is no gap between the droplet and 

microchannel wall, which obstructs the flow. Hoang et al. [60]  used three-dimensional 

numerical simulations to investigate the droplet breakup in the symmetric T-junction and “stop-

flow” simulations, in which droplet breakup was studied by switching off the flow in the 

simulations, causing the droplet breakup only by capillary effects. In doing so, they concluded 

that the droplet breakup occurs if the curvature of “neck” exceeds the value of curvature 

elsewhere on the interface of the droplet. In all the previous studies involving the interaction 

of a droplet at any junction, the outlet conditions of the two branches/channels are controlled 

externally to the microfluidic chip, either at a specified pressure or extracted flow rate.  

In this chapter, we examine the droplet breakup at the entrance to a bypass channel in 

a microfluidic system. By this, we mean a secondary channel which branches from and then 

re-joins the main channel. Though the entrance to bypass channel is a T-junction, the flow 

conditions in each branch are dictated by conditions internal to the chip (the flow rate which 

occurs in each branch), the external control is limited to the outlet of the main channel. Bithi 

et al. [134] used a bypass channel to examine the dynamics of the droplet merging in 

microfluidic parking network. While, Sesen et al. [80] showed that by application of surface 

acoustic waves, a transition could be made between breakup and non-breakup of a droplet 

selectively at the entrance to a bypass channel. Though previous studies have offered 

significant clarity on the behaviour of a droplet at T-junction, the critical flow conditions for a 

bypass channel have not been explored previously. Here, we study breakup of a droplet during 

interaction with the entrance to a bypass channel and show the equivalence to the squeezing 

and dripping regimes using experimental and numerical methods and investigate the effect of 

the width of the bypass channel and Capillary number on the mechanism of droplet breakup. 

 



30 
 

2.2 Methodology 

2.2.1 Experimental Methods 

The microfluidic chips were fabricated from polydimethylsiloxane (PDMS) using standard 

photolithography techniques. First, we fabricate a mold for the microchannel on a 2-inch silicon 

wafer. The wafer was RCA cleaned, wet oxidized and a negative photoresist SU-8 

(MicroChem, SU-8 2050) was spin coated on the wafer. The spin speed was adjusted based on 

the height of the microchannel needed. Further, the wafer was prebaked at 65 0C for 5 minutes 

and at 95 0C  for 12 minutes. An iron oxide coated glass mask with a pattern of the microfluidic 

circuit (printed using Laser Writer, LW405, Microtech Inc) was aligned on the top of the spin-

coated wafer using a mask aligner (Karl Suss, MJB4). The wafer was subjected to ultraviolet 

radiation with an intensity of 215 mJ/cm2, later post-baked at 65 0C  for 4 minutes, at 95 0C  for 

10 minutes and allowed to cool in ambient. Subsequently, it was developed by SU8 photo 

developer for 10 to 15 min and cleaned with isopropanol. The wafer was kept on a hot plate at 

120 0C for 10 min for hard-baking and allowed to cool in ambient. We poured a PDMS 10:1 

mixture (Dow Corning, Sylgard 184) over the prepared mould and a 6:1 mixture was used for 

manufacturing a PDMS base slab on a glass slide. Both mixtures in the mould as well as in the 

base slab were baked in the furnace at 65 0C  for about 30-40 minutes until they became 

sufficiently hard. The PDMS replica of the microfluidic circuit was peeled from the mould and 

was appropriately punched to make inlets and an outlet to the fluid channels. The patterned 

PDMS replica and PDMS base slab were bonded in an oven at 95 0C  for 10-12 hours.  

Figure 2.1 shows a schematic of the experimental setup along with the microchannel 

geometry. The width of the main channel ( )mw , the width of inlet channel of the discontinuous 

phase ( )dw and channel height (h) are kept constant in all measurements at: mw  = 130   5 µm,

dw = 65   3 µm and h = 60   3 µm. We vary the width of bypass channel (wb) over a range 

of six values: 60   3 µm, 70   3 µm, 80   3 µm, 90   3 µm, 105   5 µm and 120   5 µm. 

As such the values of β ( )b mw w are β = 0.48, 0.54, 0.62, 0.77, 0.80 and 0.91, respectively. 

Deionized water was used for the dispersed phase, while for the continuous phase two types of 

oil were selected, these were silicone oil (50 cSt Sigma Aldrich Inc,   = 960 kg/m3,  = 0.048 

Pa-s) and paraffin oil (30 cSt, Merck Inc,  = 850 kg/m3,  = 0.022 Pa-s). Both the water and 

oil flows were driven by a syringe pump (New Era pump systems Inc, USA). The range of flow 
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rates for both silicone oil and water were 0.24 to 16.4 µL/min when used together. When 

paraffin oil and water were used together this range of flow rates became 0.24 to 1.64 µL/min 

We utilized high-speed visualization to record the interfacial dynamics of the droplet 

interacting with the entrance to the bypass channel. A high-speed camera (Motion Pro Y3, IDT 

Inc, USA) with a long-distance working objective (Qioptiq Inc., Germany) was used to capture 

images at 300 frames per second resolution of 1280×1024 and a magnification such that the 

image is 3 µm per pixel. The velocity and size of droplets (generated at a T-junction upstream 

of the bypass channel) were measured using image processing, with the latter estimated 

assuming the plug consists of a cuboid section and spherical caps at either end. The maximum 

uncertainty in the volume measurement is around  2.8%, considering an error of  4 pixels 

during length measurement by our image processing method. The volume of the daughter 

droplet formed after breaking up at the entrance to the bypass channel was measured by taking 

the difference between the volumes of the mother droplet, before and after the breakup.  

A spinning drop tensiometer (Dataphysics Inc, SVT20) was employed to measure the 

surface tension for the water-oil system, yielding values of 38 mN/m and 30 mN/m for water-

silicon oil and water-paraffin oil, respectively. The corresponding range of the capillary 

number ( ( )( )cCa v =  in our measurements was 0.001 to 0.04, where , c   and   represent 

viscosity of the oil, velocity of the oil and surface tension for the oil-water system, respectively. 

 

Figure 2.1: Schematic of the setup and geometry used in the present work. Both continuous and 

discontinuous phase are driven into the microfluidic system using two separate syringe pumps. 

Deionized water is the discontinuous phase, and oil (paraffin oil/ silicone oil) is the continuous phase. 
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2.2.2 Simulation Setup and Grid Size Independence Study 

A commercial CFD software package (Fluent 15.0, ANSYS Inc, USA) was used to 

simulate the droplet behavior at the entrance to the bypass channel. Within the software, 3D 

Navier-Stokes equations were numerically solved using the finite volume method with the 

PISO (Pressure-Implicit with Splitting of Operators) scheme, and Volume-of-Fluid method 

was used for tracking the liquid-liquid interface. This was done using the computational 

domain shown in Figure 2.2 a. We did not simulate the generation of the droplets at upstream 

T-junction and used a single droplet in the main channel. A three-dimensional isometric view 

of the droplet just before the interaction with the entrance to the bypass channel is shown in 

Figure 2.2 b. The volume and velocity of a droplet (v) generated at upstream T-junction were 

used as the input parameters for the simulation. At the inlet of the microchannel, a uniform 

velocity obtained from the experiments was imposed as a boundary condition. While, at the 

outlet of the microchannel the pressure was set to atmospheric. No slip conditions were applied 

to the walls of the microchannel.  

A Cartesian structured mesh was generated using a commercial meshing software 

(ICEM, Ansys Inc). We used a uniform, structured Cartesian grid near the entrance to the 

bypass channel and a non-uniform grid with grid stretching is utilized away from the entrance 

to the bypass channel (Figure 2.2 c). A time step of t = 10-5 s was used in all simulations. 

The following properties of silicone oil and water were used in the simulations:  = 960 kg/m3, 

 = 0.048 Pa-s;  = 1000 kg/m3 and  = 0.00086 Pa-s. The measured value of the contact angle 

of water-oil on PDMS from the recorded visualization of the droplet motion was around 0140

, and we used this value in the simulation, assuming it as constant for a moving droplet.   

Figure 2.3 shows a grid size independence study for β = 0.62 and Ca = 0.007 for the 

three refinements at the entrance to the bypass channel: S = 2 µm, 3 µm, and 5 µm, where 

S is the minimum grid size in x, y and z directions. The finger length (Lf) and pressure drop 

( P ) between two fixed points are plotted for the different grid refinements. The 

corresponding number of cells in these cases and the error with respect to the finest grid ( S

= 2 µm) are shown in Table 2.1. As the error in case 2 is just 0.16 % and 2 % for P and fL , 

respectively, S = 3 µm was used in the simulations. 
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Figure 2.2: (a) Problem definition shown by a schematic. The computational domain is shown by a 

dotted box and boundary conditions are shown at the inlet, 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 

region close to the entrance to the bypass channel. 
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Figure 2.3: Grid size independence study: Finger length (Lf) on the left-hand side of the Y-axis for 

different grid sizes (2 µm, 3 µm and 5 µm) on the X-axis at constant β = 0.62. Pressure drop in a 

microchannel on the right-hand side of the Y-axis for different grid sizes (2 µm, 3 µm, and 5 µm) on 

the X-axis when droplet interacts with the entrance of the bypass channel at constant β = 0.62. 

Cases ΔS Number of 

Cells 

Relative % error in ΔP 

with respect to case 3 

Relative % error in Lf 

with respect to case 3 

1 5 µm 0.3 × 106 2.2 % 3.8 % 

2 3 µm 0.56 × 106 0.16 % 2 % 

3 2 µm 1.12 × 106 - - 

Table 2.1: Grid-independence test. Error in ΔP and Lf are compared with the finest grid (2 µm). 

2.3 Results 

We present results of droplet behavior at the entrance to the bypass channel, characterizing it 

as either a breakup or non-breakup event. The analysis of the bypass channel will start with a 

study of the effect of ratio of the width of the bypass to that of the main channel (β) in the range 

of 0.48 to 0.91, while keeping the capillary number constant (Ca  0.003). Then, we vary the 

capillary number from 0.001 to 0.04, while β  0.48. Finally, we will compare experimental 
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and numerical results for interfacial dynamics and use this technique to explain the mechanisms 

of breakup. We combine the experimental data to present regime maps on Ca- β plane with 

contours of finger length and volume of the daughter droplet. We have examined the volume 

of the mother droplet generated at upstream T-junction and compared this with a previously 

reported model [52]. 

2.3.1 Droplet Generation 

The droplets are generated at a T-junction using oil and de-ionized water as the continuous and 

discontinuous phases, respectively. Of the existing literature, the geometry we have used most 

closely matches with that of Garstecki et al. [52] (wd/wm). We compared the experimentally 

measured length of the droplet formed at the T-junction with the predicted scaling model given 

by Garstecki et al.[52] as 
𝐿

𝑤
= 1 + 𝛼 (

𝑄𝑤𝑎𝑡𝑒𝑟
𝑄𝑜𝑖𝑙

⁄ ), where L, wm, α, Qwater, Qoil   are the length 

of droplet formed, the width of the main channel, a fitting parameter (α = 1), the flow rate of 

water and the flow rate of oil, respectively. Figure 2.4 a plots the droplet length (L/wm)  as a 

function of flow rate ratio and we note that the measurements of droplet length (L/wm) are 

clustered near the curve proposed by Garstecki et al. [52], and are slightly larger than the values 

predicted by the model.  

 

Figure 2.4 : (a) Comparison between dimensionless droplet length observed in experiments and model 

presented by Garstecki et al. [52]. The solid line is the curve showing the predicted droplet size. (b) 

Mother droplet length Vs Number of experiments. 
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We observed that in our experiments, the variation of mother droplet length is relatively small. 

We have plotted mother droplet length distribution in Figure 2.4 b. The average length of 

mother droplet is 500 µm, and we have maintained mother droplet length of 500±100 µm in 88 

% of our experiments. 

2.3.2 Effect of Channel Width Ratio 

To start the analysis of the droplet interaction with the entrance of the bypass channel we 

examine the effect of the ratio of width of the bypass channel to the main channel, β. A range 

of β from 0.48 to 0.91 was used, keeping the capillary number constant at 0.0028 ± 0.0002. To 

classify the droplet interaction with bypass channel as droplet breakup, it must satisfy two 

conditions: i) the volume of the daughter droplet formed must be more than 2% of that of 

mother droplet volume and ii) the droplet breakup must be consistent.  In Figure 2.5 image 

sequences are shown column-wise for three different values of β (β = 0.48, 0.77, 0.91). At β = 

0.48, when the droplet interacts with the bypass entrance, breakup does not occur (it does not 

satisfy the two conditions), the maximum finger length, Lf into the bypass channel was 

measured to be 71 µm. However, we observed tiny droplets inconsistently (the images have 

been chosen so that these droplets are observed). The percentage of the volume of these 

daughter droplets with respect to the volume of the original droplet (Vratio) is less than 2%. At 

β = 0.77, the droplet breakup occurs consistently, with a finger length of 97 µm prior to 

partition, and a volume ratio of 12%. When β was increased to 0.91 the finger length rises to 

139 µm and the volume ratio to 30%. From this data, a critical value of β exists at a given Ca, 

above which droplet production is consistent, and upon further increase of β the finger length 

and, hence the volume ratio will rise. 
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Figure 2.5: 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 for three cases of β. (a) β = 0.48 (see appendix B, video B1) (b) β = 0.77 (see appendix B, 

video B2) (c) β= 0.91 (see appendix B, video B3). Capillary number is kept almost constant in all cases 

(Ca = 0.0028 ± 0.0002). 

2.3.3 Effect of Capillary Number (Ca)  

We investigate the effect of Ca over the range of 0.001 to 0.04, while keeping β constant at 

0.48. Figure 2.6 shows that at Ca = 0.0022, droplet breakup occurs at the bypass entrance with 

a finger length of 82 µm and the volume ratio of 7%. However, with increased Ca, droplet 

breakup ceases. Instead at Ca = 0.005, we don’t observe droplet breakup with a finger length 

of 71 µm. For further increase of Ca to 0.037 caused droplet breakup to cease completely and 

the finger length to drop further to 27 µm. Hence, a critical value of Ca exists to achieve 

breakup at a constant β. Also, Lf   and Vratio decrease with increased Ca. 
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Figure 2.6: High-speed visualization of the droplet interaction with the entrance of a bypass channel 

showing the transition from no droplet breakup to droplet break up at different time intervals showing 

the effect of Ca (a) Ca = 0.0022 (see appendix B, video B4)  (b) Ca = 0.005 (see appendix B, video 

B5)  (c) Ca = 0.037 (see appendix B, video B6). The ratio of channel width β is kept constant in all 

cases (β = 0.48). 

2.3.4 Comparison between Experimental and Computational Results 

We compare the results from numerical simulations of the non-breakup case with the 

experimental results at β = 0.48 and Ca = 0.005, as shown in Figure 2.7. The length of the 

mother droplet in the simulation is kept similar to that of measured in the experimental work. 

The shape of the droplet interface obtained at different times is in excellent agreement 

qualitatively with those recorded in the experiments. We compare finger length and volume of 

daughter droplet as the criteria for validation. The experimentally measured maximum Lf is 62 

µm while the numerical value is found to be 53 µm. Similarly, Figure 2.8 compares the 
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experimental results with computational data for a case of droplet breakup (β = 0.63 and Ca = 

0.007); again, good agreement is observed. The experimentally measured Lf is around 90 µm 

as compared to a computed value of 78 µm. The percentage of daughter droplet volume in 

experiments as compared to original droplet (Vratio) is measured to be 11.4% while in 

computational work, it is around 7.2%. The difference between the values of computational 

and experimental results is attributed to the fact that we have considered only one droplet in 

the entire system in a computational investigation. However, there are many droplets in actual 

experiments, and each droplet has a hydrodynamic resistance. The number of droplets in the 

main channel after the bypass channel in actual experiments adds additional hydrodynamic 

resistance compared to computational investigation with only one droplet. This additional 

hydrodynamic resistance in experiments causes an increase in daughter droplet volume 

compared to the numerical investigation. 

 

 

Figure 2.7: Comparison between experimental and computational work at β = 0.48 and Ca = 0.005. (a) 

High-speed visualization of the droplet interaction with the entrance of a bypass channel. (b) Computed 
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contours of the volume fraction of water (see appendix B, video B7). (c) Isometric view of the iso-

surface of the volume fraction of water at 0.5. 

 

Figure 2.8: Comparison between experimental and computational work at β = 0.63 and Ca = 0.007. (a) 

High-speed visualization of the droplet interaction with the entrance of a bypass channel. (b) Computed 

contours of the volume fraction of water (see appendix B, video B8). (c) Isometric view of the iso-

surface of the volume fraction of water at 0.5. 

2.3.5 Regime Map 

Figure 2.9 plots data of all the measurements performed in the present study on the Ca–β plane 

and indicates the transition between the breakup and non-breakup regimes by way of the dashed 

line. We plot the corresponding finger length (Lf) obtained in five ranges, as shown by the 

legend of  Figure 2.9 a. Each range is represented using a different symbol and colour. As 

mentioned earlier and shown by the regimes in Figure 2.9 a, to achieve the breakup, a critical 

value of β exists at constant Ca, and a critical value of Ca exists at constant β. The finger length, 



41 
 

Lf = [125,150] µm, is found to be present at a smaller Ca and larger β. In the breakup region, 

Lf decreases with increase in Ca at constant β or with a decrease in β at constant Ca. Lf = [25,75] 

µm corresponds to non-breakup region. As pointed to in Ref. [57], we also observed the 

existence of a critical finger length (75 µm in the present study) for achieving the droplet 

breakup.  

Figure 2.9 b shows the regime map on the Ca–β plane, and we plot the percentage of 

daughter droplet volume with respect to original droplet volume (Vratio) for the two regimes. 

The value of Vratio = [0, 2] % is assumed to be in the non-breakup region since droplet breakup 

in this region was very intermittent and inconsistent. In the droplet breakup region the 

maximum value of Vratio = [25, 35] % is measured when Ca is at the minimum of the range 

examined and β the maximum, as we go on increasing Ca or decreasing β, Vratio starts 

decreasing from (25-35%) to (15-25%) to (2-15 %) and finally to (0 to 2%) which we classify 

as the non-breakup region due to its intermittency.  

2.3.5.1 Transition Region  

When we increase Ca while keeping β constant, we observe a transition region where, tiny 

intermittent daughter droplets are produced. As volume of these droplets is less than 2% of 

mother droplet volume and these tiny droplets are produced once in four to five interactions 

we don’t term this droplet breakup. Insets on the left-hand side of Figure 2.9 show the 

transition region at a constant β of 0.48. We observe that at Ca = 0.0022 when the mother 

droplet interacts with the bypass channel droplet breakup occurs. As Ca is increased to 0.0033, 

we observe tiny droplets being produced once in every few interactions. With further increase 

in Ca to 0.005, we observe no droplet breakup. Similarly, insets on right-hand side of Figure 

2.9, shows transition region at constant β of 0.77. We observe that at Ca = 0.032 when mother 

droplet interacts with bypass channels, droplet breakup occurs. As Ca is increased to 0.04, we 

observe tiny droplets being produced in an irregular fashion. We observe that when the system 

is operating in transition region a slight change in flow condition, we are able to go from 

breakup to no breakup. 
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Figure 2.9: (a) Regime map is showing contours of finger length (Lf) on Ca-β plane. A dotted line is 

shown to demarcate regions of droplet breakup and no droplet breakup. (b) Regime map showing 

contours of Vratio on Ca-β plane. 

2.4 Discussion 

2.4.1 Equivalence to Squeezing and Dripping Regime 

According to Garstecki et al. [52], interfacial tension acts as a stabilising force while resistance 

to the flow of the continuous phase (FR) and shear force (Fτ) act as destabilising forces in case 

of droplet generation at standard T-junction. If the gap between the droplet and main channel 

wall (ε) is smaller than the width of the main channel (w), i.e. ε<<w, FR > Fτ which means 

leading contribution for droplet breakup comes from FR, and this regime is commonly referred 

as squeezing regime [53]. If ε ~ w, Fτ has a significant role to play in droplet breakup along 
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with FR, and this regime is commonly referred to as the dripping regime [53]. Now in this 

section, we identify an equivalent squeezing and dripping regime in our experiments when 

generated droplet interacts with the entrance to the bypass channel.  

 For droplet generation, Menech et al. [53] plotted the dimensionless droplet volume (V) 

as a function of Ca and found out that slope of V versus Ca is almost constant in the squeezing 

regime (which means the droplet volume remains almost constant even after variation in Ca) 

and becomes steeper in the dripping regime (the droplet volume starts to decrease drastically 

against an increase in Ca). In Figure 2.10, we plot the dimensionless daughter droplet volume 

(Vd
*) as a function of Ca for the case droplet breakup at β = 0.77, where Vd

* = (volume of 

daughter droplet)/ (wm×wb×h). We observed that for constant β if we increase Ca, the size of 

the daughter droplet formed decreases; hence the slope of Vd
* as a function of Ca becomes 

steeper in the dripping regime. A similar trend is observed by Menech et al. [53]. Insets of 

Figure 2.10 show that as we increase Ca, ε also increases, where ε, in this case, is the distance 

between the wall of the bypass channel and droplet when it is about to break, which signify 

that the formation of the daughter droplet takes place from a finger which is smaller than the 

width of the bypass channel. In this case (droplet breakup at bypass channel), ε becomes 

comparable with wb at Ca ≈ 0.02, while Menech et al. [53] observed similar at Ca ≈ 0.015 (for 

droplet generation).  

 Thus far, we have defined our dripping regime by comparing the value of ε with the 

value in the dripping regime of droplet generation. However, for this to be an accurate analogy, 

there should be more than a geometrical similarity, the physics should also be similar. The key 

feature of the dripping regime is that the shear force, caused by the flow that goes around the 

interface through the gap measured by ε, and starts to play an important role in the generation 

of the droplet. We now examine if a rise in shear force is also evident in the case of droplet 

breakup at bypass channel. 

 We plotted contours of the shear stress in three cases of breakup using numerical 

simulations for Ca = 0.025, 0.031 and 0.037 in Figure 2.10 b. In these simulations, the mother 

droplet volume, the interfacial tension between continuous and discontinuous phase and the 

viscosity are kept constant, and the change in Ca is achieved through an increase in the droplet 

velocity. We have calculated the shear stress on the finger, due to the flow past the finger into 

the bypass channel. We have plotted component of shear stress, xz , in the mid-XZ plane of the 

channel. xz was averaged over the figure length (liquid-liquid interface), as shown in insets of 
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Figure 2.10 b. We observe that in the dripping regime as Ca increases, the shear stress acting 

on the liquid-liquid interface also increases. 

 

Figure 2.10: (a) Dimensionless daughter droplet volume as a function of the capillary number showing 

equivalent squeezing and dripping regime. The dotted line shows the squeezing regime given by 

Menech et al. [53] and a dash-dot line showing current work. (b) Contours of shear stress at different 

Ca in the equivalent dripping regime. 

To further investigate an equivalent squeezing and dripping regime, from our 

measurements, we plotted the evolution of Lf and ε for Ca = 0.003 (squeezing regime) and Ca 

= 0.030 (dripping regime) in Figure 2.11. Both represent the case of droplet breakup and at β 

= 0.77. Stage 1 represents the time before the droplet interaction, and stage 6 represents the 

time just before the droplet breakup. These stages of droplet interaction are shown on the top 

of the plot. We observe that as the droplet moves past the bypass entrance Lf, as expected, keeps 

increasing, though the rate of change of Lf, for Ca = 0.003 is higher than that for Ca = 0.030. 
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The maximum value of Lf measured for Ca = 0.003 is 117 µm, while the maximum value of Lf 

measured for Ca = 0.030 is 65 µm. The value of ε is plotted as constant, 3 µm (a single pixel) 

for the case of Ca = 0.003, as we do not see a visible gap between the droplet and microchannel 

wall. For the case of Ca = 0.030, the value of ε increases consistently from 3 µm to 35 µm 

making ε comparable with wb as the droplet advances further, which is similar to the 

observation found in the dripping regime of droplet generation. As the value of ε becomes 

comparable with wb shear stress starts to play an important role for this to be termed an 

equivalent dripping regime.  

 

Figure 2.11: Evolution of finger length and   with time. Finger Length (Lf) plotted on the left-hand of 

Y-axis and   on the right-hand side of Y-axis Vs. stages of droplet interaction (evolution with time). 

 Figure 2.12 shows a zoomed-in view of pressure inside and outside part of the droplet. 

P, Ph, Pt, P1 and P2 represent upstream pressure in the main channel, pressure close to head of 
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the droplet, pressure close to the tail of the droplet in the bypass channel, the pressure inside 

the tail end of the droplet and pressure inside the droplet close to head of the droplet. Figure 

2.13 and Figure 2.14 plots the shear stress acting on the finger of the droplet and the 

hydrodynamic pressure built up (P-Pt) plotted against the stages of droplet interaction with the 

bypass channel, using numerical simulations. We calculate the shear stress for different values 

of Ca and show that the shear stress increases with an increase in Ca. We plot the pressure 

build-up across the mother droplet for different values of Ca as well. In these simulations, an 

increase in Ca is achieved through an increase in the droplet velocity at the inlet, while keeping 

the droplet volume, surface tension, geometrical features and viscosity constant, all the 

simulations are cases of droplet breakup. Insets in Figure 2.13 and Figure 2.14 show the 

contours of shear stress, pressure and the corresponding stage of droplet interaction with bypass 

channel at which the current set of data is computed.  

 

Figure 2.12: Schematic of the droplet interacting with the T-junction. Zoomed in view shows pressure 

notations inside and outside the droplet. 

We observe that as we increase Ca by increasing inlet velocity; there is a consistent increase 

in the shear stress acting on the finger and a consistent decrease in (P-Pt). When droplet enters 

the bypass channel, the average shear stress acting on the finger goes on increasing due to 

increase in ε. As per Garstecki et al. [52], the shear stress in droplet generation is given as τ = 

(µugap/ε), while ugap = (Qoil / hε), hence τ = (µQoil/hε2), where τ, µ, ugap, Qoil and h are shear 

stress, the viscosity of the continuous phase, velocity in a gap and height of the microchannel 

respectively. In droplet generation, as the discontinuous phase push further into the main 

channel, and blocks it more, the shear stress and build-up of pressure increases, remembering 

that Qoil is constant. In this study, the situation is more complicated; as time advances the value 

of ε increases; however, the flow through this gap is not fixed like droplet generation. Growing 

gap, causes the flow entering the bypass channel to increase (the droplet’s progression in the 
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main channel and bypass channel will slow during this time); hence, Qoil continues to increase. 

The growth in ε causes a rise in shear stress as captured with the numerical simulations. Even 

when the finger is narrower than the bypass channel, a droplet can be broken off. The finger 

length may retract slightly (as in Figure 2.11), but the rising shear can be enough to cause the 

droplet breakup. 

 In terms of the transition between regimes, we see from Figure 2.13 and Figure 2.14, 

that as Ca rises from 0.018 to 0.025 we move from a situation in which shear stress starts to 

play a critical role in droplet breakup. Hence, the transition from the squeezing regime to the 

dripping regime is observed. 

 

Figure 2.13: Evolution of average shear stress with time for Ca ranging from equivalent squeezing to 

the dripping regime. Contours at the top of the figure show average shear stress and corresponding stage 

of droplet interaction for given computed value. 
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Figure 2.14: Evolution of pressure built up with time for Ca ranging from equivalent squeezing to the 

dripping regime. Contours at the top show pressure built up and corresponding stage of droplet 

interaction for given computed value.  

2.4.2 Mechanism of Droplet Breakup 

The flow of the continuous phase gets divided into the main channel and the bypass channel. 

Flow rate entering (thereby droplet entering) bypass channel depends on the hydrodynamic 

resistance of the channel. Because of the higher resistance of the bypass channel, only a small 

portion of the mother droplet enters the bypass channel. Now when we assume droplet trapped 

in the T-junction, it acts as a blockage to the fluid flow in the bypass channel temporarily, 

which contributes to increasing the resistance to the flow. The corresponding resistive force FR 

is directly proportional to (P-Pt) and is given by FR = (P-Pt) hwb. The shear force acting on the 

finger is given by, Fτ = shear stress×hLf, where Lf is the finger length and h is the height of the 

channel. Both FR and Fτ helps in droplet breakup in the bypass channel.  
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Once the droplet enters the bypass channel, interfacial tension will try to keep the droplet 

in the main channel, as wm is always more than wb. The interfacial tension force is directly 

proportional to the Laplace pressure jump across the interface. The Laplace pressure across the 

interface in bypass channel is ΔPLB = γ [(2/wb) + (2/h)], and the orientation of this force is 

downstream in the main channel. Similarly, the Laplace pressure across the interface in the 

main channel is ΔPLM = γ [(2/wm) + (2/h)] and acting in the exact opposite direction of the 

previous one. The difference in the Laplace pressure is ΔPd = γ [(2/wb) - (2/wm)]  and acting in 

a way that, it opposes the droplet breakup in the bypass channel. The corresponding surface 

tension force (Fγ) is calculated by multiplying ΔPd by the cross-section area of the channel. 

Forces acting on the droplet trapped in the T-junction of the bypass channel is shown in Figure 

2.15 a. 

We compute (P-Pt), and average shear stress at different instances during interaction of 

the droplet for the case of no breakup and breakup from simulations. Corresponding FR and Fτ 

are shown in Figure 2.15. We compute the value of ΔPd, thereby Fγ using both the approaches 

of simulation and Laplace equation. These simulation cases are like the ones discussed in 

section 2.3.4. The insets show pressure contours corresponding to the instance of the droplet 

interaction. As shown in Figure 2.15 b, when (FR+Fτ) > Fγ, droplet break up occurs. On the 

other hand, when (FR+Fτ) < Fγ, there is no droplet breakup, as shown in Figure 2.15 c. 
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Figure 2.15: Evolution of (FR + Fτ ) and Fγ during various stages of the droplet interaction with the T-

junction of the bypass channel. (a) Forces acting on the trapped droplet. (b) The case of droplet breakup. 

(c) Case of no droplet breakup. 
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2.5 Application of Present work in Droplet-Based Microfluidics 

Drug research is conducted with the help of high throughput screening (HTS). In this method 

target cells are tested against the library of compounds. Selective combinations of samples and 

reagents required by HTS makes it difficult to bring it on a microfluidic chip, as continuous 

droplet production methods are still used. Large droplets of different samples are relatively 

easily introduced onto a chip. Each is individually isolated, hence in the lab on a chip analogy, 

can be considered as test tubes. If you can selectively break up these droplets, these test tubes 

become pipettes, and a technology is born which can react to different chemicals in multiple 

permutations. An active mechanism used for selectively breaking the droplet into mother 

droplet used by Sesen et al. [80], where authors allowed the mother droplet to interact with the 

bypass channel and with the help of surface acoustic waves achieved selective droplet breakup 

into the bypass channel. In such applications exactly knowing the transition between droplet 

breakup and no breakup will certainly help in optimizing the duration of surface acoustic pulse 

and voltage applied to the interdigital transducers (IDT) resulting in precise control of daughter 

droplet volume. This chapter systematically examines the knife-edge (The knife-edge 

condition means a slight change in flow condition causes a change in outcome from no droplet 

breakup to droplet breakup) separating droplet breakup/no breakup (with the help of capillary 

number and geometry of the bypass channel), and forces at play so contribute significantly to 

the development of such technologies. 

2.6 Closure 

We investigated the effect of the width of the bypass channel (β) and Capillary number (Ca) 

on no droplet breakup to droplet breakup regimes. Microchannels are fabricated using standard 

photolithography techniques, and interfacial dynamics is visualised using a high-speed camera. 

Silicon oil/paraffin oil and water are used as a continuous phase and a discontinuous phase, 

respectively. Experiments show that there is a critical value of β, keeping Ca at a constant 

value, for achieving the droplet breakup. Similarly, there is a critical value of the Ca exists, 

keeping β constant. We have proposed a regime map on Ca-β plane for showing regimes of no 

breakup and breakup. In regime map, we plotted the contours of finger length (Lf) and 

percentage of the volume of daughter droplet to mother droplet volume (Vratio). We observed 

that the maximum volume of the daughter droplet corresponds to the minimum Ca and 

maximum β. Three-dimensional numerical simulations are carried out using commercial CFD 
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software for the breakup and no-breakup cases and validated with the experiments. The 

simulated results for interfacial dynamics, Lf and Vratio, are found to be in good agreement with 

the experimental results. Simulations proved that when the hydrodynamic pressure drops 

across the droplet and average shear stress acting on the finger overcomes differential Laplace 

pressure of the droplet; droplet breakup occurs otherwise not. Like the squeezing and dripping 

regimes of droplet generation, we report regimes for droplet breakup at the entrance of a bypass 

channel, and they exhibit equivalent squeezing and dripping regimes. In the squeezing regime, 

the hydrodynamic pressure drop across the droplet plays a crucial role while in the equivalent 

dripping regime, both shear stress and hydrodynamic pressure drop are dominant. This work 

provides useful information regarding the knife-edge between droplet breakup and no breakup, 

thus significantly useful for the development of technologies used for droplet breakup. 
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Chapter 3 

3 Microfluidic Valves for Selective on-Chip Droplet 

Breakup at Multiple Sites 

In the previous chapter, we investigated the knife-edge condition at the entrance of the bypass 

channel. We extend the study to figure out knife-edge condition at two locations and later use 

two single-layer microvalves (both numerically and experimentally) to alter the behaviour 

from no droplet breakup to breakup. To be specific, we present a microfluidic system for 

droplet breakup at two junctions which are placed one after the another. Droplets are 

generated at standard T-junction upstream and then introduced to the droplet division section 

which consists of a T-junction and an expansion channel. In the first set of experiments, the 

droplet division section consists of two identical T-junctions branching from the main channel 

and place one after another. With this geometry, we produced daughter droplets only at the 

first junction while there is no droplet breakup in the second junction for any flow condition. 

Resistive network analysis is used to design the microfluidic system with expansion channel in 

place of second T-junction, so that same flow rate enters at both the locations. We observe five 

regimes of droplet breakup in a microfluidic system, namely 1) No droplet breakup at two 

junctions. 2) Droplet breakup only at the first junction, 3) Droplet breakup at both the junctions 

with higher daughter droplet volume in first junction 4) Droplet breakup at both the junctions 

with daughter droplet volume higher at second junction 5) Intermittent/irregular droplet 

breakup in both the junctions. Under fluid flow condition, droplet interaction with both the 

junctions produces the same output of no droplet breakup. We then showed design 

requirements for the location of two single-layer microvalves, simulated by permanent 

deformation of the main channel wall. We used experiments to break the droplet at two 

locations using two microvalves. 

3.1 Introduction 

Droplet-based microfluidics has emerged as an excellent tool for a wide range of biological 

and chemical applications [7]. Samples and reagents can be encapsulated in a droplet and later 
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can be divided, for conducting various screening processes. Compartmentalizing samples and 

reagents in small-sized droplet volumes in a buffer of continuous immiscible phase enables the 

creation of thousands of reaction volumes without any cross-contamination. Droplets in a 

microfluidic system find application in analyzing small biological samples, even single cells 

[14] can be encapsulated and analyzed. Other notable applications of droplet microfluidics are 

microparticle synthesis [15,16], immunoassays [135], reaction kinetics [9], protein 

crystallization [11,136], clinical diagnosis [12,13] and conducting high-throughput analysis 

[137,138].  

In high-throughput screening, target samples/disease cells are comprehensively 

examined against a library of compounds in search of a positive outcome, a process currently 

performed using microtiter plates and robotic dispensing. However, miniaturisation limits have 

been reached due to the achievable accuracy of robotic dispensing and evaporation issues in 

open systems. For further miniaturization of setup, minimising sample and reagent usage, 

thereby cost reduction. Droplet-based microfluidics provides a compelling alternative as it 

provides the ability to handle nano to femtoliter volume of samples in an evaporation-free 

environment. However, a key strength of droplet microfluidics, the rapid production of 

thousands of identical droplets/samples [25, 26, 52, 121, 139, 140] does not lend itself well to 

conduct multiple reaction permutations between libraries of samples, which requires the 

generation merging, splitting, trapping of pairs of droplets of different types. As such, to 

conduct complex screening processes on a microfluidic device, one approach would be to input 

large droplets of different types, subdivide and merge them at will. This approach allows for 

the correct sample to be dispensed at the right reaction site, an on-chip analogy to pipetting 

[80,141]. Subsequently, the samples require merging, trapping and mixing.  

Droplets can be subdivided into symmetric [142,143] or asymmetric [105] daughter 

droplets using the change in geometric features [144–146] and alteration of flow conditions 

[56]. However, these passive methods do not require any external energy input, which means 

that each droplet leads to the same fate; they are all subdivided continuously not selectively. 

To be able to break droplets selectively active methods are required, where external energy 

input briefly controls the outcome of a droplet breakup at a specific location on the microfluidic 

chip, the result is the breakup of a single droplet when and where required. Figure 3.1 shows 

how this can be implemented for HTS is depicted using a schematic. Various forms of active 

methods have been used in conjunction with droplets; some of these methods are surface 

acoustic waves [32,78, 80,81,129], micro-valves [141], electric fields [147], microheaters [75] 

and use of a laser [73].  
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In order to develop a single-layer horizontal microvalve based approach to break selected 

individual droplet, we first investigated the behaviour of droplets as they pass a junction to a 

secondary channel which later rejoins the main channel, we termed this a bypass channel in the 

previous chapter. This study showed that there exist flow conditions at which the droplet 

remains intact on a knife-edge, but only just so [148]. With the mechanism behind knife-edge 

condition better understood, we demonstrated that a transition from non-breakup to breakup 

could be achieved by the partial closing of a microvalve at the entrance to the bypass channel 

[141] in a collaboration work which is not included in this thesis. However, in both cases, the 

selectivity of droplet breakup at only one location is considered, while reacting multiple 

chemicals in various permutations rapidly, more will be needed. Here, we investigate whether 

the knife-edge condition can be achieved at two junctions. Again, we use mother droplets ( 

generated using standard T-junction) of the same material, rather than introducing different 

chemicals for each droplet. We design the microfluidic system required for break up at the two 

locations using resistive network analysis. Later, we demonstrate the capability of the device 

for selective break-up and location of the microvalve at either junction by local constriction of 

the main channel wall using experiments and three-dimensional numerical simulations. This 

demonstrates the prospects for performing pipette like-functions at multiple sites, so moving 

closer to the kind of robotic dispensing in microtitre plates being realised on a microfluidic 

chip, and so at far small volumes and no evaporation.  

 

Figure 3.1: Conceptual depiction of selective droplet breakup using microvalves at two locations. (a) 

The “mother” droplets are generated at upstream T-junction (not shown) and, as they pass down the 

main channel, interacts with the first and second junctions positioned adjacent to valves 1 and 2. When 
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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 

droplet enters the 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 be initiated in its merging station. The result is a 

system in which a range of reaction permutations can occur between different reagents. 

3.2 Methodology 

3.2.1 Experimental Methods 

The present microfluidic system consists of a standard T-junction to generate monodisperse 

droplets, and, downstream from this, two junctions placed one after another, and branching into 

a second outlet, at these junctions the selectivity of droplet breakup is investigated (Figure 

3.1). The microfluidic chip is fabricated by bonding polydimethylsiloxane (PDMS) with a glass 

slide, glass is flat and acts as the substrate. At the same time, PDMS is patterned with the 

microfluidic channel using standard soft lithography method described as follows: The 2-inch 

silicon wafer is RCA cleaned and the negative photoresist (SU8-2050) is spin-coated on the 

silicon wafer. The silicon wafer with photoresist is prebaked on a programmable hot plate at 

65°C and 95°C for 3 minutes and 9 minutes, respectively. The photomask having the pattern 

of the microfluidic device is prepared using a laser writer (LW405, Microtech Inc). The 

photomask and silicon wafer are aligned with each other using mask aligner (Karl Suss MJB4) 

and subjected to ultraviolet radiation with an intensity of 220 mJ/cm2. The silicon wafer is then 

post-baked on a hot plate at 65°C and 95°C for 2 minutes and 7 minutes, respectively, later 

developed using SU8 developer for 15-20 minutes and finally hard-baked at 150°C for 10 

minutes. PDMS (Dow Corning, Sylgard 184) 20 parts are mixed with 1 part of curing agent, 

the mixture is poured on the mold and bubbles are removed by keeping it in a desiccator for 2 

hours. The mold and clean glass slide are both bonded by subjecting them to oxygen plasma 

for 18 seconds. 

 Droplets are generated in a continuous phase of paraffin oil using standard T-junction. 

Stream of monodispersed droplets is used as a substitute for mother droplets of different 

samples or composition. The flow of paraffin oil and de-ionised water is driven by two syringe 

pumps (New Era pump systems Inc, USA). The valves are actuated with a pressurised air 

supplied with a fluigent system (model MFCSTM-EZ). A Fluigent system can control the 

pressure in a range of 0 to 2 bar. The surface tension between water and paraffin oil is measured 

using a spinning drop tensiometer (Dataphysics Inc, SVT20) yielding a value of 30 mN/m, 
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interfacial tension along with the oil viscosity (0.022 Pa.s) and the velocity of the droplets are 

used to calculate the Capillary number. Generated mother droplets interact with the pair of 

splitting junctions. The droplet interactions are recorded by using a high-speed camera at 300 

frames per second (Motion Pro Y3, IDT Inc, USA) fitted with a long-distance working 

objective (Qioptiq Inc., Germany). The velocity of the generated droplets, volume of the 

mother droplet and daughter droplet after breaking up are calculated using image processing.  

3.2.2 Simulation Setup and Grid Independence Study 

Numerical simulations are carried out using commercial software Ansys Fluent. To save 

computational expense, rather than simulating the generation of droplets, we initialized the 

simulation with multiple cuboids of de-ionised water along the length of the main channel. 

These cuboids of de-ionised water have the same volume and separation distance as observed 

in experiments. Surface tension effect causes these cuboids to turn into the shape of a droplet. 

We imposed a uniform velocity boundary condition at the inlet while at both outlets, a pressure 

outlet (atmospheric pressure) boundary condition is used. At the wall, we used a no-slip 

boundary condition and equilibrium contact angle of 140⁰. The cartesian structured mesh is 

generated using commercial software ICEM (Ansys Inc.). Structured grid with refinement is 

used near the entrances of both the junctions and the wall. At other locations, a coarse grid is 

used. A variable time step is used in all the simulations; time step for transient simulations is 

decided based on the Courant number, fixed at 0.5. Fluid properties of oil and water are same 

as the experimental values. 

Figure 3.2 shows the grid independence test in the regime with no droplet breakup at 

both the junctions. We used three different mesh refinements of ∆S = 1 µm, 2 µm, 3 µm near 

the wall of the microchannel and close to both the junctions. The minimum grid size was kept 

similar in x, y and z directions. The finger length (Lf) of droplets when it interacts with the first 

and second junction along with the details of the grid size independence test are shown in Table 

3.1 and Figure 3.2. As the error in the second case is just 1.5% and 0% compared to the finest 

grid of 1µm for Lf, ∆S = 2 µm was used in the simulations. We found that for the refinement 

of 2 µm, we got reasonable accuracy. 

Case ΔS Number 

of Cells 

% error in Lf compared to 

case 3 in the first junction 

% error in Lf compared to 

case 3 in the second junction 

1 3 µm 0.6×106 4.6% 5% 



59 
 

2 2 µm 0.83×106 1.5% 0% 

3 1 µm 1.2×106 - - 

Table 3.1: Grid size independence study showing error in finger length (Lf) compared to the finest grid. 

 

Figure 3.2: Grid size independence study showing finger length (Lf) vs minimum grid size (∆S) for 

droplet interaction with the first and second junction. 

3.3 Results and Discussion 

(Qcontinuous phase/Qdiscontinuous phase) is fixed at 1 in all the experiments. The range of flow rates used 

is 2 to 16 µl/min, resulting in droplets of volume between 0.6 and 1 nL (or 220 and 180 µm 

droplet length). We start by analysing the nature of these droplet interactions with two T-

junctions downstream and then examine the conditions and regimes of droplet breakup.  

3.3.1 Two Identical T-Junctions 

Firstly, we examine the interaction of droplets with two identical T-junctions, each 

connecting to the outlet channel by channels of 50 µm width, as shown in Figure 3.3. When 

the droplet interacts with the first junction, we observe daughter droplet being generated. 

However, with the second junction, no breakup occurs, for all the flow conditions. 
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Figure 3.3: A schematic of microfluidic system design with upstream droplet generation section 

followed by two stage droplet division section. Mother droplets are produced upstream and are made to 

interact with identical droplet division junctions. 

Figure 3.4 a show a sequence of images of droplet breakup at the first junction (Capillary 

number (Ca) is 0.01). When the mother droplet passes the first junction, a finger is formed into 

the branch, the length of which increases with time, which ultimately breaks to form a daughter 

droplet. Figure 3.4 b shows image sequence from the second junction, where the finger can be 

seen to be shorter and retracts without breakup. When the finger length is analysed for both 

junctions, consistently across all flow rates, this metric is more significant for the first junction. 

The shear force acts on the finger, resulting from flow past it into the branch channel, this shear 

will be higher for larger flow rates; hence a smaller finger length is required for break up [148]. 

When the droplet moves past the first junction; there is a considerable amount of flow rate 

reduction, which causes altered flow conditions at the second junction. It can be seen in Figure 

3.4 c and d, in which the daughter droplet volume produced at the first junction is shown, 

despite the shorter finger created at higher flow rates, the droplet does not decrease 

commensurately. This is partly attributable to the shear acting on the finger, which acts to 

prevent its retraction. Besides, there is simply less time for retraction to take place before the 

breakup. Finally, it is worth noting that the plotting is of percentage volume concerning mother 

droplet volume and that at higher flow rates, smaller mother droplets are produced, which 

contributes to a shorter finger length. We can conclude that the finger lengths grow with time; 

hence the size of the mother droplet will have a significant impact on the finger length. The 

shear produced on the finger by the flow at higher flow rates lowers the length required for 

break up. 

 As a result, we can conclude that the finger lengths grow with time; hence the size of 

the mother droplet will influence the finger length. The shear produced on the finger by the 

flow at higher flow rates lowers the length required for break up to occur. But most importantly, 
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we also conclude that the behaviour of the two junctions is very different; hence there can be 

no expectation that there is a flow condition which could provide a knife-edge condition 

(between the breakup and no breakup) at both junctions simultaneously. As such, this design 

would not lend itself well to selective droplet breakup at multiple locations. Hence, we are 

discarding this design. 

 

Figure 3.4: 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 branch and either 

break into a droplet or retract.  The discrepancy, between the two junctions, of the maximum length of 

the finger length (c) and the (d) percentage of the volume of the mother droplet which breaks into a 

daughter droplet is seen across the Ca range tested. 

3.3.2 Resistance Network Analysis for Channel Design 

We now analyse the microfluidic system in a detailed manner, to design it, in such a way that 

the droplet interaction is the same at both junctions. We have conducted a theoretical 

examination of the flow distribution in the first and second junctions using an electric circuit 

analogy [149], which will yield the relative flow rates around the chip and controls the size of 

the finger. To predict the flow rate distribution with least complexity, we considered only 
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continuous phase and not droplets (having finite hydrodynamic resistance) in the microfluidic 

system.  

The microfluidic system can be considered as a resistive network, where flow rate (Q) 

is equivalent to current, potential difference is equivalent to the pressure drop (∆P) and 

resistance is equivalent to the hydrodynamic resistance of the microchannel. Figure 3.5 shows 

the existing microfluidic geometry with hydrodynamic resistance in each branch. The height 

of microchannel is kept constant at 60 μm.  

 

Figure 3.5: The Resistance network of the microfluidic system with the associated flow rate distribution 

of the continuous phase, without considering the resistance of the droplets. 

The hydrodynamic resistance is calculated using the equation below, 

𝑅 =
12𝜇𝑙

𝑤ℎ3 [1 − 0.63(ℎ
𝑤⁄ )]

 
3.1 

 

𝑅 = 𝑎𝑙 3.2 

Where 𝑎 =  
12𝜇𝑙

𝑤ℎ3[1−0.63(
ℎ

𝑤
)]

 

Where w, h, l, μ are width, height, length of the channel and viscosity of the continuous phase, 

respectively. Kirchhoff’s junction law, which states that net charge entering the junction is 

equal to that of going away from the junction. To find out current in each branch, we have used 

Kirchhoff’s loop law which states that the algebraic sum of all the potential differences along 

a closed loop is zero. 

Applying Kirchhoff’s loop law for the first loop, 

𝑅2(𝐼 − 𝐼1) + 𝑅5𝐼2 − 𝑅4𝐼1 − 𝑅3𝐼1 = 0 3.3 
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𝑅2𝐼 − 𝑅2𝐼1 + 𝑅5𝐼2 − 𝑅4𝐼1 − 𝑅3𝐼1 = 0 3.4 

𝑅5𝐼2 = (𝑅2 + 𝑅3 + 𝑅4)𝐼1 − 𝑅2𝐼 3.5 

Converting the equation in terms of flow rate (Q), we get 

𝑅5𝑄2 = (𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄 3.6 

𝑅5 = [
(𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄

𝑄2
] 

3.7 

𝑅5𝑄2 = (𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄 3.8 

𝑅5 = [
(𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄

𝑄2
] 

3.9 

We have fixed the value of R2, R3, and R4; 

𝑎 = [
(𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄

𝑄2𝑙5
] 

3.10 

As both the outlets (F and G) are subjected to atmospheric pressure condition, we can say that 

PA-PF = PA-PG 

(𝑃𝐴 − 𝑃𝐵) + (𝑃𝐵 − 𝑃𝐸) + (𝑃𝐸 − 𝑃𝐺)

= (𝑃𝐴 − 𝑃𝐵) + (𝑃𝐵 − 𝑃𝐸) + (𝑃𝐸 − 𝑃𝐷) + (𝑃𝐷 − 𝑃𝐹) 

3.11 

(𝑃𝐸 − 𝑃𝐺) = (𝑃𝐸 − 𝑃𝐷) + (𝑃𝐷 − 𝑃𝐹) 3.12 

(𝑄 − 𝑄1 − 𝑄2)𝑅7 = 𝑅5𝑄2 + (𝑄1 + 𝑄2)𝑅6 3.13 

(𝑄 − 𝑄1 − 𝑄2)𝑅7 = 𝑎(𝑙5𝑄2 + 𝑙6𝑄1 + 𝑙6𝑄2) 3.14 

𝑎 =
𝑅7(𝑄 − 𝑄1 − 𝑄2)

𝑙5𝑄2 + 𝑙6𝑄1 + 𝑙6𝑄2
 

3.15 

For flow rate entering both the junctions is same 

By simplifying equation 1.24 and 1.29, we get 

5𝑎𝑄1 = (33 × 1017𝑄1) − (4.29 × 1017𝑄) 3.16 

109𝑎𝑄1 = (13.9 × 1017𝑄) − (27.8 × 1017𝑄1) 3.17 

We have fixed all the dimensions of the channel except the width of the second branch (wb2). 

By solving equations for flow rate condition of Q1 = Q2, 

a = 6.42×1016 

Q1 = 0.1436 Q 
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From a and Q1 we get 

 wb2 = 64 μm.  

However, we are interested in the formation of droplets at these junctions, and we have already 

seen the importance of the finger formed before breaking up and location at which finger forms. 

Instead of using the value of 64 µm, we change the channel in a way to maintain the equivalent 

resistance. The channel geometry for branch five is set such that it has the same opening (50 

µm) as branch 2 for a distance larger than the longest finger we expect (100 µm) and then 

expands such that the overall resistance is equal to that calculated. The resulting geometry is 

shown in Figure 3.6. By having this geometry, we can directly compare finger lengths in both 

the junctions and droplet trapped in both the junction will be subjected to same Laplace 

pressure [148]. 

 

Figure 3.6: A schematic of a microfluidic system with upstream droplet generation section followed 

by droplet division section, designed such that the behaviour 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 branch. 

3.3.3 Expansion Channel for Control of Droplet Division 

With the channel redesigned to match the flows in the two branches, albeit in the absence 

of droplets, we reassess the droplet interactions at the junctions to these branches. In contrast 

to the first design, we observe a range of behaviours. Figure 3.7 shows five different regimes, 

the finger lengths for each of which are shown in Figure 3.8:  

a) In the first regime, droplet develops a small finger which penetrates in the junction, recovers 

its original shape and moves into the main channel without breaking up in the first and second 

junction as shown in Figure 3.7 (a). We call this regime as “no breakup in both junctions.”  

Droplet generation section Droplet division section

Water

Oil

50 µm

50 µm

100 µm

50 µm
100 µm

350 µm

150 µm

65 µm



65 
 

b) In the second regime, we observe that droplet breaks up in the first junction while there is 

no droplet breakup in the second junction, as shown in Figure 3.7 (b). We call this regime as 

“breakup in the first junction.”  

c) In the third regime, we observe droplet breakup in both junctions, but the volume of daughter 

droplet formed in the second junction is much smaller than that of the first junction, as shown 

in Figure 3.7 (c).  We call this regime as “breakup in first junction onset of breakup in the 

second junction.”  

d) In the fourth regime, we observe droplet breakup in both the junctions, but the volume of 

daughter droplet formed in the second junction is more than that of the first junction, as shown 

in Figure 3.7 (d). We call this regime as “breakup in both junctions.”  

e) In the fifth regime, we observe intermittent breakup in both junctions. By intermittent 

breakup, we mean we do not observe daughter droplet continuously forming in both the 

junctions. Out of 10 droplets interacting with the first and second junction only 3 to 4 droplets 

break into the first and second junction, as shown in Figure 3.7 (e). We call this regime as 

“intermittent breakup.” The finger length for this regime is not shown in Figure 3.8 as it is not 

consistent across each droplet.  
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Figure 3.7: High-speed visualization of droplet interaction with straight channel branching from the 

first junction and the expansion channel stemming from the second junction (see appendix C, video 

C1). 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 junctions. 
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Figure 3.8: 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 occurs.  

Clearly, by changing the chip design such that the branch flows are similar, we have 

made the behaviour of the droplets similar under some conditions. In Figure 3.9, the finger 

length is shown as a function of time for each of the two designs. We see that the flow 

equalization in the branches in the second design makes for much similar finger growth across 

the two channels, thus linking the role of branch flow with finger length. 

 We see that in this range, there will be a flow condition where we will get the same size 

of the daughter droplet volume in both junctions. With a slight change in flow conditions, we 

can either have regime (a) or regime (c). As the continuous phase flow rate is increased further 

(increase in Ca), we again start to get different daughter droplet volumes where the volume of 

daughter droplet formed in the second junction is higher than the first T-junction. Clearly, in 

this design, it is possible to obtain very similar behaviour at each junction, either no droplet at 

each or droplets of the same size (Figure 3.10). Here, we move between these results by 

altering the imposed flow; however, for the selective break-up, we will have a fixed flow rate 
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and will seek to vary behaviour by local alteration of geometry. By starting with the same 

behaviour at each junction, we will now seek to alter that behaviour in just one of the junctions 

by changing the local geometry. 

 

Figure 3.9: 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 breakup.  

 

Figure 3.10: 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 4. 
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3.3.4 Selective Droplet Breakup at Two Junctions 

3.3.4.1 Two Valve System Using Simulations 

We compare results of numerical simulations at first and second junction in ‘regime a’ where 

there is no droplet breakup in both the junctions with the experimental results in the same 

regime specifically at Ca = 0.011. The separation distance between the droplets is kept similar 

to that measured in experiments. The length of the mother droplet in the simulation was 

matched to that observed in the experimental work. The shape of the droplet interfaces obtained 

at different times is in very good agreement with those recorded in the experiments (Shown in 

Figure 3.11). The experimentally measured maximum finger length is 27 µm while the 

numerical value is 33 µm. Overall, the numerical results capture ‘regime a’ with reasonable 

accuracy, this benchmarking allows us to examine the deformation of channel wall similar to 

that of single-layer microvalve at two locations. 

 

Figure 3.11: 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 junction. 

To be able to screen using permutations of reactions, we would like to have a selective 

breakup of droplets at different locations, in this way the mother droplet becomes the fluid in 

a pipette and the intervention becomes equivalent to depressing the pipette plunger. We have 

previously demonstrated selective breakup of mother droplet at a single location using a single 

layer microvalve [141], here, the change in local geometry moved results from a non-break up 

to a breakup regime. We turn to simulation to explore whether similar geometric changes can 

be used on this system with two junctions and balanced flows. We start by selecting the 

imposed flow condition, which places the system at the knife-edge between regime a and b. 
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Subsequently, we change the wall shape such that there is an occlusion at the entrance to one 

of the junctions (as occurs when a single layer valve is partially closed). The wall deformation 

is assumed to be semi-elliptical with a major axis of the ellipse set as 500 µm, and the semi-

minor axis is varied from 0 to 60 µm. Dimensions of the deformation are similar to the 

dimensions used by Raveshi et al. [141] in their experiments. 

In the first set of simulations, Figure 3.12, we introduced semi-elliptical deformation 

in the main channel at the entrance of the first branch. The semi-minor axis of deformation is 

varied from 0 to 60 µm. Figure 3.12 shows the regularity of droplet breakup, for deformations 

above 30 µm this is 100%. Insets of Figure 3.12 show droplet interaction with deformation of 

0 and 60 µm.  It is worth noting that here we make a fixed geometrical change, when operating 

a valve, it is possible to switch the deformation rapidly, the requirement is that when this is 

done the next drop breaks up, hence 100% is required, but the valve would only be operated 

for the time that a single mother droplet passes the junction. 

 

Figure 3.12: 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 the entrance of first junction resulting in no 

breakup. The top inset shows a top view of the 3D numerical simulation with deformation of 50μm at 

the entrance of first junction resulting in a breakup (see appendix C, video C1). 
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In the second set of simulations, we introduced semi-elliptical deformation in the main 

channel at the entrance of the second junction. The deformation is varied from 0 µm to 60 µm. 

We observe that with these deformations we do not get droplet breakup in the second junction, 

but instead get breakup at the first junction. The deformation at the entrance of the second 

junction causes the hydrodynamic resistance of both R2 and R7 to increase. This increase in 

hydrodynamic resistance of R2 causes the droplet to break in the first junction. To avoid this, 

we changed the location of deformation slightly downstream from the entrance of the second 

junction, such that it only causes an increase in the resistance of channel 7. Figure 3.13 shows 

the efficiency of droplet breakup for different values of deformation and two different designs: 

that of two identical junctions and expansion channel. We observed in expansion channel 

design, for the deformation of 20 µm and 30 µm droplet breakup efficiency is found to be 0%, 

as deformation is increased to 40, 50, 60 µm we start getting an efficiency of droplet breakup 

to 90%, 90% and 100% respectively. While in case of identical second junction even at the 

deformation of 60 µm we do not observe droplet breakup. 

 

Figure 3.13: Percentage efficiency of droplet breakup in the 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 60μm for symmetric 
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second junction resulting in no breakup. The top inset shows a top view of the 3D numerical simulation 

with deformation of 60 μm for expansion channel resulting in a breakup (see appendix C, video C2). 

3.3.4.2 Two valve system using experiments 

To demonstrate the capability of selective droplet break-up at two locations, we fabricated a 

system with two single-layer microvalves. Each valve separates a dead-end channel from the 

main channel by a membrane of 30 µm thickness. Application of pressure using Fluigent 

system in the dead-end channel causes deformation of the membrane constricting the main 

channel. The location of the first valve is at the entrance of the first junction while we tried two 

different locations for the second valve (one at the entrance of the second junction and other 

away from the second junction). The microfluidic system is operated in ‘regime a’ (no breakup 

in both the junctions) when the valve is not activated. For selective droplet breakup in the first 

junction, the valve is pressurized systematically from 0 mbar to 1600 mbar. 

 Figure 3.14 a show the image sequence for the conditions of no valve actuation, 

actuation at 1200 mbar and 1600 mbar pressure at the first junction. We do not observe droplet 

breakup, when valve pressure is below 1300 mbar, at 1400 mbar efficiency of droplet breakup 

is just 5%, and for valve pressure equal to and above 1500 mbar droplet breakup efficiency is 

100% as shown in Figure 3.15. Each of Figure 3.14 (b) and (c) shows the high-speed 

visualization for three conditions, those of no valve actuation, actuation at 1200 mbar and 1600 

mbar pressure, with the valve located (b) at the entrance second junction and (c) downstream 

from the second junction. We observe that the location of the valve away from the second 

junction is far more efficient than at the entrance of the second junction. For the valve location 

away from the second junction, the efficiency of 100% is achieved after the pressure of 1000 

mbar. While for the other location to get the efficiency of 100% pressure of 1500 mbar is 

required. 
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Figure 3.14: High-speed visualization showing the interaction of droplets 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 valve for the second junction with the valve at the entrance of second junction (d) Actuating both 

the valves simultaneously. 
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Figure 3.15: Percentage efficiency of droplet breakup vs valve deformation for (a) first junction (b) 

second junction with two valve locations. 

While comparing simulation results with experiments for deformation caused due to valve 

actuation at the first junction, the trend is similar in both cases. Simulations gives the efficiency 

of 100% for 30 µm deformation, while experiments show that full efficiency is reached after 

the deformation of 56 µm. Similarly, simulations give efficiency of over 90% above the 

deformation of 40 µm, while experiments show that this efficiency is achieved after the 

deformation of 45 µm at the second junction. Results obtained from simulations are in close 

agreement with the experiments when we are not operating the valve. However, when we are 

operating the valve, the simulation results under predicts the deformation compared to 

experiments. There are two reasons: 1) the actuation of the valve causes much more pressure 

variations in the microchannel due to its dynamic nature contrary to having a static deformation 

in the simulations. 2) It is challenging to get the exact shape of the deformed interface in the 

simulation. 

3.4 Closure 

We analyse the droplet behaviours in a microfluidic system with two junctions, seeking to find 

the underlying requirements for selective droplet breakup in more than one location. We used 

resistive network analysis to design the microfluidic system, so that same flow rate of 

continuous phase enters both the junctions. With this achieved, we observed that under certain 

flow conditions, the droplet interaction with both junctions was similar, which allowed a 

critical operational condition to be selected at which break-up does not quite occur. We then 
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showed the design requirements for the location of microvalves, simulated by deformations of 

the channel wall, such that we can alter the break-up condition at just one of the junctions. 

Taken as a whole, this work shows the design and experimental route to selective droplet 

breakup at multiple locations on a chip. 
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Chapter 4 

4 Controlled Droplet Manipulation and Interaction using 

Single Layer Microvalves  

In the last two chapters, we investigated the knife-edge condition separating droplet breakup 

and no breakup at single and two locations. Later we used single-layer microvalves to change 

the behaviour from no droplet breakup to droplet breakup. In this chapter, we integrate droplet 

generation, breakup and merging on the same microfluidic chip. We use multi splitting/breakup 

and merging system to perform permutations of reactions required for high-throughput 

screening using multiple single-layer microfluidic valves. We generate four different coloured 

droplets using four single-layer microfluidic valves located in the droplet generation section. 

These different coloured droplets are split selectively at four different junctions using valves 

located close to each junction. We used pillar induced merging to demonstrate various 

functions like merging of two similar coloured droplets, two dissimilar coloured droplets in 

same/different concentration and selective merging of two different coloured droplets at all the 

four junctions, bringing high-throughput screening one step closer to the ideal miniaturised 

version implemented on the microfluidic chip. 

4.1 Introduction 

Droplet-based microfluidics involves the generation of monodisperse droplets of nL to fL 

volumes separated by an immiscible carrier fluid. As a carrier fluid separates each droplet, it 

offers isolation of droplets against cross-contamination; hence samples and reagents can be 

encapsulated in a droplet. These microsystems provide accurate droplet volumes, reliable 

droplet manipulation, faster reaction times with reduction in the cost of samples, reagents thus 

is instrumental in the screening processes in biological and chemical applications. Droplet-

based microfluidics finds applications in various fields such as single-cell analysis [14,150], 

protein crystallization [10,151], nanoparticle production [102,152], inorganic chemistry [19], 

chemical and biological assays [17,18], clinical diagnosis [12,13], reaction kinetics [9] and 

high throughput screening (HTS) [23,137,138]. 
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 For HTS on-chip, it is necessary to generate different kind of droplets on demand, 

divide the droplet selectively at multiple locations and merge combinations of droplets on the 

chip at will. Some of the tasks such as the production of droplet pairs [126,153,154], splitting 

[56,57] and merging [106,129] have been individually demonstrated. Various researchers used 

passive and active methods to manipulate the droplet on the chip. Combination of active and 

passive methods offers better control over droplet manipulation compared to individual 

methods. It has been previously demonstrated the use of electric forces [63] at splitting junction 

to control the droplet generating, merging and sorting. Others used lasers [73], micro heaters 

[75] along with the passive techniques to manipulate droplets; however, these active methods 

are not biocompatible. Surface acoustic waves (SAW) along with the splitting T-junction has 

also been used to split and merge the droplet [80]. Though SAW is biologically compatible, 

there are other issues like the complexity and cost of equipment, slow nature of response which 

prompts the need of other active methods for droplet manipulation. Single-layer microvalves 

[88,93] have been used in the field of droplet microfluidics. These valves are biocompatible, 

simple, easy to fabricate, and several valves can be integrated on a PDMS microfluidic chip. 

Single-layer microvalves also have a fast response time close to 0.05s [141]. These valves have 

been used for droplet generating [31], splitting [155], sorting [156] and merging [115], but not 

all on the same chip, simultaneously. 

 Our motivation in this study is to introduce different chemicals in different droplets on-

chip and develop a method which can selectively break and merge droplets at multiple 

locations, simultaneously. By doing this, we show that small volumes of samples and reagents 

can be delivered at multiple locations and can be reacted with each other, which is essential to 

bring HTS onto the chip. To develop this, we used a valve-based approach (shown in Figure 

4.1). Previously, we investigated the behaviour of droplets at the entrance of a bypass channel 

and figured out the regimes of droplet breaking against the flow conditions [148]. Then with 

the understanding of breakup regimes, we demonstrated selective droplet breakup at the 

entrance of bypass channel using one single-layer microvalve [141]. We extended this study 

for two junctions and used two single-layer microvalves to divide droplets at two locations 

[155]. Here, we used a total of eight single-layer microvalves. For the generation of four 

different kinds of droplets upstream, we used four valves; remaining four valves were used to 

split droplets at four T-junctions downstream. We used pillar induced merging of the split 

droplets to have multiple reactions and combinations on a chip. This demonstration has the 

potential to have HTS on-chip with much smaller volume. 
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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 

approach. 

4.2 Methods and Materials 

Polydimethylsiloxane (PDMS) is used to fabricate microchannel using a master mould. We 

used standard lithography to fabricate the master mould on 4-inch silicon wafer spin-coated 

with negative photoresist (SU8-3050) for the height of 130µm. PDMS and curing agent mixture 

(20:1) is poured over prepared mould, degassed, and heated on a hotplate at 70 degrees for 3 
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hours. After curing, PDMS replica is peeled off from the mould; holes are punched in inlets 

and outlets of the PDMS replica. PDMS replica and glass slide are bonded by subjecting them 

to oxygen plasma for 18 seconds. 

Polytetrafluoroethylene (PTFE) tubing are used to connect inlets and outlets to the 

microfluidic flow control system (MFCSTM-EZ, Fluigent systems) and syringe pump. We used 

two different flow control systems simultaneously to control the pressure. One of them is used 

to control the pressure of air in single-layer pneumatic valves (8 in number), and other is used 

to control the pressure of the discontinuous phase (4 in number). The syringe pump is used to 

pump the continuous phase. Synthetic oil (3MTM Novec) stabilised by 2% surfactant (30% 

Pico-surfTM + 70% Pico-breakTM, Sphere Fluidics, UK) is used as the continuous phase in some 

cases while Olive oil is used to demonstrate droplet splitting and merging. Mili-Q water along 

with the food-grade dye is used as the discontinuous phase. The videos and images are recorded 

by a camera (Pixelink PL-B782U, Ottawa, Canada) mounted on an inverted microscope 

(Olympus CKX53, Tokyo, Japan). 

4.3 Results and Discussion 

4.3.1 Channel Flow Rate Examination 

We analysed the system to have the same flow rate entering all the four junctions, as finger 

length of the droplet forming in each junction is dependent on flow rate entering in that 

junction. To achieve this, we used electric circuit analogy [149], where current is equivalent to 

flow rate (Q), a potential difference is equivalent to the pressure drop and resistance is 

equivalent to the hydrodynamic flow resistance of the microchannel. This analysis is used for 

the initial design of the microfluidic circuit, and design is further modified based on actual 

experiments performed on the chip. To predict channel flow rate with the least complexity, we 

only considered the presence of continuous phase and did not consider droplets and pillared 

merging chambers. 

 The height of microchannel is assumed to be constant, which is 60 μm. The 

hydrodynamic resistance in each branch is calculated using the equation below, 

𝑅 =
12𝜇𝑙

𝑤ℎ3[1−0.63(ℎ
𝑤⁄ )]

                                                                                                          

𝑅 = 𝑎𝑙                                                                                
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Where 𝑎 =
12𝜇

𝑤ℎ3[1−0.63(
ℎ

𝑤
)]

 

Where w, h, l, μ represent width, height, length of the channel and viscosity of the continuous 

phase, respectively. Here we need to find the width of branches 5,7,8,10,11 and flow rate Q1 

in terms of Q (as shown in Figure 4.2 a. We will have a similar width for branches 5 and 7, 8 

and 10, 11 and 13.  

 

 

Figure 4.2: Working principle of multi-splitting and multi-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. (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 width. 

𝑎5 = 𝑎7, 𝑎8 = 𝑎10, 𝑎11 = 𝑎13 

Applying Kirchhoff’s loop law for 1st junction, we get 

𝑅2(𝑄 − 𝑄1) + 𝑅5𝑄1 − 𝑅4𝑄1 − 𝑅3𝑄1 = 0 

𝑅2𝑄 − 𝑅2𝑄1 + 𝑅5𝑄1 − 𝑅4𝑄1 − 𝑅3𝑄1 = 0 

𝑅5𝑄1 = (𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄                                    

Converting the above equation in terms of a and l, we get 

𝑎5𝑙5𝑄1 = (𝑅2 + 𝑅3 + 𝑅4)𝑄1 − 𝑅2𝑄 
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Dividing both sides by Q1 

𝑎5𝑙5 + 𝑅2𝑄∗ = (𝑅2 + 𝑅3 + 𝑅4) 

 Where 𝑄∗ = (
𝑄

𝑄1
⁄ ) 

Putting values of the constants, we get 

𝟓𝒂𝟓 + (𝟏. 𝟕𝟕 × 𝟏𝟎𝟏𝟔𝑸∗) = 𝟏𝟑. 𝟔𝟐 × 𝟏𝟎𝟏𝟔                4.1 

Applying Kirchhoff’s loop law for 2nd junction, we get 

𝑅6(𝑄 − 2𝑄1) + 𝑅8𝑄1 − 2𝑅7𝑄1 − 𝑅5𝑄1 = 0 

𝑅6𝑄 − 2𝑅6𝑄1 + 𝑅8𝑄1 − 2𝑅7𝑄1 − 𝑅5𝑄1 = 0 

𝑅8𝑄1 = (2𝑅6 + 2𝑅7 + 𝑅5)𝑄1 − 𝑅6𝑄                                                                                  

Dividing both sides by Q1, 

𝑅8 + 𝑅6𝑄∗ = (2𝑅6 + 2𝑅7 + 𝑅5) 

Converting the above equation in terms of a and l, we get 

𝑎8𝑙8 − 𝑎5(2𝑙7 + 𝑙5) + 𝑅6𝑄∗ = 2𝑅6 

Putting values of the constants, we get 

𝟓𝒂𝟖 − 𝟑𝟕𝒂𝟓 + (𝟏. 𝟕𝟕 × 𝟏𝟎𝟏𝟔𝑸∗) = 𝟑. 𝟓𝟒 × 𝟏𝟎𝟏𝟔              4.2 

Applying Kirchhoff’s loop law for 3rd junction, we get 

𝑅9(𝑄 − 3𝑄1) + 𝑅11𝑄1 − 3𝑅10𝑄1 − 𝑅8𝑄1 = 0 

𝑅9𝑄 − 3𝑅9𝑄1 + 𝑅11𝑄1 − 3𝑅10𝑄1 − 𝑅8𝑄1 = 0 

𝑅11𝑄1 = (3𝑅9 + 3𝑅10 + 𝑅8)𝑄1 − 𝑅9𝑄                                                                                 

Dividing both sides by Q1, 

𝑅11 + 𝑅9𝑄∗ = (3𝑅9 + 3𝑅10 + 𝑅8) 

Converting the above equation in terms of a and l, we get 

𝑎11𝑙11 − 𝑎8(3𝑙10 + 𝑙8) + 𝑅9𝑄∗ = 3𝑅9 

Putting values of the constants, we get 

𝟓𝒂𝟏𝟏 − 𝟓𝟑𝒂𝟖 + (𝟏. 𝟕𝟕 × 𝟏𝟎𝟏𝟔𝑸∗) = 𝟓. 𝟑𝟏 × 𝟏𝟎𝟏𝟔                4.3 

Both outlets are subjected to atmospheric conditions, we can write 

(𝑃𝐴 − 𝑃𝐾) = (𝑃𝐴 − 𝑃𝐽) 

(𝑃𝐵 − 𝑃𝐶) + (𝑃𝐶 − 𝑃𝐷) + (𝑃𝐷 − 𝑃𝐺) + (𝑃𝐺 − 𝑃𝐻) + (𝑃𝐻 − 𝑃𝐾)

= (𝑃𝐵 − 𝑃𝐸) + (𝑃𝐸 − 𝑃𝐹) + (𝑃𝐹 − 𝑃𝐼) + (𝑃𝐼 − 𝑃𝐽) 

𝑅3𝑄1 + 𝑅4𝑄1 + 2𝑅7𝑄1 + 3𝑅10𝑄1 + 4𝑅13𝑄1

= 𝑅2(𝑄 − 𝑄1) + 𝑅6(𝑄 − 2𝑄1) + 𝑅9(𝑄 − 3𝑄1) + 𝑅12(𝑄 − 4𝑄1) 

Simplifying the above equation, we get 
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(𝑅3 + 𝑅4 + 2𝑅7 + 3𝑅10 + 4𝑅13)𝑄1 = (𝑅2 + 𝑅6 + 𝑅9 + 𝑅12)𝑄 

                                                                            −(𝑅2 + 2𝑅6 + 3𝑅9 + 4𝑅12)𝑄1   

Dividing both sides by Q1 

(𝑅3 + 𝑅4 + 2𝑅7 + 3𝑅10 + 4𝑅13) = (𝑅2 + 𝑅6 + 𝑅9 + 𝑅12)𝑄∗ − (𝑅2 + 2𝑅6 + 3𝑅9 + 4𝑅12) 

Converting the above equation in terms of a and l, we get 

𝑅3 + 𝑅4 + 2𝑎5𝑙7 + 3𝑎8𝑙10 + 4𝑎11𝑙13

= (𝑅2 + 𝑅6 + 𝑅9 + 𝑅12)𝑄∗ − (𝑅2 + 2𝑅6 + 3𝑅9 + 4𝑅12) 

Putting the value of the constants, we get 

𝟑𝟐𝒂𝟓 + 𝟒𝟖𝒂𝟖 + 𝟏𝟐𝟖𝒂𝟏𝟏 − (𝟖. 𝟖𝟓 × 𝟏𝟎𝟏𝟔𝑸∗) = (−𝟑𝟔. 𝟔𝟑 × 𝟏𝟎𝟏𝟔) 4.4 

Now we have four equations (1.1, 1.2, 1.3, and 1.4) and four unknown (𝑎5, 𝑎8, 𝑎11, 𝑄∗), solving 

these equations we get, w5 = 65 µm, w8 = 87 µm, w11 = 125 µm, Q1 = 0.1436 Q. 

 Geometry with these dimensions is shown in Figure 4.2 b; this geometry is used as the 

initial design to conduct the experiments. Several experiments were conducted to modify the 

initial design further to include the effects of droplets and merging chamber in the microfluidic 

system. Figure 4.2 c shows the modified microfluidic chip design. 

4.3.2 Droplet Generation 

We aim to introduce mother droplets with different composition and later split and merge them. 

The geometry to achieve this goal consists of the main channel carrying oil (continuous phase) 

connected to the microfluidic chip using the syringe pump and four other channels carrying 

dispersed phases interacting perpendicularly to the main channel. We used clear water in one 

of the inlets of the dispersed phase while for remaining three inlets we used water mixed with 

food-grade dyes of the colour green, red and blue connected to the chip using Fluigent system. 

We used two different approaches for droplet generation, first using four single-layer 

microfluidic valves and second using pressure control of the Fluigent system. These approaches 

are explained in the sections below in details. 

4.3.2.1 Valve Based Approach 

We used four single-layer microfluidic valves located close to the channels carrying the 

discontinuous phase with the membrane thickness of 35µm. Membrane thickness represents 

the thickness of elastic PDMS separating the dead-end of the valve and the channel. These 

valves are pressurised when required through Fluigent system to control the generation of 
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droplets. When these valves are pressurised to 1800 mbar, pressurised air inside the valve 

deforms the elastic PDMS membrane (35µm) separating valve and inlet of the discontinuous 

phase. At this pressure, elastic membrane fully deforms and stops the flow of discontinuous 

phase completely, thereby stopping the generation of the particular kind of droplet—valves 

used for droplet generation as shown in Figure 4.3 e.  

 

 

Figure 4.3: Droplet generation part of the multi-splitting and multi-merging system using two different 

approaches. (a-d) Valve based droplet generation approach is used to create a red, blue, white, and 

green droplet, respectively. Scale bars, 100 µm. (e) Schematic shows all the four valves are used 

sequentially to generate droplets following the order of the numbers that are written next to them. (f-i) 

Pressure based droplet generation approach which is used to generate blue, red, green, and white 

droplets, respectively. Scale bars, 100 µm. 

Initially, all the valves are in depressurised condition and are kept that way till all four streams 

of discontinuous phase start generating droplets. Now, we fully pressurise three valves to 

generate only one kind of droplet. To generate only red coloured droplet all the valves except 
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valve 1 are pressurised to 1800mbar. As other valves are fully pressurised, they do not allow 

the generation of green, blue and white coloured droplets, as shown in Figure 4.3 a. To 

generate only blue coloured droplets Valves 1, 3, and 4 are actuated (Figure 4.3 b). To generate 

water droplets without any colour, we actuated valves 1, 2 and 4 (Figure 4.3 c), and finally, to 

generate green, valves 1, 2, and 3 are actuated (Figure 4.3 d). When three valves are 

pressurised, and the only single coloured droplet is generated, the system works in a similar 

way like that of the single T-junction. Various parameters like the size of the droplet, separation 

distance between the droplet and frequency of the droplet generation can be controlled by the 

flow rate of the continuous and dispersed phases. To switch from one kind of droplet generation 

to other, we pressurise all the valves to stop any kind of droplet generation and then 

depressurise valve to start generating next coloured droplet. 

4.3.2.2 Pressure Based Approach 

In this approach, instead of valves, pressure in the discontinuous phase is varied using Fluigent 

system. For specific droplet generation, pressure in the other three channels carrying the 

dispersed phase is reduced until they stop producing the droplets. For the generation of red 

droplets, pressure in other channels carrying the dispersed phase is reduced systematically till 

the point only red coloured droplet is generated and a similar procedure is followed to generate 

other droplets as shown in Figure 4.3 (f-i). As we reduce the pressure in other discontinuous 

phases, fluid in those channels start to retreat and is replaced by the oil. The only problem with 

this approach is when we want to switch between the different coloured droplets; it takes a 

considerable amount of time for the next discontinuous phase to start generating the droplet. 

Compared to the valve-based approach, this approach takes a long time to switch from one 

kind of droplet to another kind of droplet generation. 

4.3.2.3 Generating Droplets Alternately 

With either of the two approaches mentioned in previous subsections, we can generate two or 

four different droplets one after the other. For the generation of red and green droplets 

alternately using the valve-based approach, valves controlling the blue and white coloured 

droplets are pressurised fully to restrict the flow in these channels while valves controlling the 

red and green coloured droplets are kept in depressurised condition. Fluigent system controlling 

pressure of the red and green fluid is set at the same value so that they generate red and green 
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droplets, alternately. For other combinations of droplets like red and green, blue and green (as 

shown in Figure 4.4 (a-b), the same procedure is followed. For alternately generating droplets 

using the pressure-based approach, the pressure of the two of the discontinuous phases is kept 

at the same value while pressure in other two discontinuous phases is systematically reduced 

until they stop producing the droplets.  

 We also generated four different coloured droplets one after the other by depressurising 

all the valves and keeping the pressure of all the discontinuous phases at the same value as 

shown in Figure 4.4 c. We observed that the current geometry of droplet production for four 

different droplets is unstable. By unstable, we mean the production of four different droplets, 

one after the other, is not repetitive as four inlets of the discontinuous phase are located close 

to each other. A slight change in pressure causes the droplet production sequence. To stabilise 

the droplet production for four different droplets, we modified the geometry. Instead of having 

all the four channels carrying discontinuous phase connected to the same main channel, we 

connected two of them to the first oil inlet while other two are connected perpendicularly to 

the second oil inlet as shown in Figure 4.4 d. Then, they are connected at a Y-junction (45°) 

to generate four different-colour droplets one after the other. 

 

Figure 4.4: Generating droplets in different orders using a valve and pressure-based approach. (a) Blue 

and green droplets are generated, alternately. (b) Green and green droplets are generated, one after the 

other. (c-d) Four different coloured droplets are produced, sequentially.  Scale bar is 100 µm. 

4.3.3 Droplet Breakup 

Droplets will be split at the junctions to the merging chambers by use of four valves along the 

main channel. In contrast to the use of valves for the droplet generation stage, here they will 
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not be used in a binary manner. Instead, rather than ceasing flow along the main channel, which 

would simply divert the droplet in its entirety into the merging chamber, the valve will be 

partially activated. Enough deformation will be applied to change the division of flow at the 

junction, pulling more of the droplet into the channel heading to the merging chamber. As a 

droplet passes a junction in which the flow splits, a finger of the droplet enters the channel with 

the lower flow. A change in the flow conditions which increases the finger length can cause 

the finger to pinch off so that the formation of a daughter droplet occurs.  

 As the valves only act to change local flow conditions, rather than completely block 

one channel, there is a need to make the change required to transition between behaviours as 

small as possible. To this end, we first start by analysing the flow conditions when no valve 

actuation is imposed. The system has been designed such that the flow into the channels at each 

of the junctions is the same. This provides an idealised starting point for balancing the 

conditions at each junction, however, the addition of droplets into the system causes alterations 

to the flow resistances in the system, the inclusion of which into the design process would 

require no prior knowledge of how the system was to be used and, hence, lose the flexibility of 

operation being sought.  

First, we examine the interaction of the mother droplet with each junction, in the 

absence of actuation, to obtain a flow regime in which splitting does not occur at any junction. 

Figure 4.5 shows different regimes of interaction across a relatively modest range of capillary 

numbers, 0.006 to 0.009 (calculated from the flow in the main channel before interacting with 

the first junction). We started with the regime where we observed droplet splitting at all the 

four junctions, and we called this as regime 1 (Figure 4.5a). In this regime the flow rate of the 

dispersed phase is the highest of all of the regimes, the separation distance between consecutive 

droplets is the smallest, and the size of the mother droplet is the largest (230 ± 10 µm). As we 

decreased the flow rate of the dispersed phase gradually, an increase in separation distance and 

a decrease in the size of the mother droplet (210 ± 10 µm) occurred. Resulting in splitting 

occurring only in the last three junctions, termed, here, as regime 2 (Figure 4.5b). In this 

regime, the size of the daughter droplet generated becomes larger at each successive junction, 

there is no droplet splitting at the first junction. With the further reduction of the dispersed 

phase flow rate (droplet size: 190 ± 10 µm), droplet splitting in the last two junctions is 

observed, regime 3 (Figure 4.5c). Finally, with a further decrease in the flow rate of the 

dispersed phase, no droplet splitting occurred, regime 4 (Figure 4.5d). In this regime separation 

distance is maximum while the size of the mother droplet is minimum (175 ± 10 µm). To have 
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selective droplet splitting at all the four junctions, regime 4 is the only useful regime as it 

provides a common outcome of no droplet splitting at all the four junctions. 

 

 

Figure 4.5: 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 µm. 

The percentage of flow rate entering each channel branching from at the junctions is 

shown in Figure 4.6. Figure 4.6b shows that there is a critical separation distance at which 

splitting is observed. The presence of droplets in the channels adds a finite hydrodynamic 

resistance to the branch in which they are present. Hence, a lower number of droplets in the 

system will allow the system to function in a manner closer to the idealised design (which 

ignores this effect). The number of droplets present in a particular branch is inversely 

proportional to the separation distance. Hence, a decrease in d1 causes an increase in the 

resistance of that channel, as such, it is the separation distance in each branch which causes 

deviations in the flow rate away from the ideal, and so causes four different regimes (rather 

than two, one with all junctions splitting and one with none).  
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A line is also plotted (Figure 4.6c) distinguishing those cases in which splitting 

occurred (above 15%) and those in which it did not (below 15%). Ideally, in regime 4, the 

regime in which selectivity can be imposed, this percentage would be identical in each junction 

and would lie very close to the 15% value. It can be seen in regime 4, the variation is small, 

much reduced from the regimes in which different behaviour is observed at each junction. 

 

Figure 4.6: 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 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 regimes. 

4.3.4 Selective Droplet Breakup Using Valves at Four Junctions 

Two critical parameters for the present microfluidic system's working are the deformation 

caused by the valve in elastic PDMS and the time required for pressurising/depressurising the 

valve. For these two parameters, experiments have been conducted by varying the valve's 

pressure; these results are shown in Figure 4.7 a and b. 

 Figure 4.7a shows the plot of maximum deformation in PDMS against the valve 

pressure. We gradually increased the pressure in a single layer microfluidic valve using a 

Fluigent system from 0 mbar to 1800 mbar. The deformation because of pressurising the valve 

is in the form of a semi ellipse. Semi minor axis of this deformation is useful, as it will 

determine the volume of daughter droplet generated; hence it is plotted on Y-axis. When we 

gradually increase the valve pressure, deformation increases, maximum deformation for the 

pressure of 1800 mbar was observed to be 53 µm, which means it blocks more than 50 % of 
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the main channel due to contraction. In the next set of experiments, we figured out the time 

required by the valve to achieve maximum deformation (Figure 4.7 b). When the valve is 

pressurised at 1800 mbar, we captured the image sequence of deformation at 266 fps and 

plotted deformation against time. We observed that the time required to attain maximum 

deformation is close to 20 ms. In the next set of experiments, we depressurised the valve from 

1800 mbar to 0 mbar. We observed that the time required for the channel wall to come back to 

its original shape is close to 30 ms, making the total time required for pressurising and 

depressurising the valve to be 50 ms. Hence, the present microfluidic system can split the 

moving droplets with a frequency of around 20 Hz. Figure 4.7 c shows the selectivity of droplet 

breakup with the help of image sequences. As the first droplet approaches the junction, the 

valve is depressurised, which does not cause the droplet to break. Before the next droplet 

arrives at the junction valve is actuated at 1800 mbar, which causes the elastic PDMS 

membrane to deform, and the droplet breaks at the junction. The valve is depressurised again, 

and the membrane comes back to the usual position, which allows the droplet to pass the 

junction without breaking up. 

 

Figure 4.7: 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 
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1800 mbar and fully depressurised, respectively. (c) Image sequence showing selectivity of the droplet 

breakup, red droplet arrives at the second junction and does not break at this junction. Just before the 

second droplet arrives at this junction valve is actuated to break the droplet. Before the third droplet 

arrives at this junction valve is deactivated, and the droplet does not split (see appendix D, video D9). 

 To demonstrate the splitting of different coloured droplets at the different junctions, we 

operated the microfluidic system in regime 4. There is no droplet splitting at all four junctions 

in the absence of valve actuation. At each junction, we systematically pressure the valve from 

0 to 1800 mbar (corresponding deformation of 53 µm) to investigate whether a daughter droplet 

is formed and measure its volume. Daughter droplet formation and size at each junction 

increases as we pressurise the valve. When we pressurise the valve, deformation in the main 

channel causes the resistance in the main channel to increase, which leads to droplet splitting 

at a junction. We observed that the ratio of daughter to mother droplet volume is smallest for 

the first junction and increases in each subsequent junction for maximum deformation. This 

variation in droplet volume can be attributed to the fact that in regime 4, the flow rate entering 

the fourth junction is higher than the other junctions. The maximum relative volume of the 

daughter droplet formed in the fourth junction is close to 25%, while in the first junction, it is 

close to 10% for a membrane deformation of 53 µm. The solid line shown in Figure 4.8a shows 

that the deformation required to achieve 10% of the relative volume of daughter droplet is 

formed in each junction. This system can split a droplet equally at four junctions with the help 

of a valve placed at each junction pressurised unequally. We also demonstrated selectivity of 

droplet splitting at each junction by splitting a blue, red, green, and clear droplet at the 1st, 2nd, 

3rd, and 4th junctions, respectively (Figure 4.8 b-e). 
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Figure 4.8: Splitting of different coloured droplets at different locations using single-layer microfluidic 

valves. (a) Percentage of the relative daughter droplet volume against the microchannel channel's 

deformation for all 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 mbar. 

4.3.5 Droplet Merging 

Four merging chambers with pillars similar to the work of Niu et al. [106] were integrated into 

the system so that the split droplets can be merged as would be required for the onset of a 

chemical reaction.  

First, we demonstrate that the location of splitting can be selected and that merging 

ensues. Here, droplets of two types are produced alternately and continuously by applying 

equal pressure to the sources of the two dispersed phases (the valves in the generation section 

of the chip remaining inactive). As the droplets pass active valves, they all split, the site of 

splitting is selected by choice of which valve is actuated, but the droplet that should split is not 

selected. Each daughter droplet enters the merging chamber and merges. When the capacity of 
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the chamber is reached, they are dragged along the exit channel. Depending on the daughter 

droplet's size, this can cause the merging of two droplets, Figure 4.9 a (1 red + 1 white), as 

shown at junction three, or four droplets, Figure 4.9 b (2 white + 2 blue) shown for junction 

one. In these experiments, when operated, both valves were pressurised to 1800 mbar. Hence 

smaller droplets were produced at the first junction than the third.  

Figure 4.9 c three droplets are merged, two clear and one red; hence the concentration 

of the merged droplet is altered from the 1:1 ratio shown previously. Again, the droplets that 

are split are not chosen selectively, rather the location at which they are split. In this case, the 

valve is pressurised until it splits three droplets and then depressurised, the droplets being 

generated passively as an alternating stream. As the daughter droplet volume depends on the 

pressure applied to the valve, two droplets of different sizes can also be merged to control 

concentration. However, this requires the pressure applied to the single valve to be rapidly 

altered.  

 

 

Figure 4.9: 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 (see appendix D, video D1, D2, 

D7 and D8) and (b) first junctions (see appendix D, video D3 and D4). In the former, a single red 
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daughter droplet is merged with a single clear one. For the latter, two blue daughter droplets are merged 

with two clear droplets. (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) (see appendix D, video D5 and D6). 

Finally, we demonstrate the selective splitting of droplets. Here, the location of splitting is 

dictated by the choice of the valve being operated. The transient nature of valve actuation 

selects the droplet. In Figure 4.10, a single clear droplet is selected out of a stream and split, 

with the daughter droplet remaining trapped in the merging chamber. Subsequently, a single 

red droplet out of a stream is split, such that when its daughter droplet enters the merging 

chamber, it merges with the clear daughter droplet.  

This demonstrates single-layer valves' ability to control the introduction of relatively 

large sample volumes onto the chip and then split these droplets and deposit nanolitre volumes 

into a merging chamber. For the splitting process, selectivity is achieved both spatially, as local 

geometric deformation is used such that splitting occurs at just one valve, and temporally such 

that splitting of a single selected droplet is obtained. Taken together, this approach can be used 

to subdivide droplets generated on a chip as performed here or introduced after off-chip 

production and mix them in different combinations at multiple sites.  

 

Figure 4.10: 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 the transient actuation of the 

valve, resulting in a daughter droplet deposition 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 droplet (see appendix 

D, video D10). 
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4.4 Closure 

We present multi splitting and multi merging microfluidic systems capable of generating 

different kinds of droplets, split them selectively in different volumes at four junctions, and 

merging the same droplets/different droplets using pillar induced merging. Droplets are first 

generated upstream using four standard T-junctions. We have shown that with valve and 

pressure-based approach, we can generate different coloured droplets separately and one after 

the other. These generated droplets are then split selectively at four junctions using microfluidic 

valves in different volumes as well. Finally, we have shown the ability to merge two similar 

droplets and two different kinds of droplets in various concentrations. The presented 

microfluidic platform provides control over the valve pressure at each junction, giving users 

complete ability over the volume of droplet and kind of droplet to split at whichever junction 

they want and merge later. Microfluidic single layer valves are biocompatible and can be 

operated at high-speed. It unveils an easy technique to use for splitting and merging at multiple 

locations. This way, it can reduce chemical waste and save analysis time in sample reagent 

studies, making it ideal for closed channel microfluidic high throughput screening. 
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Chapter 5 

5 Conclusion and Future Scope of Work 

5.1 Conclusions 

In the second chapter, we investigated the effect of the bypass channel's width (β) and Capillary 

number (Ca) on no droplet breakup to droplet breakup regimes. Microchannels were fabricated 

using standard photolithography techniques, and interfacial dynamics is visualised using a 

high-speed camera. Silicone oil/paraffin oil and water are used as a continuous phase and a 

discontinuous phase. Experiments show a critical value of β; keeping Ca at a constant value 

for achieving the droplet breakup. Similarly, there is a critical value of the Ca exists, keeping 

β constant. We proposed a regime map on the Ca-β plane for showing regimes of no breakup 

and breakup. We plotted the contours of finger length (Lf) in the regime map and the percentage 

of daughter droplet volume to mother droplet volume (Vratio). We observed that the maximum 

volume of the daughter droplet corresponds to the minimum Ca and maximum β. Three-

dimensional numerical simulations were carried out using commercial CFD software for the 

breakup and no-breakup cases and validated with the experiments. The simulated results for 

interfacial dynamics, Lf and Vratio, were in good agreement with the experimental results. 

Simulations proved that when the hydrodynamic pressure drops across the droplet and average 

shear stress acting on the finger overcomes differential Laplace pressure of the droplet, droplet 

breakup occurs otherwise not. Like the squeezing and dripping regimes of droplet generation, 

we reported regimes for droplet breakup at the bypass channel entrance, and they exhibit 

equivalent squeezing and dripping regimes. In the squeezing regime, the hydrodynamic 

pressure drop across the droplet plays a crucial role. In the equivalent dripping regime, both 

shear stress and hydrodynamic pressure drop were dominant. This work provides valuable 

information regarding the knife-edge between droplet breakup and no breakup, thus 

significantly beneficial for active methods like surface acoustic waves, electric, magnetic, 

pneumatic, and thermal control.  

In the third chapter, we analysed the droplet behaviours in a microfluidic system having 

two junctions, seeking to find the underlying conditions for selective droplet breakup at two 

locations. In the first set of experiments, we used two identical T-junctions placed one after the 



97 
 

other. However, this geometry did not provide identical conditions at both the junctions; hence 

we discarded this geometry. We used a resistive network analysis to re-design the microfluidic 

system. The microfluidic system was designed so that the continuous phase's flow rate entering 

the first and second junction is similar. This was achieved using a T-junction and an expansion 

channel placed one after the other. We observed that, when droplet interacted with these two 

junctions, there are five regimes observed, namely 1) No droplet breakup at two junctions. 2) 

Droplet breakup only at the first junction, 3) Droplet breakup at both the junctions with higher 

daughter droplet volume in first junction, 4) Droplet breakup at both the junctions with 

daughter droplet volume higher at second junction 5) Intermittent/irregular droplet breakup in 

both the junctions.  In the first regime, the droplet interaction with both junctions is similar; 

that is, there is no droplet breakup at both the junctions. The first regime allowed a critical 

operational condition to be selected, at which break-up do not entirely occur. We then showed 

the design requirements for the location of microvalves, simulated by deformations of the 

channel wall, such that we can alter the break-up condition at just one of the junctions. Finally, 

we used experimental work to show the splitting of droplets at two locations using pressurised 

valves. 

In the fourth chapter, we present multi splitting and multi merging microfluidic systems 

capable of generating different kinds of droplets, splitting them selectively in different 

volumes, and merging the same droplets/different droplets using pillar induced merging. 

Droplets are first generated upstream using four standard T-junctions. We have shown that 

with valve and pressure-based approach, we can generate different coloured droplets separately 

and one after the other. These generated droplets are then split selectively at four junctions 

using microfluidic valves in different volumes as well. The microfluidic system was designed 

using resistive network analysis so that the same flow enters at each junction. We plotted the 

volume of daughter droplet formed at four junctions against the valve's deformation. Finally, 

we have shown the ability to merge two similar droplets and two different kinds of droplets in 

various concentrations. The presented microfluidic platform provides control over the valve 

pressure at each junction, giving users complete ability over the volume of droplet and kind of 

droplet to split at whichever junction they want and merge later. Microfluidic single layer 

valves are biocompatible and can be operated at high-speed. It unveils an easy technique to use 

for splitting and merging at multiple locations. This way, it can reduce chemical waste and save 

analysis time in sample reagent studies, making it ideal for closed channel microfluidic high 

throughput screening. 
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5.2 Future Scope of Work 

In the present thesis, we have used de-ionised water as a discontinuous fluid for generating 

droplets, and de-ionised water is a Newtonian fluid. For the applications in chemical and 

biological research areas, fluids used are sometimes non-Newtonian and complex. The present 

work can be extended for non-Newtonian fluids like the shear-thinning solution of xanthan 

gum using different concentration. The viscosity of such fluids is proportional to the shear rate 

that they are subjected. The generation and interaction of droplets made up of non-Newtonian 

fluids with the bypass channel entrance can be investigated to determine the breakup regimes 

and non-breakup against the flow conditions applied. Knife-edge conditions separating the 

regime of droplet breakup and non-breakup of the shear-thinning solution will be significantly 

different for different flow conditions when compared to the Newtonian fluids. The knowledge 

acquired from the above investigation can be coupled with any active methods to demonstrate 

droplet manipulation of non-Newtonian fluids. 

In multi-splitting and the merging presented in chapter 4, single-layer microvalves are 

operated manually. Manual operation is slow compared to the automatic operation of valves. 

The incorporation of capacitive sensing of droplets in the multi-splitting and merging chamber 

will add further accuracy to the setup. Different droplets can be sensed by capacitive sensing. 

Single-layer microvalves controlling the generation and splitting of the valve could be operated 

based on droplet manipulation required for the process. 
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Appendix A 

Numerical Equations used for simulations 

Ansys Fluent solves Navier Stokes equations using a finite volume method to simulate 

the droplet behaviour. For tracking and locating fluid-fluid interface between continuous and 

discontinuous phase volume of fluid (VOF) method is used, the Navier-stokes equation and 

VOF are solved separately. Navier Stokes equations are given as follows: 

Continuity equation 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑉) = 0 

Momentum equations 

X-momentum 

𝜕(𝜌𝑢)

𝜕𝑡
+ ∇. (𝜌𝑢𝑉) = −

𝜕𝑝

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝜌𝑓𝑥 

Y-momentum 

𝜕(𝜌𝑣)

𝜕𝑡
+ ∇. (𝜌𝑣𝑉) = −

𝜕𝑝

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝜌𝑓𝑦 

Z-momentum 

𝜕(𝜌𝑤)

𝜕𝑡
+ ∇. (𝜌𝑤𝑉) = −

𝜕𝑝

𝜕𝑧
+

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
+ 𝜌𝑓𝑧 

The volume of fluid (VOF) method was used for the first time by Hirt & Nichols in 1981 [157]. 

VOF can model two or more immiscible fluids by solving momentum equations and finding 

out the volume fraction of a particular phase in each control volume. Hirt & Nichols defined a 

function F, whose value is unity when a cell is full of fluid and zero when it is empty cells with 

F values between zero, and one must then contain an interface. 

F = 0 (The cell is empty). 

F = 1 (The cell is full of fluid). 

0 < 𝐹 < 1 = the cell contains the interface. 

F is governed by the equation as follows 

𝜕𝐹

𝜕𝑡
+ 𝑢

𝜕𝐹

𝜕𝑥
+ 𝑣

𝜕𝐹

𝜕𝑦
= 0 
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Appendix B 

Details about the validation of numerical simulations in chapter 2 

We have validated numerical simulation with experimental work for the case of droplet 

breakup in a bypass channel and no droplet breakup in a bypass channel. The details about the 

length of mother droplet in µm, the percentage volume of daughter droplet formed, finger 

length in µm and Capillary number used is provided in the table below. To save the 

computational time in 3D numerical simulation, we have considered only one droplet in 

numerical simulation, contrary to the number of droplets in actual experiments. As each droplet 

represents a hydrodynamic resistance in the system, there is some difference in numerical 

simulations and experiments regarding finger length and percentage of daughter droplet 

volume formed.  

 Experimental Numerical 

Case of droplet breakup in the bypass channel    

1. Length of mother droplet (µm) (input) 328 328 

2. The percentage volume of daughter droplet formed 11.4% 7.2% 

3. Finger length (µm) 90 78 

4. Capillary number (input) 0.007 0.007 

Case of no droplet breakup in the bypass channel   

1. Length of mother droplet (µm) (input) 358 358 

2. The percentage volume of daughter droplet formed No breakup No breakup 

3. Finger length (µm) 62 53 

4. Capillary number (input) 0.005 0.005 

 

Velocity vectors inside droplet during droplet breakup in chapter 2 

The velocity field inside a droplet using simulations is similar to that observed by Wang 

et al.1. The velocity field is substantial inside the droplet compared to the outside. The 

magnitude of velocity close to the droplet boundary is more than that of the droplet's centre 

part. The higher velocity close to the boundary causes the droplet to move forward. We 

observed that the bypass channel's droplet interaction outcome depends mainly on the droplet 

portion entering the bypass channel. In case of droplet breakup, as some portion of droplet 
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enters the bypass channel, velocity inside the droplet close to the later part of the droplet drags 

it towards the bypass channel, causing the droplet to break, as shown in figure 1 (v). 

 

Figure 11: (i-v) Sequence of images showing velocity vector inside the droplet and close to the bypass 

channel entrance. Zoomed-in view of image i and iv are also presented. 

Videos of Droplet Breakup at the Entrance of the Bypass channel in 

Microfluidic System 

Google Drive Link 

https://drive.google.com/drive/folders/1bUheKY6HUi9Y8vE0tYNuo02mtot0kA3X?usp=sha

ring 

 

Video B1 :  High-speed visualization of the droplet interaction with the bypass channel 

entrance at Ca = 0.0028 ± 0.0002 and  β = 0.48 (AVI). 

Video B2: High-speed visualization of the droplet interaction with the bypass channel entrance 

at Ca = 0.0028 ± 0.0002 and  β = 0.77 (AVI). 

Video B3 : High-speed visualization of the droplet interaction with the bypass channel entrance 

at Ca = 0.0028 ± 0.0002 and  β = 0.77 (AVI). 

Video B4: High-speed visualization of the droplet interaction with the bypass channel entrance 

at β = 0.48 and Ca =0.0022 (AVI). 

https://drive.google.com/drive/folders/1bUheKY6HUi9Y8vE0tYNuo02mtot0kA3X?usp=sharing
https://drive.google.com/drive/folders/1bUheKY6HUi9Y8vE0tYNuo02mtot0kA3X?usp=sharing
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Video B5: High-speed visualization of the droplet interaction with the bypass channel entrance 

at β = 0.48 and Ca =0.005 (AVI). 

Video B6: High-speed visualization of the droplet interaction with the bypass channel entrance 

at β = 0.48 and Ca =0.037 (AVI). 

Video B7: Computer animation of droplet interaction with the bypass channel entrance at β = 

0.48 and Ca =0.005 (AVI). 

Video B8: Computer animation of droplet interaction with the bypass channel entrance at β = 

0.63 and Ca =0.007 (AVI). 
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Appendix C 

Details about the validation of numerical simulations in chapter 3 

We validated the numerical simulation with experimental work at both the junctions in 

the first regime, where there is no droplet breakup at both the junctions. We specifically chose 

this regime as this is the only regime that provides the same output of no droplet breakup at 

both the junctions, and valves can be used at both the junction to go from no droplet breakup 

to droplet breakup. We used the same length of mother droplet, flow conditions, and separation 

distance for numerical simulations compared to experimental work. We observe that, in 

addition to the output of no droplet breakup in numerical simulations, finger length in 

numerical simulation matches the experimental work closely, as shown in the table below. 

 Experimental  Numerical  

   

1. Length of mother droplet (µm) (input) 150 150 

2. Separation distance d1 (µm) (input) 994 994 

3. Separation distance d2 (µm) (input) 750 750 

4. Capillary number (input) 

5. Finger length at the first junction (µm) 

0.011 

27 

0.011 

33 

 

Videos of Microfluidic Valves for Selective on Chip Droplet breakup at 

Multiple Sites 

Google Drive Link 

https://drive.google.com/drive/folders/15-8A-

Xz5O8msJ69numxMcbVlufPxCPPW?usp=sharing 

 

Video C1: Regimes of droplet interaction with first and second junction. These regimes are 1) 

No droplet breakup in both junctions. 2) Droplet breakup in first junction. 3) Droplet breakup 

in first junction onset of breakup in second junction. 4) Droplet breakup in both junctions 

(AVI). 

https://drive.google.com/drive/folders/15-8A-Xz5O8msJ69numxMcbVlufPxCPPW?usp=sharing
https://drive.google.com/drive/folders/15-8A-Xz5O8msJ69numxMcbVlufPxCPPW?usp=sharing
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Video C2: Numerical simulations with the use of deformation (or valve) at a first and second 

junction to achieve selective droplet breakup at these junctions (AVI). 
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Appendix D 

Videos of Controlled Droplet Manipulation and Interaction using Single-

Layer Microvalves 

Google Drive Link 

https://drive.google.com/drive/folders/1uwaCk5fa_ww1ek1MOSB3z1GpqVdR

OCLb?usp=sharing 

Video D1: Merging of one pair of different coloured droplets in the same concentration (1 red 

and 1 clear droplet merge.) Here, red coloured and clear droplets are generated one after the 

other in the droplet generation section. We then pressurise the valve close to a third junction 

where we want to merge to 1800 mbar. When a red coloured droplet passes the junction with 

a pressurised valve, there is droplet splitting, and the daughter droplet is trapped in the merging 

chamber. Following that, a clear droplet approaches the junction and splits to generate clear 

daughter droplet, which gets trapped in the merging chamber. Thin-film between two trapped 

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

and two daughter droplets merge and later, the newly formed droplet is ejected out of the 

chamber. The movie is in real-time with 7 fps. 

Video D2: Merging of one pair of different coloured droplets in same concentration (1 red and 

1 clear droplets merge.) – Frame rate was decreased by the factor of 7. The attached movie was 

extracted from the Supplementary Movie 1, the frame rate was decreased by the factor of 7 

(from 7 fps to 1 fps) to improve the clarity of the droplets splitting and merging. Timer was 

added to the movie during the valve operation. 

Video D3: Merging of two pairs of different coloured droplets in the same concentration (2 

blue and 2 clear droplets merge.) Here, clear and blue coloured droplets are generated in the 

droplet generation section one after the other. We then pressurise the valve close to a first 

junction where we want to merge to 1800 mbar. With a pressurised valve, when clear coloured 

droplet passes the junction with a pressurised valve, there is droplet splitting, and the daughter 

droplet is trapped in the merging chamber. Following that, blue coloured droplet approaches 

the junction and splits to generate blue daughter droplet, which gets trapped in the merging 

https://drive.google.com/drive/folders/1uwaCk5fa_ww1ek1MOSB3z1GpqVdROCLb?usp=sharing
https://drive.google.com/drive/folders/1uwaCk5fa_ww1ek1MOSB3z1GpqVdROCLb?usp=sharing


106 
 

chamber. The second set of daughter droplets with clear and blue colour again splits and gets 

trapped in the merging chamber before merging and ejecting. The movie is in real-time with 7 

fps. 

Video D4: Merging of two pairs of different coloured droplets in same concentration (2 blue 

and 2 clear droplets merge.) – Frame rate was decreased by the factor of 7. The attached movie 

was extracted from the Supplementary Movie 3, the frame rate was decreased by the factor of 

7 (from 7 fps to 1 fps) to improve the clarity of the droplets splitting and merging. Timer was 

added to the movie during the valve operation. 

Video D5: Merging of different coloured droplets in different concentration (1 red and 2 clear 

droplets merge.) Here, we demonstrate this by splitting and merging two clear droplets with 

one red coloured droplet at the third junction. Red and clear droplets are generated alternately 

in the droplet generation section. Then, the clear droplet is split and trapped in the merging 

chamber. Red droplet following the clear droplet is split and trapped in the merging chamber. 

We keep the valve pressurised, to split third droplet and trap it in merging chamber: a red 

droplet and two clear droplets which are trapped in a chamber, merge in a short time and are 

ejected out. The movie is in real time with 7 fps. 

Video D6: Merging of different coloured droplets in different concentration (1 red and 2 clear 

droplets merge.) – Frame rate was decreased by the factor of 7. The attached movie was 

extracted from the Supplementary Movie 5, the frame rate was decreased by the factor of 7 

(from 7 fps to 1 fps) to improve the clarity of the droplets splitting and merging. Timer was 

added to the movie during the valve operation. 

Video D7: Merging of one pair of similar coloured droplets in same concentration (2 clear 

droplets merge.) In this study to merge two same coloured droplets, we generate only one 

coloured droplet. These generated droplets (in this case, clear) start travelling towards the 

junction where we want to merge them. We pressurise the valve close to that particular junction 

(here second junction) to 1800 mbar, causing the droplet to split and daughter droplet gets 

trapped in the pillars of merging chamber. Merging chamber is designed to hold a specific 

volume of daughter droplet. When the next mother droplet arrives at the junction due to the 

pressurised valve, it splits at the same junction and the second daughter droplet is generated. 

In a short time, two daughter droplets of similar colour merge and later the newly formed 

droplet is ejected out of the chamber. The movie is in real time with 7 fps. 
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Video D8: Merging of one pair of similar coloured droplets in same concentration (2 clear 

droplets merge.) – Frame rate was decreased by the factor of 7. The attached movie was 

extracted from the Supplementary Movie 7, the frame rate was decreased by the factor of 7 

(from 7 fps to 1 fps) to improve the clarity of the droplets splitting and merging. Timer was 

added to the movie during the valve operation. 

Video D9: Selective droplet splitting using single layer microfluidic valve. The attached movie 

shows the 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 

with the pressure of 1800 mbar to split the droplet. Before the third droplet arrives at this 

junction valve is deactivated, and the third droplet does not split. Timer was added to the movie 

during the valve operation and the video is in real time with 7 fps. 

Video D10: Selective droplet merging using single layer microfluidic valve. The attached 

movie shows merging of two different coloured droplets selectively (clear and red droplet here) 

at the third junction. The clear droplet is split using actuation of the valve with the pressure of 

1800 mbar; daughter droplet generated is trapped in a merging chamber. We deactivate the 

valve and allow a few clear droplets to pass without splitting. We then allow red droplets to 

pass the junction without splitting. Just before the targeted red droplet arriving at the junction, 

we pressurise the valve to break red droplet selectively, and later red droplet merges with the 

trapped clear droplet. Timer was added to the movie during the valve operation and the video 

is in real time with 7 fps. 
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