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Abstract 

Transmembrane proteins cross the membranes of biological cells and perform integral cell 

functions that often must be described using quantum mechanics. Developing a better 

understanding of these quantum mechanical behaviours of transmembrane proteins (i.e., their 

quantum biology) can enable the development of novel materials and devices, such as more 

efficient solar cells or chemical sensors. Studies of these behaviours are typically performed in 

environments that are not biologically representative, like outside of cell membranes and at 

cryogenic temperatures, leading to possible mischaracterizations. The objective of this thesis was 

to develop a microfluidic device to facilitate the study of transmembrane proteins and their 

quantum biology in a biologically representative environment. Laser-cut polymer microfluidic 

droplet generators were designed and tested to generate water-in-oil droplets and create artificial 

cell membranes using droplet interface bilayers (lipid bilayers formed by two contacting droplets, 

“DIBs”). Droplet trapping structures were incorporated into the droplet generators, which held two 

droplets stationary and in contact, forming a DIB. The devices reliably generated droplets with 

less than 5% volume variance suitable for forming DIBs that were stable for up to 24 minutes. 

However, inconsistent DIB lifetimes and unwanted droplet splitting were significant issues. While 

this work did not apply a microfluidic device to the study of transmembrane proteins, it laid the 

groundwork for the eventual design and fabrication of such a device. A better understanding was 

developed of the fluidic resistance of laser-cut microfluidic channels and the resistive effects of 

droplets occupying those channels. Improvements to the droplet trap design process were made by 

adapting models of microfluidic droplets splitters to the design of droplet traps. With these lessons, 

a laser-cut polymer microfluidic device capable of generating DIBs to study transmembrane 

proteins may be effectively designed in the near future. 
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Chapter 1  

Introduction 

This thesis aimed to create a microfluidic chip that facilitates the study of transmembrane proteins 

and their quantum biology. The resulting device generates and traps droplets to form droplet 

interface bilayers (DIBs). This provides a biologically representative environment in which 

transmembrane proteins can be studied in an automated and relatively simple manner without 

sacrificing the types of analyses that can be performed. 

Transmembrane proteins cross cell membranes and perform important functions, like energy 

transfer, signalling, and nutrient uptake. Their behaviour often cannot be explained solely using 

classical physics and must also include quantum mechanical effects. The field of quantum biology 

studies quantum mechanical behaviours in biological molecules and has important implications in 

various fields, such as solar energy collection and magnetic field sensing [1]–[3]. 

It is essential to study transmembrane proteins in biologically representative environments, like 

cell membranes, because the membrane itself dramatically influences the shape of the proteins, 

and the protein’s shape dictates its function. Studying them in isolation may result in their 

mischaracterization [4]. 

Transmembrane proteins have a hydrophobic center and two hydrophilic ends, resulting in a 

minimum energy position in the middle of the membrane with their hydrophilic ends extending 

past either side of the membrane surface. The hydrophobic protein center contacts the hydrophobic 

center of the cell membrane, and the hydrophilic protein ends contact the hydrophilic membrane 

walls and aqueous exterior. Figure 1-1 shows this structure. 

There are two options to study a transmembrane protein accurately: (1) in vivo in a cell membrane; 

or (2) in vitro in an artificial cell membrane. Cell membranes are lipid bilayers that separate the 

aqueous interior from its aqueous exterior [4], [5]. Each lipid in this bilayer is amphiphilic, 

composed of a hydrophilic head and a hydrophobic tail. The hydrophobic tails are interior to the 

bilayer, and their hydrophilic heads face outwards on either side. Studying a specific 

transmembrane protein in vivo in a cell membrane can be complicated due to the vast number of 

other proteins present in the cell and cell membrane. They may generate obscuring optical and 

electrical signals, particularly in the case of quantum biology, where quantum mechanical 

behaviours can be difficult to detect [2], [3]. On the other hand, studying an isolated 
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transmembrane protein in vitro in an artificial cell membrane eliminates competing signals from 

other proteins. Artificial cell membranes are lipid bilayers that mimic natural cell membranes. 

There are various artificial cell membrane types and methods to create them, but DIBs stand out 

as particularly appealing structures because they are simpler to create, easier to manipulate, and 

smaller to fabricate than other types. When a droplet of water (the “dispersed phase”) is placed 

into oil (the “continuous phase”) with a surfactant (an amphiphilic molecule, e.g., most lipids), a 

surfactant monolayer forms on the surface of the droplet. The surfactant orients itself with its 

hydrophilic end contacting the water and its hydrophobic end contacting the oil. When two of these 

droplets are brought together, a surfactant bilayer forms that mimics a cell membrane. 

Transmembrane proteins can be studied in vitro by inserting them into this artificial cell membrane 

(Figure 1-1). 

  
Figure 1-1 – An example schematic of a droplet interface bilayer with transmembrane proteins spanning the bilayer [6]. 

Microfluidic technologies offer a high degree of control over droplet positions, which is required 

to form DIBs. Microfluidic devices manipulate pico- to millilitre volumes of fluids within 

micrometre-scale channels with remarkably high levels of precision. These devices can be 

designed to perform a wide range of functions, including the production of water-in-oil droplets 

and their positioning to form DIBs. 

Therefore, a microfluidic device that forms DIBs by generating and trapping droplets could be a 

vital tool in studying transmembrane proteins and their quantum biology. Such devices have been 

reported in the literature but have not been broadly applied to the study of transmembrane proteins 

beyond simple pore-forming proteins. There are many opportunities to improve and apply 

microfluidically-generated DIBs, such as large-ordered arrays of DIBs applied to study complex 

transmembrane proteins and their quantum biology. 
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1.1 Background Literature Review 

1.1.1 Quantum Biology 

Quantum biology is a relatively young but growing field, primarily focused on characterizing 

quantum mechanical effects in proteins [1]–[3]. Topics in this field range from magnetoreception 

in the eyes of birds to creating a better model of how human noses process scents [1], [3], [7]. 

Perhaps one of the most promising topics is the study of electron transfer processes in 

transmembrane proteins. 

Transmembrane proteins facilitate interactions between the interior and exterior of cells, often 

involving energy and electron transfer [4]. For example, light-harvesting transmembrane proteins 

that exhibit 100% efficient electron transfer during photosynthesis are being vigorously studied 

with an eye on improving the efficiency of solar energy systems [3], [7]–[12]. Quantum biological 

electron transfer processes are challenging to study because they often require cryogenic 

temperatures and advanced optical techniques [8], [9], [11]–[15]. Available observation methods 

are very advanced and include ultrafast detection (femtosecond time periods), optically detected 

magnetic resonance, and enhanced Raman spectroscopy [11], [16]–[20]. The low population 

numbers or short lifetimes of the observed quantum biological behaviours necessitate such 

advanced techniques and arise from the spin coherence or excited triplet states of the biological 

molecules [16], [21]–[29]. In addition, most of these studies occur in non-biologically 

representative environments: at cryogenic temperatures, outside of a lipid bilayer, or both. 

This thesis aims to address the challenges of studying transmembrane proteins in biologically 

relevant environments by creating a microfluidic device to form lipid bilayers. Transmembrane 

proteins can be studied in the lipid bilayers, and, given either a sufficiently sensitive detection 

mechanism or a sufficiently large sample of DIBs, quantum biological behaviours may be 

observed at physiologically relevant temperatures. Microfluidic devices permit a wide range of 

sensitive detection mechanisms to be used and high throughput such that many DIBs can be 

observed sequentially or simultaneously. The first step in achieving these aims is to create an 

artificial cell membrane (lipid bilayer). 

1.1.2 Artificially Constructed Lipid Bilayers 

Numerous methods have been used to construct lipid bilayers, including mechanically supported 

lipid bilayers, DIBs, and microfluidically generated DIBs. The first methods used to create lipid 

bilayers to study transmembrane proteins were black lipid membranes and Montal-Mueller 

membranes [30], [31]. These types of membranes involve forming a lipid bilayer across a pore in 
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a partition dividing two compartments of aqueous fluid [4], [30]–[33]. The resulting membranes 

are only stable for a few hours, which may not be suitable for all experiments, and are subject to 

limited observation methods [4], [34]. Other techniques using membranes supported directly on 

solid surfaces have improved membrane stability [4], [30]. However, these membranes are less 

popular because only one side of the membrane is in contact with an aqueous solution, which is 

not biologically representative and limits interactions with the membrane.   

Due to the physical structures required to support black lipid and Montal-Mueller membranes, 

large volumes of membrane-forming reagents are needed. Further, it is challenging to form 

asymmetric bilayers, where each side of the bilayer is composed of different lipids or proteins [4], 

[30], [34]. Asymmetric lipid bilayers are essential to creating biologically representative 

membranes, as these are common cellular structures (e.g., the membranes of mitochondria) [34]–

[37]. Furthermore, the options for studying these membranes are limited – optically, because of 

the interference from the partition containing the pore for the membrane, and electrochemically 

because only basic detection systems can be used [4], [30], [38], [39].  

Efforts have been made to improve the functionality of black lipid and Montal-Mueller membranes 

[34], [40]. Notably, Tsuji et al. developed a microfluidic device to enable solution exchange into 

droplets to form a black lipid membrane for rapid protein studies [41]. Their device used two 

droplets to form a black lipid membrane through a partition with several small pores in it. One of 

the droplets was situated on top of two microfluidic channels, which allowed for solution exchange 

with the droplet (Figure 1-2). While Tsuji et al.’s work effectively addressed some issues with 

black lipid membranes and Montal-Mueller membranes, DIBs provide additional functionality as 

will be discussed [41]. 

 
Figure 1-2 – A schematic of the operating principle used by Tsuji et al. to create a DIB-like system with microfluidic solution 

exchange [41]. 
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1.1.3 Droplet Interface Bilayers 

As previously described, DIBs are lipid bilayers formed between two adjacent droplets held in 

close contact (Figure 1-1). The droplets are a dispersed phase (typically aqueous, e.g., water) 

suspended in a surrounding immiscible continuous phase (typically an oil). An amphiphilic lipid 

dissolved in one of the phases forms a monolayer on the droplet surface so that a bilayer is formed 

when two droplets are in contact. These droplets are generally formed by pipetting and then 

manipulated via pipettes or micromanipulators into close contact.  

Bayley et al. developed DIBs in 2008 to address the shortcomings of black lipid and 

Montal-Mueller membranes and have been used often since then [34], [42]. Compared to earlier 

bilayer formation techniques, DIBs have improved physical and chemical properties and stability 

[30], [43]. Some DIBs have been reported to be stable for several days [44]. 

DIBs also require much less reagent than black lipid and Montal-Mueller membranes, as the 

volumes of the droplets are typically much smaller than the volumes of the fluid reservoirs used 

to form these types of membranes. In addition, the interfacial area of the bilayer tends to be much 

larger for DIBs than in traditional bilayer formation techniques [40]. The interfacial area of the 

bilayer can also be modulated by moving the droplets closer together or further apart, providing 

additional control over bilayer properties not found in earlier methods [34]. 

DIBs are more versatile than traditional bilayer formation techniques because the fluid contents 

on each side of the bilayer can be more easily altered, forming droplets with different contents 

[45]. This enables the formation of asymmetric bilayers and offers a simple method to introduce 

specific chemicals to each side of the formed bilayer by sequentially changing the droplets used to 

form them [46], [47]. This capability allows the study of specific transmembrane proteins naturally 

found in asymmetric lipid bilayers that respond to chemical signals from one side of a bilayer. 

Asymmetric bilayers can be easily formed with DIBs, depending on how lipids are introduced to 

form the droplet monolayers [35], [36]. There are two methods of introducing lipids to the droplet-

oil interface as a bilayer is formed between two water-in-oil droplets: lipid-out and lipid-in. Lipids 

are mixed with the oil phase in the lipid-out technique, whereas lipids are dispersed within the 

droplets before formation in the lipid-in technique (Figure 1-3). The lipid-in technique forms 

asymmetric bilayers by loading different lipids into different droplets [42], [43], [48]. Therefore, 

a lipid-in DIB approach can simulate reasonably representative asymmetric biological membranes. 
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Figure 1-3 – The lipid-out (A) and lipid-in (B) techniques. The lipid-out technique involves dissolving lipids in the continuous 

phase, while the lipid-in technique dissolves lipids in the dispersed phase [42].  

Furthermore, interacting with DIBs is more flexible compared to earlier bilayer formation 

techniques. Each droplet can be externally accessed by inserting a pipette tip, micromanipulator 

tip, or electrode into a droplet of sufficient size, allowing for droplet positioning or electrical 

interrogation of the bilayer and its contents [34], [42], [43]. This capability led to complex systems 

with automated droplet movement to sequentially form many different bilayers and the formation 

of DIB arrays where multiple bilayers can interact [49]. These capabilities cannot be readily 

achieved with black lipid or Montal-Mueller membranes. 

DIBs have been created and used in various non-microfluidic applications, typically formed by 

placing two droplets of a dispersed phase (typically water) into a container filled with a continuous 

phase (typically an oil, e.g., hexadecane). The DIBs are then manually assembled using pipettes 

or electrodes to position and hold droplets in contact with each other within the continuous phase 

[42], [43]. Such DIBs have been studied for a wide variety of applications, like studying the bilayer 

capacitance and transmembrane protein behaviour, including the transmembrane protein 

cytochrome c [5], [30], [31], [42]. However, most notable amongst these applications is the use of 

DIBs to form complex arrays that are functional networks of interacting bilayers [42], [44], [48], 

[50]. DIB arrays can be as simple as three contacting droplets in a row to form two interacting 

DIBs or as complex as three-dimensional networks of DIBs to mimic tissue behaviour, such as 

that shown in Figure 1-4. DIB arrays have been used to make functional networks where different 

bilayers contain different transmembrane proteins that interact with each other [42], [51]. 
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Figure 1-4 - A 3D printed droplet network with droplets of different osmolarities. The different osmolarities cause the network to 

fold [51]. 

The structure in Figure 1-4 shows an example of a functional droplet network where droplets of 

different osmolarity are used to create a “3D-printed” droplet structure that folds [42], [51]. More 

complex droplet networks have been made by Holden et al., such as a light-sensing DIB network 

based on the proton pump bacteriorhodopsin [44]. 

These array structures are most readily formed by positioning droplets using a micromanipulator 

or a 3D droplet printer, which is essentially a micromanipulator directing a nozzle that dispenses 

droplets [42], [44], [49]. However, these methods have several shortcomings in that they do not 

form droplets, and they can take relatively long periods to place droplets in position. A typical 

droplet placement rate for 3D droplet printers is 0.5 Hz [42]. Booth et al. suggest that producing 

large 3D printed droplet arrays could be accelerated by integrating microfluidic droplet generation 

techniques, which are known to be more rapid (faster than 0.5 Hz production rate) and produce 

droplets with little size variability (< 5% variation in droplet volume) [42], [52]. While this may 

be a valuable extension of existing 3D droplet printers, unless a 3D array of droplets is specifically 

required, microfluidic devices have efficiently produced, positioned, and interrogated droplets in 

DIBs and formed ordered 2D arrays of droplets. 

1.1.4 Microfluidic Methods for the Production of Droplet Interface Bilayers 

Recently, microfluidic devices have been used to generate and improve the functionality of DIBs. 

These devices can provide an automated way to create and interrogate DIBs with low reagent 

consumption, high control and reproducibility, and minimal specialized training.  

Most devices used to demonstrate the microfluidic generation of DIBs have been fabricated using 

soft lithography, but some have been fabricated by micromilling polycarbonate (PC). Soft 

lithography is a fabrication process of creating a mold through photolithography, typically out of 

the photoresist SU-8, and then casting microfluidic channels of the mold in poly(dimethylsiloxane) 



 8  

 

(PDMS) [53]–[57]. This fabrication method is popular within microfluidics and generally results 

in channels with a rectangular cross-section and uniform height across the device. Micromilling 

involves mechanically engraving channels that are typically rectangular in cross-section and 

allows for variable channel dimensions. The process is limited by the resolution of the engraving 

tool and the surface roughness of the resulting channels. Microfluidic devices fabricated with both 

methods and others have been used to create and interrogate DIBs. 

Perhaps the simplest of these devices was demonstrated by Barlow et al., which required the 

manual positioning of two moveable pieces of poly(methyl methacrylate) (PMMA) to form 

multiple DIBs simultaneously [58]. The two moveable pieces of laser-cut PMMA slid together 

and had matching semicircular cuts along their peripheries (Figure 1-5) [58]. While this system 

did not use microfluidic channels, it created DIBs with 200 nL droplets and was more like 

microfluidic methods than forming DIBs through pipetting or by using micromanipulators. 

Droplets were pipetted into the semicircular cut droplet chambers while the chambers were not 

aligned (Figure 1-5a). When the PMMA pieces were pushed together, DIBs were formed when 

the droplet chambers aligned (Figure 1-5b). The formed DIBs were stable for at least 25 minutes 

(lifetime after 25 minutes was not reported) and were used to study the diffusion of a fluorescent 

dye across the DIBs. The device allowed for the rapid and controllable formation of multiple DIBs 

with a single motion but had the disadvantage of requiring more continuous phase than other 

microfluidic approaches to DIB formation. Additionally, each droplet had to be pipetted manually, 

which limited the throughput of the device.  

Wong and Ren developed a microfluidic droplet generator for forming DIBs. Advanced fluid input 

controls enabled water-in-oil droplet pairing and immediate trapping at the droplet generation 

location [59]. The device was fabricated from PDMS using soft lithography (discussed further in 

Section 1.1.6), had square channels with a 50 μm cross-section, and produced droplets that 

occupied the full channel width (i.e., droplets were plugs and not spheres). A camera and image 

processing system tracked droplet positions and adjusted the continuous (oil) and dispersed (water) 

phase pressure pumps to control droplet positions within the channels. This system could control 

droplet position and pair two successive droplets. While this system was not explicitly used to 

make DIBs, it can be considered a method of DIB formation due to its ability to bring two droplets 

into close contact. 
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Figure 1-5 - A schematic diagram of the DIB forming device by Barlow et al. (a), how it is used (b), a DIB formed in a droplet 

chamber (c), and a schematic of the bilayer formed at the droplet interface (d) [58]. 

A similar method was demonstrated by Elani et al. using two syringe pumps to form DIBs between 

four droplets at an intersection (Figure 1-6) [48]. Droplets were produced by a separate droplet 

generating device and fed into a microfluidic junction using two syringe pumps. Different 

combinations of DIBs were made depending on which syringe pump in Figure 1-6 was used to 

pull droplets from the junction point. The device used by Elani et al. was fabricated using soft 

lithography with PDMS and had square channels with a 400 μm cross-section [48]. 

 
Figure 1-6 - A schematic of the branched channel system used by Elani et al. to create DIBs at a specific junction [48].  

The methods of Wong and Ren and Elani et al. produce ordered DIBs in specific locations but 

require a high level of device control and interaction through pressure pumps or syringe pumps 

[48], [59]. Another more straightforward but less sophisticated approach has been to stack many 

droplets in a channel larger than the size of a single droplet and remove the continuous phase 
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between them or produce droplets with almost no continuous phase separating them [48], [60]–

[63]. In the case of removing the continuous phase, the droplets initially formed spheres within the 

channels that did not contact the channel walls. When the continuous phase was removed from 

between them, they formed arrays of droplets in close contact, becoming ordered as they were 

packed into the channel. These arrays had limited patterning ability and size in two and three 

dimensions. The droplets produced with little continuous phase achieved the same effect but 

without removing excess continuous phase from between droplets. In both cases, droplets would 

either be ordered randomly or retain the order in which the droplets were produced. 

If droplets made of different solvents were produced and the channel was designed correctly, 

patterned packings of droplets could be formed to control the structure of the DIBs (Figure 1-7) 

[48]. This capability allows for the formation of asymmetric bilayers in a microfluidic DIB 

generator. However, these devices required complex structures and operating conditions, like low 

amounts of continuous phase fluid while maintaining small droplet sizes, which can be challenging 

to achieve and limit their widespread adoption. 

 
Figure 1-7 - The different droplet patterns Elani et al. could produce in a single channel. The patterns were based on the order in 

which the different droplet types were made [48]. 

1.1.4.1 Microfluidic Droplet Traps to Produce Droplet Interface Bilayers 

Microfluidic droplet traps are passive channel structures for forming DIBs that aim to avoid 

manual droplet positioning and production. Droplet traps are designed to hold droplets in place 

without any active intervention, like syringe pumps or applied electrostatic forces. The traps rely 

on spatial changes in microfluidic channel dimensions to keep droplets in place while allowing the 

continuous phase fluid to flow around them. Many channel structures can trap droplets and 

generally include combinations of pillars and rails. 
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Pillar-based droplet traps have a series of smaller constricted channels leading away from an input 

channel so that the continuous phase is selectively removed through the smaller channels [64]–

[68]. The droplets cannot enter the smaller channels and are therefore held in place. 

Rail-based droplet traps have a deepened channel area – the rail – where droplets will preferentially 

flow. The working principle is that droplets change their conformation within channels to 

minimize their surface area, which in turn minimizes their surface energy as 

surface energy = γ × droplet surface area, where γ = interfacial tension = interfacial energy 

(Figure 1-8) [65]. Unless sufficient forces are applied to overcome the droplets’ tendencies to 

minimize their surface energy, they will preferentially be held by the rails. 

 
Figure 1-8 - A schematic made by Carreras et al. to describe the difference in surface energy of a droplet in a regular channel 

and along a guiding rail [65]. 

King et al. built a millifluidic device using PDMS and the droplet trap design, as shown in Figure 

1-9. The device used both a series of pillars and a central guiding rail to trap droplets [64]. As 

droplets arrive in the droplet trap, the continuous phase (yellow) flows through the constricted 

channels of the trap, while the droplets (red and green) do not. The authors created linear and 1.5D 

arrays of DIBs in their trap, which were stable for up to six hours. The DIBs could be patterned by 

setting the order, types, and volumes of the droplets produced. Droplets flowed preferentially along 

the central guiding rail of the droplet trap, which is why the green droplet in Figure 1-9 is in the 

center of the droplet trap and does not touch any of the pillars. Droplets could be removed from 

the trap by increasing the continuous phase flow rate through the device, which pushed the droplets 

through the constricted channels. The physics behind this behaviour is discussed in Section 2.6. 

Carreras et al. designed a droplet trap similar to that of King et al. using pillars and a central 

guiding rail [65]. Carreras et al. created an array of traps in a very wide channel so that the 

produced droplets could be sorted into any one of four droplet traps using an auxiliary flow [65]. 

The device was made of PDMS using soft lithography and had rectangular channels 50 μm deep 

and 100 μm wide. The produced droplets were spherical but bound by the top and bottom of the 

channels. The authors sorted droplets into specific traps with this system and formed linear arrays 

of up to 21 droplets (20 DIBs), stable for at least 1.5 minutes [65]. 
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Figure 1-9 - A model of the droplet trap designed by King et al. using a pillar design and a central rail [64]. 

Schlicht and Zagnoni reported a pillar-based trap where droplets could be ejected in order through 

one specific set of pillars. The authors referred to this structure as a shift register, but it was also a 

droplet trap used to form DIBs [68]. Linear arrays of alternating droplets were made in these traps 

and were stable for at least two hours. Once a series of pillar traps were filled with droplets, the 

first droplet entered into the trap would be ejected. Therefore, the size of the linear array of droplets 

could be adjusted by setting the number of channels between pillars. The devices were fabricated 

using soft lithography with PDMS and produced droplets that formed cylindrical plugs in the 

microfluidic channels [68]. 

Korczyk et al. developed a rail-based droplet metering module that used a rail as the entire 

metering and trapping structure [69]. A droplet metering module is a set of channels that takes a 

droplet and splits it into a specific volume. As droplets entered the metering module, they were 

held after being split or if they were below the module holding volume. The module used a 

“normally-sized” channel surrounded by a shallow droplet-trapping region, as in Figure 1-10. The 

shallow “bypass” region allowed the continuous phase to flow around the trapped droplet. 

Although this was a droplet metering module, it could form DIBs by sending two smaller droplets 

into the channel structure. The droplet trap was micromilled from polycarbonate (PC). The device 

dimensions were not reported, but the bypass region was noted as being one-quarter the depth of 

the trapping channel. 
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Figure 1-10 - A droplet metering and trapping module designed by Korczyk et al. The design was based on a regular channel 

surrounded by a shallow venting channel [69]. The cross-sections of the channel structure along the lines A-B and C-D are also 

shown. 

Czekalska et al. designed two devices similar to Korczyk et al. [46], [47]. However, they 

positioned droplets in deepened circular holding traps surrounded by shallow bypass regions rather 

than guiding droplets on a rail. The circular holding traps were close enough that adjacent droplets 

contacted to form DIBs. Droplets in these positions could be cycled so that a single droplet could 

be used to create DIBs with several other droplets sequentially. The droplets were formed as 

cylindrical plugs in the microfluidic channels but expanded into spheres in the holding traps and 

were stable for at least 1.5 minutes. These devices were micromilled from PC and used rectangular 

channels 400 μm deep and 200 μm or 400 μm wide. 

Czekalska et al. also reported a second type of droplet trap based on a guiding rail system that 

moved droplets from the main flow path and into a deepened holding cell where the droplets’ 

surface energy was minimized [45]. The droplets used in these traps were initially cylindrical plugs 

but adopted spherical conformations as they entered the deepened holding cells. These droplet 

traps were paired with droplet metering modules that controlled the trapped droplet volume but 

complicated the device operation. The DIBs formed in the traps were stable for at least one hour 

but were not observed beyond that. The devices required complex geometries developed by 

thermally bonding micromilled PC sheets.  

Several droplet traps that used hydrodynamic effects to trap droplets instead of pillars or rails have 

been reported [6], [70]. These traps sorted droplets at junctions based on channel resistance, 

guiding them to predetermined trapping positions. Once droplets had filled the trapping positions, 

the channel resistances changed to divert the continuous phase flow and subsequent droplets 

around the trap. 
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The design of Nguyen et al. is an example of a hydrodynamic trapping structure, shown in Figure 

1-11 labelled with its equivalent electrical circuit elements [6]. In Figure 1-11, RT represents the 

fluidic resistance of the trapping region, Ra and Rb represent the resistances of the different 

channels that comprise the trapping region, and RM represents the resistance of the channel 

bypassing the trapping region. Two droplets enter the hydrodynamic trap, which has a total fluidic 

resistance of RT, then block the narrow “bleed valves” leading from the trap, increasing the trap 

resistance. The trap’s fluidic resistance becomes much larger than the channel resistance flowing 

around the trap, RM. Therefore, subsequent droplets flow around the filled trap as the bleed valves 

are blocked. 

 
Figure 1-11 - A hydrodynamic droplet trap designed by Nguyen et al. to create DIBs  [6]. (A) displays the trap resistance when 

no droplets are present each path in the trap has a resistance of Ra +Rb, (B) shows the trap and the primary path of fluid flow 

with a droplet entering the trap as RT < RM, (C) shows one of the trap “bleed valves” being blocked by the first droplet (switch is 

open). However, the primary flow path is through the trap as RT < RM and (D) after a second droplet enters the trap, the third 

droplet bypasses the trap as RT > RM. 

The device was fabricated from PDMS using soft lithography and had square channels with 

125 μm sides [6]. The trap itself was much larger than the channels to hold droplets in place 

without blocking the flow of subsequent droplets, and the bleed valves were much narrower than 

the other channels. The trap could be altered to form linear arrays of trapped droplets and DIBs by 

lengthening the trap area and including more bleed valves. Trapped droplets formed as elongated 

plugs in the channels and expanded into spheres in the widened trapping areas.  

Bithi et al. also created a hydrodynamic trap similar to that of Nguyen et al., but with a less 

sophisticated design that could not form a linear array of DIBs [6], [70]. Their device operated in 

much the same manner as the device of Nguyen et al. but only had a single trapping chamber to 
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hold droplets, which meant that often only one droplet was trapped. The device was also fabricated 

out of PDMS and used rectangular channels 80 μm deep and 200 μm wide [70]. 

The droplet traps described above have only been used to trap pairs of droplets or form linear or 

1.5D arrays of droplets. 1.5D arrays are arrays of droplets where there is limited ability to pattern 

droplets in a second dimension; however, creating a grid of droplets is not possible.  

To the best of the author’s knowledge, no microfluidic droplet trap has been reported that forms 

ordered 2D or 3D arrays of DIBs with similar complex ordering as can be achieved using 3D 

droplet printers. Elani et al. do report a device that is capable of producing limited 2D and 3D 

arrays with limited complexity in channels with specific dimensions [48]. However, their device 

requires difficult to achieve operating conditions and has a limited array size. Achieving the 

complexity of a 3D droplet printer would require advanced control over droplets and their flow 

paths which hasn’t been observed in the literature to date. Additionally, the ability to create large 

microfluidic chambers to house the droplet arrays would be required. However, microfluidic 

devices have been used to produce 2D droplet arrays, which could be used as a foundation to 

develop ordered arrays of DIBs in microfluidic devices. 

1.1.4.2 Microfluidics to Produce Arrays of Droplet Interface Bilayers 

To date, most microfluidic devices for forming DIBs have focused on successfully trapping 

droplets to form limited numbers of DIBs instead of creating large arrays of DIBs. Linear and 1.5D 

arrays of droplets have been reported both with (Figure 1-7) and without droplet traps [6], [48], 

[64], [65], [68]. The droplets in an array can be patterned by adding multiple droplet types in a 

given order. 

While 2D and 3D networks of DIBs can act as functional droplet networks, they can also 

characterize proteins where signals with low strength are of interest, like optical and electrical 

signals in quantum biology. Many DIBs can be simultaneously observed to collect the cumulative 

signals from all proteins in all DIBs. This collection of many proteins in a single location could 

enable techniques like Raman spectroscopy to be applied to the study of quantum biology. 

To the best of the author’s knowledge, there have been no attempts to produce large 2D or 3D 

arrays of droplets in microfluidic devices explicitly for the study of DIBs and their contents. The 

one exception being the work of Elani et al. however, their DIB arrays were limited in their 2D 

and 3D size and patterning [48]. Efforts have been made to create arrays of individual droplet traps 

to allow for the study of several individual DIBs or arrays of DIBs simultaneously to take 

advantage of examining the cumulative signals of multiple DIBs [6], [45], [65], [68]–[70]. 
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While efforts have not been directed toward fabricating sizeable 2D DIB arrays, several notable 

efforts have constructed large-scale 2D arrays of droplets for other applications. Schmitz et al. 

reported a microfluidic device, Dropspots, designed for the large-scale storage and retrieval of 

individual droplets in a 2D array of droplet traps [71]. Droplets were stored too far apart to form 

DIBs, but a similar approach could be taken to form large arrays of individual DIBs. The storage 

in the Dropspots device appeared to be random but could potentially become ordered depending 

on the order in which droplets were to be introduced to the storage area. As with the droplet trap 

of King et al., droplets could be retrieved from their storage areas by simply increasing the flow 

rate through the device [64], [71]. 

Of even more interest to the creation of large 2D arrays of DIBs is the work of Hatch et al., which 

created a microfluidic device to make an array of 1-million droplets for large-scale fluorescence 

imaging for digital polymerase chain reaction (PCR) applications (Figure 1-12) [63]. This device 

was not intended to create DIBs but could be adapted into a large DIB array due to the droplet 

contact. However, droplets in this device could not be ordered selectively, which would prevent 

forming patterned arrays. 

 
Figure 1-12 - The device design used by Hatch et al. to produce a one million droplet array for wide-field fluorescence 

measurements of droplets containing polymerase chain reaction (PCR) reagents [63]. 

These examples demonstrate that large 2D arrays of droplets packed close together can be created, 

and these technologies could be adapted to study large arrays of DIBs. However, forming DIBs 

and DIB arrays is only advantageous if there are means of interacting with the DIBs and their 

contents. Fortunately, microfluidic devices have been used to perform a wide variety of assays and 

measurements, which can be, and in some cases have been, adapted to measure DIB and 

transmembrane protein behaviours. 



 17  

 

1.1.5 Interaction with Microfluidically-Generated Droplet Interface Bilayers 

Many of the droplet traps described above were used to study DIB and transmembrane protein 

behaviours using electrical, optical, and chemical interrogations. Most studies of transmembrane 

proteins in microfluidically-generated DIBs have focused on the pore-forming protein 

α-hemolysin and the molecular transfer rate through the protein in a bilayer [6], [45]–[47], [64], 

[68]. α-hemolysin is a relatively simple transmembrane protein in that it simply forms an opening 

in the bilayer. However, the methods used to study its behaviour could be applied to more complex 

transmembrane proteins. 

The most popular method for studying microfluidically-generated DIBs is through electrical 

interrogation by contacting each droplet forming the DIB with electrodes. This method has been 

used to confirm the formation of bilayers between droplets and measure the transfer of ions through 

those containing α-hemolysin [6], [46], [47], [64]. Both King et al. and Czekalska et al. used agar-

coated silver wires inserted through the top layer of their devices to contact trapped droplets [46], 

[47], [64]. This style of electrode integration can be seen schematically represented in Figure 1-13. 

Czekalska et al. developed a trap to hold four droplets in a row, forming three DIBs containing 

α-hemolysin between them [46]. Agar-coated silver wire electrodes were inserted into the end 

droplets to study the center DIB, but neither was directly inserted into the droplets forming the 

center DIB. Due to the presence of α-hemolysin in the bilayers and ions in the aqueous droplets, it 

was possible to send signals between the electrodes and relate specific electrical behaviours to the 

center DIB based on the concentration of α-hemolysin in each bilayer. These measurements 

demonstrated that it is possible to study particular bilayers within a network of DIBs without 

directly contacting the droplets involved in those bilayers. This capability may be significant for 

studying specific transmembrane proteins if they are sensitive to electric potentials or if there is 

concern about the bilayer stability since electric potentials have been linked to droplet coalescence. 

The process also removes the risk of cross-contamination of the electrodes when cycling several 

droplets through the droplet trap [46]. 

 
Figure 1-13 – The style of electrodes used by King et al. to interface with trapped droplets (AD), which form a DIB [64]. 
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Nguyen et al. also performed electrical interrogation of DIBs formed in droplet traps but used 

planar silver electrodes patterned on channel walls rather than wire electrodes [6]. They used their 

electrodes to study the formation dynamics of DIBs, specifically the removal of oil from between 

DIBs and the bilayer areas, and the simultaneous study of voltage-dependent pore formation of the 

alamethicin peptide in eight DIBs [6]. 

Microfluidically-generated DIBs have also been characterized optically, mainly focusing on 

measuring the transfer rate of analytes across lipid bilayers with and without a pore-forming 

protein such as α-hemolysin. These measurements have primarily been accomplished by 

introducing fluorescent dyes to the DIB through one droplet and measuring the change in 

fluorescence over time of the other droplet forming the DIB [45], [64], [65], [68], [72]. Such 

behaviours have been observed for single and linear arrays of DIBs. King et al. also related the 

transfer of fluid between droplets to changes in the sizes of trapped droplets over time [64]. Aside 

from these fluorescence studies, there has been little work in the optical characterization of 

transmembrane proteins in or lipid bilayers of microfluidically-generated DIBs.  

Some effort has been made to chemically interrogate transmembrane proteins, specifically 

α-hemolysin, in microfluidically-generated DIBs. Czekalska et al. studied α-hemolysin by 

measuring the electric current through a bilayer containing the pore-forming protein while 

sequentially replacing one DIB droplet with others containing various pore-blocking chemicals 

[46], [47]. This capability is essential for studying transmembrane proteins, as they often require 

a chemical stimulus from one side to perform their specific functions. Successfully cycling 

droplets in and out of DIBs to provide chemical stimuli sequentially would control when the 

proteins perform particular functions and give more options for studying their behaviours. 

The methods of interacting with microfluidically-generated DIBs enable complex studies of 

transmembrane proteins to be performed with high levels of control that would otherwise be 

difficult to achieve. It may be possible to combine all of the discussed interrogation methods – 

electrical, optical and chemical – so that all three methods can be used simultaneously. The ease 

of integrating these interrogation methods and other advantages of microfluidic systems provide 

many opportunities for microfluidic devices to be used to form and study DIBs and their contents. 

1.1.6 Summary of the State of the Art of Microfluidics for Droplet Interface Bilayers 

Numerous microfluidic devices have been used to form and study DIBs by holding droplets in 

contact, relying both on advanced control of the fluid flow (e.g., advanced control over pressure 

pumps or syringe pumps) [48], [59]–[63] and using passive droplet traps [6], [45]–[47], [64]–[69]. 
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The majority of these devices were fabricated using soft lithography of PDMS [6], [46], [57]–[67], 

[70], although some have been made using micromilling of PC [45]–[47]. The DIBs formed in 

these devices were stable for at least several minutes, with some stable for up to six hours [64] 

[65] [68] [46], [47].  

The most complicated DIB structures formed by microfluidic devices are linear or 1.5D arrays of 

droplets in channels or droplet traps [6], [64], [65], [68]. The work of Elani et al. is the one notable 

exception where 2D and 3D arrays of limited size and complexity were demonstrated by closely 

packing droplets in a single channel [48]. These arrays could also be ordered if heterogeneous 

droplet types were introduced into the array.  

These DIB and droplet trap arrays allowed multiple DIBs to be studied either rapidly or 

simultaneously depending on the observation method used [6], [45], [65], [68]–[70]. Additionally, 

droplets could be cycled in and out of these arrays without destroying the DIB structures, allowing 

for the sequential introduction of chemicals to specific DIBs [46], [47]. To the best of the author’s 

knowledge, no 2D arrays of DIBs have been explicitly formed. However, microfluidic devices 

capable of creating large 2D arrays of closely packed droplets have been reported and could be 

adapted to form large 2D arrays of DIBs [63], [71]. 

To date, microfluidically-generated DIBs have been used primarily for studying the pore-forming 

transmembrane protein α-hemolysin by detecting the diffusion of ions or other molecules through 

the lipid bilayer via electrical or fluorescent signals [6], [45]–[47], [64], [68]. 

The use of microfluidically-generated DIBs is still relatively new; however, some significant 

advancements have been made. The devices reviewed appear to be capable of reproducibly 

forming DIBs and have been applied to studying a relatively simple transmembrane protein (α-

hemolysin). However, several challenges affect the implementation of microfluidically-generated 

DIBs and opportunities to advance the field further. 

1.1.6.1 Challenges for Microfluidics for Droplet Interface Bilayers 

Most devices used to form DIBs have been made from PDMS, the most popular fabrication 

material for microfluidic devices. However, several challenges are associated with using PDMS, 

including its reduced optical signal strength for some optical detection methods, high flexibility, 

and ability to absorb fluids. 

PDMS has been found to reduce the signal strength of some optical detection techniques. For 

example, Raman signals are reduced by a factor of approximately four when passing through a 
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PDMS layer [73]. However, signal enhancement techniques can mitigate the reduction in signal 

strength, meaning that PDMS is still a viable material for microfluidic devices. 

The high flexibility of PDMS can reduce the definition of microfluidic channels and requires extra 

supports to make sizeable 2D droplet arrays [53], [63]. Additionally, it is challenging to make 

channels with non-uniform depths on a single device using soft lithography, complicating droplet 

trap design [74], [75]. 

The most challenging aspect of using PDMS for the study of DIBs is its high fluid absorption. A 

careful choice of operating fluids and other preventative measures can mitigate this property, but 

regardless, reduced DIB lifetimes are observed [6], [43]. PDMS can absorb water from the droplets 

forming the DIBs, disrupting the DIB structure, eventually leading to the merging of the droplets 

comprising the DIB [6], [43]. To mitigate this behaviour, Schlicht and Zagnoni soaked their PDMS 

devices in water for one hour before testing to reduce this effect. Still, they observed a 16% 

reduction in the top-down area of droplets forming DIBs over 40 minutes [73]. Mruetusatorn et al. 

showed that aqueous droplets used to form DIBs merged within three to five minutes without any 

device soaking due to PDMS water absorption [43]. This result indicates that PDMS will absorb 

water from droplets in DIBs and reduce DIB lifetimes even with preventative measures. 

DIB lifetime is also affected by the microfluidic device operating conditions but has not been 

extensively studied or reported in the literature. The speed at which droplets come together to form 

DIBs and their compression or rarefaction affect their lifetime [68], [72], [76]. Therefore, careful 

control over the fluid velocities and pressures within microfluidic devices can avoid conditions 

that minimize DIB lifetimes. 

Finally, the electrical interrogation of DIBs can be challenging because of the risk of 

electrocoalescence [60], [77]. If a sufficient voltage is applied to a lipid bilayer, the bilayer will 

begin to form pores, and eventually, the droplets forming the bilayer will merge, a process termed 

electrocoalescence [60]. This problem has already been addressed by indirectly contacting droplets 

or incorporating electrodes into droplets adjacent to the DIBs of interest [6], [46]. 

Many of these challenges can reasonably be addressed by choosing a different material for 

microfluidic devices and careful design. Opportunities for microfluidically-generated DIBs lie in 

addressing these challenges. 
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1.1.6.2 Opportunities to Advance Microfluidics for Droplet Interface Bilayers 

New materials and fabrication methods for microfluidic droplet traps would avoid the problems 

associated with soft lithography of PDMS. Of particular interest is finding materials and 

fabrication techniques for creating large droplets chambers.  

To the best of the author’s knowledge, a droplet holding chamber for creating large ordered 2D 

arrays of DIBs has not yet been demonstrated. These would be useful for studying DIBs and 

transmembrane proteins optically, allowing for many DIBs to be observed simultaneously. Weak 

quantum biological signals could be observed resulting from a larger observation population. 

Additionally, ordered 2D arrays could produce complex droplet arrays faster than 3D droplet 

printers. 

One challenge of creating ordered 2D arrays of DIBs is the inability to sequentially cycle droplets 

to introduce new chemicals to one side of the DIB. This issue is partly addressed by creating an 

ordered array of DIBs in advance so that each necessary droplet type is queued for use. Electrodes 

could be placed in specific DIBs to perform controlled and selective electrocoalescence to 

introduce new chemical species [60]. While this first requires an ordered 2D array, adding selective 

electrocoalescence capabilities would provide a level of control over DIB arrays that has not been 

demonstrated to date. 

Another opportunity for the use of microfluidically-generated DIBs is their application to study 

complex transmembrane proteins. The microfluidic capabilities described in Section 1.1.5 

regarding the study of α-hemolysin using DIBs would help in studying other transmembrane 

proteins. For example, a transmembrane transfer protein (i.e., a protein that actively moves 

molecules from one side of a bilayer to the other) could be observed electrically or optically both 

before and after introducing a chemical signal to trigger its behaviour in a highly controlled 

manner. 

1.2 Research Objectives and Project Plan 

This thesis aimed to design, build, and test a microfluidic system capable of facilitating the study 

of transmembrane proteins and their quantum biology. This would require a device capable of 

forming DIBs to create biologically representative environments to study transmembrane proteins.  

Specifically, it was intended to study a transmembrane protein in the cytochrome family. These 

proteins are involved in electron transfer processes, vital to mitochondrial functions and integral 

to a cell’s life. They are significantly more complex than α-hemolysin, can respond to chemical 
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stimuli, and have spin effects related to quantum biological behaviours. These behaviours were to 

be observed using Raman spectroscopy which can detect these spin effects [20], [78]–[82]. The 

signal strength of quantum biological behaviours can be boosted using signal-enhancing 

techniques, like surface-enhanced Raman spectroscopy and resonance Raman spectroscopy. It was 

hypothesized that the signal could be detected at physiologically relevant temperatures rather than 

cryogenic temperatures. Compared to the typical application of fluorescence detection to 

microfluidically-generated DIBs, such detection methods would represent a more advanced optical 

detection technique that has not been reported to date. 

Time permitting, creating large ordered 2D arrays of droplets and integrating electrodes into the 

device was to be pursued. Large ordered 2D arrays of droplets would apply directional chemical 

stimuli to transmembrane proteins and multiple DIBs to be simultaneously observed. This 

increased number of observed DIBs would enhance the received optical signals, providing more 

complicated analyses of transmembrane proteins such as Raman spectroscopy. Implementing 

Raman spectroscopy would be even more feasible if the devices were made from Raman 

compatible materials. 

Integrating electrodes would allow the DIB electrical behaviours to be monitored and possibly 

allow the selective electrocoalescence of specific DIBs, enabling a sophisticated form of control 

over introducing chemicals to specific DIBs, which has not previously been demonstrated. 

The microfluidic devices developed in this thesis were fabricated using a CO2 laser cutter to 

engrave microfluidic channels into PMMA to explore using a different material and fabrication 

method for making microfluidic droplet traps. Previously, the author built microfluidic droplet 

generators using integrated peristaltic micropumps in laser engraved microfluidic channels in 

PMMA [83], discussed in Section 3.3. 

Rather than focusing on device fabrication, this thesis is concerned with the design and application 

of pressure-driven microfluidics. Device fabrication was performed by the author’s supervisor, 

Dr. Christopher Backhouse. The fabrication process was very similar to the one used previously 

by the author [83]. Design and testing of the devices were the primary focus of the author.  

To the best of the author’s knowledge, no microfluidic droplet trapping devices fabricated from 

PMMA using laser-cutting have been reported. Laser-cut microfluidic channels have a different 

channel profile than the typically used rectangular channels of devices made through soft 

lithography with PDMS. While laser fabrication provides some advantages, designs demonstrated 
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to date in the literature would require adaptation due to the unique channel profile of laser-cut 

channels.  

The goals of this thesis were achieved according to the following project plan: 

First, a reliable microfluidic droplet generator was required. Based on the design criteria of the 

droplet traps using the chosen fabrication method, the droplets had to be approximately twice as 

long as they were wide and could vary in volume by no more than 10%. The reasoning for these 

requirements is detailed in Section 4.3.1. 

Next, a droplet trap had to be designed and integrated into the droplet generator to allow DIBs to 

form. The DIBs were intended to be stable for at least 1.5 minutes because this was the minimum 

lifetime reported in the literature to perform a typical DIB experiment. However, more complex 

analyses of transmembrane proteins could be performed more stable DIBs. 

Then two capabilities had to be developed: A droplet generator capable of producing 

heterogeneous droplet types and an expanded droplet trap to make a large DIB array. A means of 

ordering droplets within the array would then be developed. Transmembrane proteins could be 

studied at any point once DIBs had been successfully made, but it was thought to be most beneficial 

to begin once heterogeneous droplets could be produced. 

Time permitting, incorporated electrodes could be used to study electrical signals from 

transmembrane proteins or perform selective electrocoalescence within a DIB array. 

The combination of electrical, optical, and chemical stimuli for studying 

microfluidically-generated DIBs has not been demonstrated and would represent a significant 

advancement in the state of art. 

These were ambitious but achievable goals, but the project faced numerous challenges that 

prevented several from being completed. This thesis covers the work performed towards achieving 

these goals and provides an overview of how future work may make further progress. 

1.3 Thesis Organization 

The following chapters describe the relevant physics, theoretical models, fabrication methods, 

evaluation methods, and iterative design approaches for microfluidic droplet traps. 

Chapter 2 provides an overview of the relevant theory of microfluidics used in the device design 

process. Microfluidic physics and the design principles for T-junction droplet generators and 

droplet traps are reviewed. 
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Chapter 3 describes the selected fabrication method and materials. The verification methods 

applied to the material and device properties used in the device design and the analyzed test results 

are presented. The verified properties include the device substrate surface properties and the 

densities and viscosities of the chosen fluids: Deionized (DI) water and mineral oil loaded with 

2 wt% Span 80. Lastly, an empirical model of the fluidic resistance of the uniquely shaped 

laser-engraved microfluidic channels is developed.  

Chapter 4 describes the design and test principles for microfluidic droplet generators using 

pressure-driven flow. Their development uses an equivalent circuit model along with specific 

design parameters and constraints. The operating and test methods for the resulting droplet 

generators are also detailed. 

Chapter 5 builds on the design and test principles, including microfluidic droplet traps and their 

integration into droplet generators. The designs of two droplet traps, the Primary Droplet Trap and 

Alternate Droplet Trap, are detailed, along with their operating procedures and test methods. 

Chapter 6 summarizes the numerical design and test results of a droplet generator, the base device 

into which the subsequently designed droplet traps were integrated. The droplet generator 

produced reliable and reproducible droplet streams. However, the model underwent several 

adjustments to bring its predicted behaviour in line with the observed behaviour. 

Chapter 7 describes the design and test of several droplet traps: three iterations of the Primary 

Droplet Trap and one version of the Alternate Droplet Trap. The test results and a droplet-splitting 

model to describe their behaviour are also discussed. 

Chapter 8 discusses the final designs of the Primary and Alternate droplet traps and how the 

deficiencies of their previous versions are addressed. The droplet trap model is applied to 

understand and address problems observed in earlier iterations of the droplet traps. 
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Chapter 2  

Microfluidics Theoretical Background 

2.1 Introduction 

This chapter provides an overview of the physics required to design and predict the behaviour of 

microfluidic devices, specifically droplet generators and traps. This includes the electric circuit 

analogy for microfluidics, channel resistance and Laplace pressure. Models for the design of a 

T-junction droplet generator and passive droplet trapping are also discussed. 

2.2 Electric Circuit Analogy for Modelling Microfluidics 

The interactions between fluid flow and the device's channels must be understood to effectively 

design a microfluidic device, such as a droplet generator. The design of a microfluidic device often 

requires complex modelling, which in many cases, can be accomplished through the use of an 

electric circuit analogy [6], [70], [84], [85]. 

A common analogy used in teaching electronic circuits courses is that electric current can be 

thought of like water flowing through a hose. The fluid flow rate (Q) is analogous to electric current 

(I), the fluid pressure (P) is equivalent to voltage (V), and the resistance of the hose (Rfluidic) is 

analogous to the resistance of an electric circuit element (Relectric). This analogy is helpful to 

provide a physical understanding of electric circuit principles but can also be applied to the design 

of microfluidic devices. A microfluidic device can be thought of as an electric circuit that runs on 

fluid rather than electricity. However, this becomes more complicated in droplet microfluidics, as 

will be discussed later in Section 2.5.2. 

With this in mind, a fluidic version of Ohm’s law (V = IR) can be written to describe fluid flow 

through a microfluidic channel. In Equation (2-1), P is fluidic pressure [Pa], Q is fluid flow 

[m3 s-1], and R is the fluidic resistance of the microfluidic channel [Pa s m-3] [84], [85]. This 

relationship can also be derived from Hagen-Poiseuille’s law for fluid flow applied to a steady-

state pressure-driven fluid flow in a channel [84]. This analogy allows for electric circuit design 

principles, such as Kirchoff’s Current and Voltage Laws, to be applied to the design of microfluidic 

devices using equivalent fluidic circuits and Equation (2-1). 

𝑃 =  𝑄𝑅 (2-1) 

 

Understanding two of the three parameters in Equation (2-1) is necessary to determine the third 

parameter. The method used to drive fluid flow within microfluidic channels will determine the 

pressure (P) or the fluid flow rate (Q). The fluidic resistance (R) of channels can be modelled based 

on their dimensions and fluid properties. 
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2.2.1 Driving Fluid Flow in Microfluidic Devices 

The microfluidic channel structure of a device is mainly immutable after fabrication. Therefore, 

control over how fluids are driven through the channels of a device is the primary method to 

influence device behaviour. Depending on the method used to drive fluid flow in the microfluidic 

channels, the pressure or the flow rate can be determined. There are a variety of means available 

for driving fluid flows in microfluidic channels. These range from syringe pumps to on-chip 

peristaltic pumps and electrically driven fluid flows [84], [86]–[91]. 

The most commonly used methods to drive fluids through microfluidic devices are syringe pumps 

and constant pressure-driven sources. A syringe pump operates by gradually depressing a plunger 

on a syringe filled with fluid and connected to the microfluidic device (Figure 2-1). The syringe’s 

plunger is depressed at a programmable rate such that a constant flow rate of fluid is applied to the 

microfluidic channels [84], [86], [92]. 

 
Figure 2-1 - A schematic of a syringe pump, a constant pressure-driven fluid source, and their analogous electronic circuit 

components [84]. 

A constant pressure-driven source generates a pressure difference between a fluid reservoir and 

the microfluidic channels of the device. The most common method to accomplish this is to apply 

pressure to a sealed container holding a fluid with a tube leading to the microfluidic device (Figure 

2-1). As the container is pressurized, the fluid is driven through the tubing and into the microfluidic 

channels [84], [85], [92]. 

Alternatively, a pressure difference between a fluid reservoir and a microfluidic device can be 

generated by elevating the fluid reservoir above the microfluidic device. The pressure generated 

in this way can be calculated according to Equation (2-2). In Equation (2-2), where P is the 

pressure [Pa], ρ is the density of the fluid [kg m-3], g is the acceleration due to gravity [m s-2], and 

Δh is the height difference between the fluid reservoir and the output of the microfluidic device 

[m] [65], [84]. 

𝑃 =  𝜌𝑔𝛥ℎ (2-2) 
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Combining a known fluid flow rate or pressure with a known fluidic resistance allows the 

remaining variable in Equation (2-1) to be determined. Therefore, the behaviour of the device can 

be predicted. 

In this thesis, gravity-generated pressure-driven fluid flows were used. This required fluid 

reservoirs to be suspended at certain heights above the microfluidic devices. The fluid pressures 

generated using this method were calculated using Equation (2-2). 

2.2.2 Channel Hydraulic Resistance 

The microfluidic channel's hydraulic or fluidic resistance is determined by the channel’s cross-

sectional perimeter and area, length, and fluid viscosity. The fluidic resistance can be calculated 

based on the channel dimensions, channel profile and fluid properties. It can be determined 

independently from the means used to operate the microfluidic device as it is an intrinsic property 

of the channel. 

Relationships between a channel’s parameters and its hydraulic resistance have been determined 

analytically for some standard channel cross-sections. These include channels with circular, 

rectangular, elliptical, equilateral triangle cross-sections. For example, the hydraulic resistance of 

a channel with a circular cross-section has been well studied and can be calculated analytically 

using Equation (2-3) [84], [93]. In Equation (2-3), R is the hydraulic resistance [Pa s m-3], η is the 

viscosity of the fluid [Pa s], L is the length of the channel [m], and r is the radius of the channel 

[m]. Equation (2-3) is derived from the Hagan-Poiseuille law. It is only valid for laminar flow in 

circular channels [93].  

𝑅 =  
8𝜂𝐿

𝜋𝑟4
 (2-3) 

 

Several assumptions are made in the derivation of the laminar flow profile from the Navier-Stokes 

equation, which describes the flow of incompressible fluids (Equation (2-4)) [93]. In Equation 

(2-4), ρ is the fluid density [kg m-3], v is the velocity vector field [m s-1], t is time [s], k represents 

volume forces that create momentum (e.g., gravity, etc.) [N], p is the pressure [Pa], and η is the 

fluid’s dynamic viscosity [Pa s]. The assumptions required to derive the laminar flow profile 

include that fluid flow is constant with respect to time, parallel throughout the channel, driven by 

a pressure drop and is not-convective. This last assumption requires that the convection term 

[(�⃗� ∙ ∇⃗⃗⃗)�⃗�] of the Navier-Stokes equation can be ignored [93]. If these assumptions are not met, 

Equation (2-3) cannot be used. 

𝜌 (
𝛿�⃗�

𝛿𝑡
+ (�⃗� ∙ ∇⃗⃗⃗)�⃗�) = �⃗⃗� − ∇⃗⃗⃗𝑝 + 𝜂Δ�⃗�  (2-4) 

 

These assumptions are typically met in microfluidic flow except for the convective flow 

assumption. Therefore, it is essential to check that the flow is not convective. The Reynolds 

number can be used to determine whether the convective term of the Navier-Stokes equation can 
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be ignored. The Reynolds number describes the relationship between viscous and inertial forces 

in a fluid flow and can be calculated according to Equation (2-5) [93]. In Equation (2-5), ρ is the 

fluid density [kg m-3], v is the flow velocity [m s-1], L is the characteristic linear dimension [m], 

and η is the fluid’s dynamic viscosity [Pa s]. In a circular channel, the characteristic length is the 

diameter of the channel. If the value of the Reynolds number is below ~1500, then the flow is 

likely laminar. There is some debate in the literature about the limit of the Reynolds number for 

laminar flow. However, the Reynolds number provides a simple method to determine if laminar 

flow occurs and whether Equation (2-3) can be applied [93]. 

𝑅𝑒 =
𝜌𝑣𝐿

𝜂
  (2-5) 

 

Even if the fluid flow is laminar, not all microfluidic channels have circular cross-sections, and 

only some channel cross-sections have analytical solutions for their resistance. For non-standard 

channel cross-sections, solutions for their resistance must be either determined numerically 

through complex calculations or approximated. 

A standard approximation uses a hydraulic radius (rH) to describe a circular channel roughly 

equivalent to a non-circular channel with respect to hydraulic resistance [93]. The hydraulic radius 

of the channel, rH, can be calculated according to rH = 2A/U, where A and U are the cross-sectional 

area [m2] and wetted perimeter [m] of the non-circular channel, respectively [84]. Substituting rH 

into Equation (2-3) results in an approximation of fluidic resistance for a non-circular channel. 

This approximation is shown in Equation (2-6) [94]. More precise equations for the hydraulic 

resistance of some non-circular channels have been developed. However, these are more 

complicated to use [6], [70], [84], [93]. When possible, the analytically determined equations for 

the exact hydraulic resistance of microfluidic channels should be used, as Equation (2-6) can 

produce significant errors [93]. 

𝑅 =  
2𝜂𝐿𝑈2

𝐴3
 (2-6) 

 

Henrik Bruus also proposed a generalized formula for the resistance of a channel which depends 

on a geometrical correction factor α that is unique to the geometry of the channel (Equation (2-7)) 

[95]. Bruus developed this equation based on solving Poiseuille flow for a channel with an arbitrary 

cross-section. The geometrical correction factor is related to how surface phenomena affect fluid 

flow through the channel. It depends on both the perimeter and area of the channel.  

𝑅 = 𝛼
𝜂𝐿

𝐴2
 (2-7) 

 

This geometric correction factor was related to a compactness factor (C) that described a 

microfluidic channel's surface-to-volume ratio. Relationships between C and channel dimensions 

and between α and C could be determined analytically for some cross-sections. However, for 
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non-standard channel cross-sections, these relationships had to be determined numerically. These 

relationships required the assumption that the fluid flow through the channel is laminar and obeys 

the Hagen-Poiseuille Law [95]. The geometrical correction and compactness factors for an 

arbitrary channel cross section were linked as: α = C = U2/A as an approximation [96]. Using this 

relationship in Equation (2-7) results in a different approximation for the resistance of a non-

circular channel. This approximation is smaller by a factor of two compared to Equation (2-6). 

This difference in the common approximations of fluidic resistance highlights the difficulty in 

determining the resistance of a microfluidic channel with a non-standard cross-section.  

While Equation (2-6) and Equation (2-7) may serve as rough approximations of channel resistance, 

it is necessary to verify that their use is appropriate through computations and experiments. The 

presence of droplets is known to affect the resistance of microfluidic channels making determining 

channel resistance even more complicated [85], [97]–[99]. 

2.3 Microfluidic Droplet Generation 

The physics described above is sufficient to model the behaviour of a single fluid phase flowing 

through a microfluidic device, but not the behaviour of droplets. Two immiscible phases need to 

be driven into a single channel to form droplets in a microfluidic device. This process creates 

segments of one phase (i.e., droplets of a dispersed phase) within the other phase (i.e., a continuous 

phase). State-of-the-art microfluidic droplet generators can typically produce droplets that vary in 

volume by less than 5% [83], [85], [100]. 

The most common microfluidic channel geometries used to make droplets in a microfluidic device 

are T-junctions and flow-focusing structures [41]-[43]. A T-junction is simply an intersection of 

two microfluidic channels that are perpendicular to each other. One channel is filled with a 

continuous phase, and the other is filled with a dispersed phase (Figure 2-2). For this thesis, a 

T-junction droplet generator was chosen because of the author’s previous experience with 

T-junction droplet generators and their simple channel geometry. 

 
Figure 2-2 – A simple depiction of a T-junction droplet generator. Black lines define channel walls, the dispersed phase is 

denoted by blue regions, and the continuous phase constitutes any non-blue region within the channel boundaries. 

T-junction droplet generators function as follows: as the dispersed phase flows, it enters the 

channel containing the continuous phase. The dispersed phase gradually blocks the flow of the 

continuous phase, which then shears off segments of the dispersed phase to form droplets. This 

process can be classified into the following three regimes: squeezing, dripping or jetting, as 
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illustrated in Figure 2-3 [100]–[102]. Depending on the intended use of the produced droplets, it 

may be preferable to create droplets by using a specific regime. 

 
Figure 2-3 - The three typical droplet formation modes for continuous flow microfluidic droplet generation. 

These regimes are often defined in literature based on the Capillary number (Ca) of the continuous 

phase flow (Equation (2-8)) [100]–[102]. The Capillary number describes the ratio between 

interfacial and shear forces in droplet formation. In Equation (2-8), η is the dynamic viscosity of 

the continuous phase [Pa s], u is the average velocity of the continuous phase [m s-1], and γ is the 

interfacial tension between the continuous and dispersed phases [N m-1] [100]. These regimes can 

be challenging to identify optically and are often subjectively categorized. Some droplets cannot 

be characterized into one of these three regimes. Instead, they belong to transitional regimes and 

pose an additional challenge to correctly identifying the droplet formation regime.  

𝐶𝑎 =  
𝜂𝑢

𝛾
 (2-8) 

 

Differences between regimes are related to the balance between interfacial forces and pressures 

generated by the continuous phase. The squeezing regime produces droplets that are longer than 

the width of the channel in which they are made. This regime occurs at low values of the Capillary 

number for the continuous phase (Figure 2-3) [100], [101]. The dripping regime is characterized 

by slightly smaller droplets with widths smaller than the channel width and occurs at higher 

Capillary numbers (Figure 2-3) [100], [101]. The jetting regime is rarer in a T-junction geometry 

and only occurs at very high Capillary numbers. It is characterized by a short section of co-flow 

between the dispersed and continuous phases (Figure 2-3) [100]–[102]. 

The classifications of droplet formation regimes are not often reported in the literature on 

microfluidic droplet trapping and DIB formation. However, based on images of the produced 

droplets, microfluidic devices that form DIBs typically use the squeezing regime. They may also 

use a transitional regime between the squeezing and dripping regimes. This regime is most often 

used because droplets occupy the majority of the droplet forming channel. Therefore, their shapes 

depend on channel geometry, and they can be more predictably trapped. 
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The literature has reported few models of pressure-driven droplet generation using the electric 

circuit analogy [85]. From the few reported models, it is known that an additional pressure, the 

Laplace pressure, must also be considered. This pressure is vital to droplet generation and 

behaviour in microfluidic devices and accounts for interfacial forces affecting the droplets. 

2.4 Laplace Pressure 

Forming droplets by forcing two immiscible fluids into a single microfluidic channel creates 

interfaces between the two fluid phases. These curved interfaces have pressure drops between the 

inside and outside of the interfaces, characterized by the Laplace pressure (PLP). The Laplace 

pressure can be calculated using Equation (2-9), where γ is the interfacial tension (also known as 

the interfacial energy) [N m-1], and rd1 and rd2 are the radii of the two principal curvatures of the 

interface [m] [103]. These two principal radii are orthogonal to each other. If the interface has a 

circular cross-section, then rd1 = rd2 = r, and Equation (2-9) can be simplified [70], [85]. This 

pressure can also be thought of as a capillary pressure or pressure source that pushes into the curved 

surface to flatten it. 

𝑃𝐿𝑃 = 𝛾 (
1

𝑟𝑑1
+

1

𝑟𝑑2
) =

2𝛾

𝑟
 (2-9) 

 

In most microfluidic channels, the principal radii of curvature are defined by, or assumed to be 

defined by, the channel geometry. The relevant parameters include a channel’s cross-section, depth 

and width. In a rectangular channel, the fluid interface is defined by two principal radii, one defined 

by the channel depth (H) and the other defined by the channel width (W) (Equation (2-10)) [85], 

[104]. In a wide and shallow rectangular channel, the Laplace pressure is defined primarily by the 

channel depth, which represents the tightest radius of curvature. When the channel width and depth 

are of comparable size, the relationship between the radius of curvature and the channel geometry 

is more complicated. 

𝑃𝐿𝑃 = 2𝛾 (
1

𝐻
+

1

𝑊
) (2-10) 

 

The ability to control the dimensions of microfluidic channels provides control over the Laplace 

pressure of droplets and the dispersed fluid phase at the droplet generation point. The works of 

Satoh et al. and Glawdel and Ren state that the Laplace pressure plays a role in the formation of 

droplets by defining a lower bound on the pressure required to generate droplets [85], [104]. While 

the Laplace pressure plays a relatively minor role in droplet generation, it is more important in 

designing passive droplet traps to produce DIBs. The role of the Laplace pressure in droplet 

trapping will be discussed further in Section 2.6. 

2.5 Theory of Microfluidic T-junction Droplet Generators 

As mentioned in Section 1.2, this project will use a T-junction droplet generator to create droplets 

to form DIBs. It is common practice to operate T-junction droplet generators using pressure-driven 
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flow [85], [97], [105]. The use of gravity is a simple and cost-effective way to generate 

pressure-driven flow in a microfluidic device, as described previously (see Section 2.2.1) [65], 

[105]. The droplet generators designed for this thesis will use gravity-generated pressure-driven 

flow. This was accomplished by suspending fluid reservoirs above the device at certain heights. 

Given a known fluid flow source and the resistance of the microfluidic channels in a device, the 

behaviour of a T-junction droplet generator can be predicted. 

A T-junction droplet generator is a standard design, which is schematically shown in Figure 2-2. 

In Figure 2-2, the channel left of the junction is referred to as the continuous phase input channel 

(Figure 2-2A), the channel right of the junction is referred to as the main channel (Figure 2-2B). 

The channel entering the junction from the top of the image is the dispersed phase input channel 

(Figure 2-2C). If the dispersed phase flows towards the junction and the continuous phase flows 

towards the junction, droplets of the dispersed phase will be formed in the main channel. The 

droplet will be surrounded by the continuous phase (Figure 2-2D). 

The physics in the electric circuit analogy represents a T-junction geometry as a resistive network. 

This includes a pressure drop in the dispersed phase input channel due to the Laplace pressure of 

the dispersed phase fluid front at the T-junction (Figure 2-4). In Figure 2-4, Pd is the pressure 

applied to the dispersed phase, Rd is the resistance of the dispersed phase input channel (channel 

C in Figure 2-2), and Qd is the volumetric flow rate of the dispersed phase. Pc is the pressure 

applied to the continuous phase, Rc is the resistance of the continuous phase input channel (channel 

A in Figure 2-2), and Qc is the volumetric flow rate of the continuous phase. PLP is the Laplace 

pressure of the dispersed phase fluid front at the T-junction; this is the curved dispersed phase fluid 

front in channel C of Figure 2-2. Rm is the resistance of the main channel (channel B in Figure 

2-2), and Pj is the pressure at the T-junction.  

 
Figure 2-4 – An equivalent resistive network for a T-junction droplet generator. The Laplace pressure is thought to behave 

similarly to a constant pressure source. 

A value that can be derived from this diagram is the fluid flow rate in the main channel, Qm. This 

flow rate is equal to the sum of Qd and Qc: Qm = Qd + Qc. This resistive network model can be 

used to predict the behaviour of T-junction droplet generators and design them to create stable 
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streams of uniform droplets. Specifically, the model can predict the operating pressure range of a 

pressure-driven T-junction droplet generator to avoid backflow. Backflow is when the continuous 

or dispersed phase flows into the other phase’s input channel rather than through the main channel. 

Preventing backflow ensures the constant production of droplets during the operation of the droplet 

generator.  

2.5.1 Defining an Operating Range to Prevent Backflow 

Avoiding backflow in a T-junction droplet generator is imperative to producing a reproducible 

stream of droplets. T-junction droplet generators function by forcing two immiscible fluids into a 

single microfluidic channel. Therefore, to form droplets in the main channel, both Qd and Qc should 

be positive values. Such values would indicate flow in the direction of their corresponding arrows 

in Figure 2-4. If either of these flow rates is a negative value, droplets will not be formed. In this 

case, fluid from one of the fluid sources will flow into the input channel leading to the other fluid 

source, through Rc or Rd. This undesired flow during operation - Qd or Qc flowing in the opposite 

direction to the arrows in Figure 2-4 - is defined as backflow. Not only does backflow stop droplet 

production, but it was observed in the initial testing of droplet generating devices to cause fluid 

source contamination. This contamination created unwanted emulsions of the dispersed and 

continuous phases. Such emulsions led to unpredictable device performance as their fluidic 

properties (e.g., viscosity) were unknown. Additionally, contamination of the fluid sources 

requires a lengthy recovery period, estimated at 15 minutes or more, to return the device to regular 

operation. Avoiding backflow is therefore of the utmost importance to ensure reliable device 

operation and timely droplet formation. 

Appropriate operating pressures for generating pressure-driven flow must be chosen to prevent 

backflow. Two limiting cases can be considered to define a normal operating range. 

Case (1) – Qd < 0, fluid flows through the dispersed phase input channel (Rd) and away from the 

T-junction. Case (2) – Qc < 0, fluid flows through the continuous phase input channel (Rc) and 

away from the T-junction. These cases are the same as considered in the T-junction droplet 

generator model proposed by Glawdel and Ren [85]. 

The dispersed phase flow rate, Qd, can be calculated according to Equation (2-11). In Equation 

(2-11), Qd, Pd, Pj, PLP and Rd are defined above for the resistive circuit model shown in Figure 2-4. 

𝑄𝑑 =
𝑃𝑑 − 𝑃𝑗 − 𝑃𝐿𝑃

𝑅𝑑
 (2-11) 

 

The continuous phase flow rate, Qc, can be calculated according to Equation (2-12). In Equation 

(2-12), Qc, Pc, Pj, and Rc are defined above for the resistive circuit model shown in Figure 2-4.  

𝑄𝑐 =
𝑃𝑐 − 𝑃𝑗

𝑅𝑐
 (2-12) 

 

The pressure at the T-junction (Pj) is dependent on several factors, including the input pressures 

of both the dispersed phase (Pd) and the continuous phase (Pc) (Equation (2-13)). In Equation 



 34  

 

(2-13), Pd, Rd, Pc, Rc, Rm and PLP are defined above for the resistive circuit model shown in Figure 

2-4. The derivation of this equation is provided in Appendix A.  

𝑃𝑗 =
(𝑃𝑑 − 𝑃𝐿𝑃)𝑅𝑚𝑅𝑐 + 𝑃𝑐𝑅𝑚𝑅𝑑

𝑅𝑑𝑅𝑐 + 𝑅𝑚𝑅𝑐 + 𝑅𝑚𝑅𝑑
 (2-13) 

 

By considering a constant continuous phase input pressure (Pc), an acceptable operating pressure 

range for the Pd of the Droplet Generator can be defined (Equation (2-14)). The limits of this 

inequality are determined by solving for Pd in Equation (2-11) and Equation (2-12), wherein Qd 

and Qc are equal to zero, respectively. The derivation of these limits can be found in Appendix A. 

In Equation (2-14), Pd, Pc, Rd, Rc and PLP are the same as defined for Figure 2-4. Rmcp and Rmdp 

refer to the resistance of the main channel (Rm) when filled with only continuous phase and 

dispersed phase, respectively. 

𝑃𝑐 (
𝑅𝑚𝑐𝑝

𝑅𝑐 + 𝑅𝑚𝑐𝑝
) + 𝑃𝐿𝑃 < 𝑃𝑑 < 𝑃𝑐 (1 +

𝑅𝑑

𝑅𝑚𝑑𝑝
) +  𝑃𝐿𝑃 (2-14) 

 

The lower limit of Equation (2-14) corresponds to the case when the fluid flow in the dispersed 

phase input channel is equal to zero. Dropping Pd below the lower limit would result in Case (1), 

Qd < 0 (i.e., backflow). The upper limit of Equation (2-14) corresponds to the case when the fluid 

flow in the continuous phase input channel is equal to zero. Raising Pd above the upper limit would 

result in Case (2), Qc < 0 (i.e., backflow). By operating within these limits, backflow can be 

avoided. Operating near the lower limit of Equation (2-14) corresponds to lower fluid flow rates 

and smaller droplet volumes, which are easier to manipulate. Therefore, the droplet generator 

devices designed in this thesis were intended to be operated near this lower limit. 

Equation (2-14) allows for the operation range of a T-junction droplet generator to be determined 

based on appropriate operating conditions and device properties. These include choosing Pc, a flow 

rate ratio (Qd/Qc), channel resistances and the value of PLP. Therefore, the operating range of a 

droplet generator can be defined by Equation (2-2) to determine the input pressures, the LaPlace 

Pressure (PLP) and fluidic resistances. However, Equation (2-14) does not account for changes in 

main channel resistance which can occur due to droplets being made or leaving the main channel. 

These processes may affect the operating range of the Droplet Generator. 

2.5.2 Resistance Variations 

Droplets in the main channel of a T-junction droplet generator are the primary source of resistance 

variations [85]. Fluidic resistance corresponds to the average pressure-driven flow of a viscous 

fluid with a known viscosity through a filled channel of known geometry. This can be determined 

analytically for some well-known geometries but not for all channel geometries, as discussed in 

Section 2.2.2. However, it has not been solved when considering channels filled with two 

immiscible phases, e.g., droplets of a dispersed phase in a continuous phase. Droplets are expected 

to affect the resistance of a microfluidic channel as they drastically reduce the area of the channel 

through which the continuous phase can flow and disrupts the laminar flow. With a reduced cross-
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sectional area, the resistance would increase. Operational rules of thumb to manage the resistance 

irregularities of droplets have been developed.  

The resistance of a droplet is dependent on many factors, including droplet length, droplet width, 

channel dimensions, and it can be difficult to predict [85], [98], [99]. The work of Glawdel and 

Ren on a T-junction network model suggested that the resistance of a droplet in a rectangular 

microfluidic channel was two to five times greater than the resistance of the same microfluidic 

channel filled with only a continuous phase [85]. This increase was the case despite the droplet, 

composed of water, having a much lower viscosity than the ongoing phase. Understanding the 

resistive effects of droplets is vital to determining the main channel resistance. Depending on how 

many droplets are present, the main channel resistance could be much higher than when filled with 

just the continuous phase.  

The main channel resistance, Rm, is based on its fluid content and depends on both the continuous 

phase resistance and the resistance of droplets surrounded by the continuous phase. Droplets in the 

channel cause an increase in the main channel resistance and variability in Rm. The resistance can 

increase or decrease as a droplet is formed in or leaves the main channel. Rm can be calculated, 

accounting for the presence of droplets using Equation (2-15). In Equation (2-15), where δ 

represents the fraction of the main channel filled only with droplets, n represents the number of 

droplets, and Rdrop represents the resistance of one droplet. n can be determined by multiplying the 

length of the main channel by δ and then dividing by the length of a single droplet. It should also 

be noted that δ is equivalent to the ratio of the dispersed phase flow rate to the total main channel 

flow rate (Qd/Qm). 

 𝑅𝑚 = (1 − 𝛿)𝑅𝑚𝑐𝑝 + 𝑛𝑅𝑑𝑟𝑜𝑝 ± 𝑅𝑑𝑟𝑜𝑝 (2-15) 

 

As seen in Equation (2-15), the main channel resistance varies by as much as ± Rdrop when filled 

with droplets. This variation in resistance affects the operating pressure range to prevent backflow. 

However, it can be minimized by choosing a suitably high value for Rm, such that the effect of one 

droplet entering or leaving the channel is minimal (i.e., Rdrop/Rm is small). While a specific number 

of droplets may be desired, unless the number of droplets is large, it is helpful to create more 

droplets than required. Creating more droplets requires a longer main channel, increasing Rm and 

minimizing the variation in main channel resistance. 

The acceptable pressure range for Pd for a given Pc can then be extended to account for the presence 

of droplets and accompanying variability. All that is required to extend the model is to replace Rmcp 

in the lower limit with Rm as calculated using Equation (2-15) for the desired droplet forming 

conditions. This adaptation should be performed considering the highest possible value for Rm. 

The adjusted acceptable pressure range for Pd can be seen in Equation (2-16). Rmdp need not be 

replaced with Rm in the upper limit because, at that limit, the main channel would be filled entirely 

with the dispersed phase. At the upper limit, the main channel would look like a single droplet 

occupying the entire length of the channel. 

𝑃𝑐 (
𝑅𝑚

𝑅𝑐 + 𝑅𝑚
) + 𝑃𝐿𝑃 < 𝑃𝑑 < 𝑃𝑐 (1 +

𝑅𝑑

𝑅𝑚𝑑𝑝
) +  𝑃𝐿𝑃 (2-16) 
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Equation (2-16) allows for the calculation of acceptable values of the dispersed phase input 

pressure (Pd) for a given continuous phase input pressure (Pc). It also accounts for the presence of 

droplets in the main channel of a T-junction droplet generator. This equation can be used to define 

the operating parameters of a T-junction droplet generator once the resistances of the three 

channels have been determined. It is the same as the operating pressure range equation proposed 

by Glawdel and Ren in their droplet generator model [85].  

2.6 Microfluidic Droplet Trap Design Theory 

The effective formation of DIBs in a microfluidic device requires that droplet trapping behaviours 

are well understood. Perhaps the most important consideration in passive droplet trapping is the 

Laplace pressure.  

The curved fluid interfaces of droplets, typically bound by the channel they occupy, have principal 

radii dependent on the channel dimensions. If the channel dimensions were to change suddenly, 

the Laplace pressure would also change. For example, if a channel were to constrict suddenly, then 

the curved interface of a droplet would become much smaller. The principal radii of curvature 

would also decrease, resulting in a higher Laplace pressure. Droplet traps generally rely on a rapid 

change in channel dimensions, and therefore, this becomes important in droplet trapping 

applications. The pressure required to displace trapped droplets is often quantified by the 

difference in Laplace pressure of the droplets when in trapping positions and in constricted 

channels leaving a droplet trap [6], [69], [70]. 

As a droplet approaches a constriction in a channel, e.g., a constricted channel leaving a droplet 

trap, the front fluid interface of the droplet becomes constricted. This constriction results in a 

higher Laplace pressure and the exertion of a greater force on the droplet, preventing it from 

entering the constricted channel. In comparison, the Laplace pressure exerted at the rear interface 

of the droplet is smaller. Therefore, the difference in the droplet’s Laplace pressures at the front 

and rear fluid interfaces needs to be overcome to force a droplet into a constricted channel. This 

difference can be described by Equation (2-17). In Equation (2-17), rr is the radius of the rear fluid 

interface (i.e., the fluid interface at the back of the droplet), and rf is the radius of the front fluid 

interface (i.e., the fluid interface at the leading end of the droplet) [6], [70]. 

𝛥𝑃𝐿𝑃 = 2𝛾 (
1

𝑟𝑓
−

1

𝑟𝑟
) (2-17) 

 

Equation (2-17) assumes fluid fronts each have only one principal radius or two principal radii, 

but one remains constant during the channel transition. It also assumes a constant interfacial 

tension. However, Equation (2-17) may change depending on the conformation of the droplet, 

changes in the channel dimensions or changes in contact with the channel walls. 

If this pressure barrier (i.e., the trapping pressure, ΔPLP) is overcome, the droplet will enter the 

constricted channel. This pressure barrier is commonly used for passive droplet trapping. Specific 
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constrictions in channels are added, which will hold droplets in place when the device is operated 

such that the pressure across a constriction does not exceed its ΔPLP value. 

The Laplace pressure difference effectively determines the pressure required to push a droplet 

through a channel transition. Equation (2-17) is most easily applied to channels with standard 

geometries like circular, rectangular or elliptical channels because their principal radii can be 

determined based on known relationships. In some cases, the principal radii can even be directly 

measured. However, for non-standard channel geometries with less well-known relationships 

between the principal radii and channel geometry, determining the Laplace pressure of a droplet 

can be more complicated. 

The principal radii of droplets in microfluidic channels can typically only be observed from above 

and are therefore difficult to measure in channels with non-standard geometries. At most, one 

principal radius can be measured from a top-down view. The second principal radius can be 

approximated by assuming the droplet has hemispherical ends. However, Musterd et al. have 

shown that this is not a wise assumption based on modelling the 3D shape of droplets in 

microfluidic channels [106]. 

To further complicate this issue, as droplets are transitioned into a smaller channel, the droplet 

shape may change, and possible direct contact with channel walls also needs to be considered. 

Contact with the channel walls can be challenging to determine when only observing droplets from 

above. Additionally, wall contact is not strictly addressed with the Laplace pressure approach 

(Equation (2-17)). Therefore, using Equation (2-17) based on the principal radii of droplets as 

measured from above can only provide approximate values of the Laplace pressures of droplets, 

particularly in the context of droplet trapping.  

2.6.1 Effects of Channel Geometry 

It may be possible to obtain a value of the principal radii of a droplet by considering the shape of 

droplets in microfluidic channels. It is accepted that droplets will largely conform to a channel’s 

cross-section, except in the corners of the channel. The droplets will be surrounded by a sheath of 

the continuous phase separating them from the channel walls [106]–[108]. It is typically assumed 

that the continuous phase sheath surrounding droplets has a negligible thickness, and therefore, 

droplets occupy the channel’s entire cross-section. The degree to which droplets fill a channel’s 

cross-section has implications for both the Laplace pressure and channel resistance, as will be 

discussed in Section 6.3.2. 

Droplets will attempt to minimize their surface energy within a channel, and therefore, their shape 

can be predicted with complex mathematics. Conveniently, Musterd et al. have examined this 

complex mathematical problem and created a general model to describe the shape of a droplet in 

a channel given the channel’s depth (H), width (W), top corner angle (β) and bottom corner radius 

(rc) [106]. These features can be seen labelled in Figure 2-5 and can be measured by examining 

the cross-section of a channel and directly measuring these dimensions. These cross-sections were 

obtained following the method described in Section 3.3.2. 
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Figure 2-5 – A typical cross-section of a laser-cut channel with key features labelled. The features include the top corner angle 

(β), the bottom corner radius (rc), the channel width (W) and channel depth (H). 

The method of Musterd et al. is summarized in Figure 3 of their work (reference [106]). This figure 

directs the reader to select a set of equations that describe the droplet shape based on different 

channel cross-sections. Selecting the correct set of equations is accomplished through a series of 

calculations based on β, W, H and rc.  

The set of equations for each channel geometry describes the top corner radius of a droplet (rt), the 

cross-sectional area of the body of a droplet (Abd) and the length of the rounded end caps of a 

droplet (Lcap). The top corner radius describes the radius of curvature of a droplet in the top corners 

of a channel (i.e., the corners described by the angle β). The cross-sectional area of the body of a 

droplet describes the cross-section in the droplet center, away from the rounded end caps. These 

values rely on other geometric values that can allow for the perimeter of droplets to be calculated.  

In this thesis, most channels (those cut with a laser speed of 0.5% as discussed in Section 3.3) fit 

into one category of Musterd et al.’s model (Figure 3c in their work) [106]. Some channels cut 

with different laser settings (i.e., some channels cut with a laser speed of 1%) are described by a 

different category of Musterd et al.’s model (Figure 3b in their work) [106]. In both cases, all 

channel parameters were measured in the same manner and correspond to the dimensions labelled 

in Figure 2-5. However, by following Musterd et al.’s model, different sets of equations are used 

to describe the different channel types based on these parameters. For simplicity, only the 

equations for the majority of channels will be discussed. The same values can be calculated but 

are governed by different geometric relationships in all cases. 

The top corner radius of the droplets (rt) could be calculated with Equation (2-18), where W and β 

are as defined above.  

𝑟𝑡 =
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 (2-18) 

 

The cross-sectional area of the body of droplets (Abd) could be calculated with Equation (2-19), 

where W, β, and rt are as defined above. 
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The length of the end caps of the droplets (Lcap) could be calculated with Equation (2-20), where 

W, β, and rt are as defined above. 

𝐿𝑐𝑎𝑝 =
𝑊

2
−

𝑟𝑡

tan (
𝛽
2

)
+ 𝑟𝑡 

(2-20) 

 

It should be noted that the bottom corner radius is only used in the criteria which determine the set 

of equations to use for a given channel type. The bottom corner radius is not used to calculate any 

properties of droplets in the channels.  

Additionally, the laser-cut channels are approximated as isosceles triangular when calculating the 

channel resistance. This approximation does not account for the bottom corner radius, hence why 

it is an approximation of the channel cross-section. When considering droplet shape using Musterd 

et al.’s model, the rounded bottom corner of the laser-cut channels should be considered [106]. 

Similarly, the top corner angle of the channels could be calculated considering the approximation 

of an isosceles-triangular channel cross-section. However, the actual top corner angle varies 

slightly from this approximation because of the rounded bottom of the laser-cut channels. 

Therefore, a measured top corner angle was used whenever using the model of Musterd et al. 

[106]. 

The method described by Musterd et al. allows for droplet shape to be determined based on 

measurements taken only from above [106]. The values described above could then be used to 

calculate droplet volume, as discussed in Section 6.3.2, and their Laplace pressures.  

If the droplet is sufficiently long, longer than twice the end cap length (Lcap), then the Laplace 

pressure of a droplet in a channel can be determined using the top corner radius of the droplet, rt. 

Close to the center of the droplet, at a point on the curved upper corner, one principal radius would 

be the top corner radius (rt), and the other would be nearly infinite as the center of the droplet 

would be flat along its length. Considering this case, according to Equation (2-9), the Laplace 

pressure of the droplet would be PLP = γ/rt. This method provides an alternate way to calculate the 

Laplace pressure of a droplet and the Laplace pressure difference of a droplet trap. It is more 

accurate than assuming that the droplet end caps are hemispherical. The use of Musterd et al.’s 

method was verified, as will be discussed in Section 6.3.2 [106]. 

2.6.2 Ensuring Successful Droplet Trapping During Droplet Generator Operation 

Droplets are held in passive droplet traps based on a pressure barrier due to a difference in Laplace 

pressure. The droplets will remain held in place as long as the pressure applied to the trapped 

droplets does not exceed the Laplace pressure difference (ΔPTrap or ΔPLP) required to push droplets 

into the constricted trapping channels. This requires that the pressure drop across the droplet trap 
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must be smaller than the ΔPTrap value for the droplet trap to hold droplets. The pressure drop across 

the trap can be calculated by multiplying the fluid flow rate through the trap (QTrap) by the 

resistance of the trap (RTrap). The trap resistance should be considered when it contains the desired 

number of trapped droplets. This pressure drop must be less than ΔPTrap, which is shown as the 

inequality in Equation (2-21). This requirement limits the operating conditions of a T-junction 

droplet generator when a droplet trap is integrated into its main channel. 

Δ𝑃𝑇𝑟𝑎𝑝 > 𝑄𝑇𝑟𝑎𝑝𝑅𝑇𝑟𝑎𝑝 (2-21) 

 

The presence of droplets in a microfluidic channel has been found to increase the fluidic resistance 

of the channel. This is why RTrap is considered the fluidic resistance of the droplet trap containing 

the desired number of trapped droplets. In some droplet trap designs, the presence of droplets can 

significantly alter RTrap by acting like switches, completely blocking fluid flow through the 

constricted channels. Nguyen et al. used this to their advantage in designing a droplet trap to form 

DIBs and schematically showed this switching effect for their trap design in Figure 1-11 [6]. As 

droplets entered the trapping region of the droplet trap, they blocked bleed valves which then acted 

as switches forcing subsequent fluid flow around the trapping region. 

The flow rate through or around the trap can be increased sufficiently to break the inequality shown 

in Equation (2-21). Breaking this inequality would evacuate droplets from the trap. The ΔPTrap 

value of a droplet trap is based on the trap’s geometry and interfacial tensions of the fluids. These 

are relatively constant, although they can change depending on channel wall contact. The 

resistance of a droplet trap will vary as droplets become trapped; however, these changes can be 

predicted and are limited in magnitude. Increasing the flow rate through or around a droplet trap 

can be achieved by increasing the dispersed phase or continuous phase input pressures of a 

T-junction droplet generator. 

An effective droplet trap can be designed, and its behaviour can be predicted using Equation (2-17) 

and Equation (2-21).  

This thesis used two droplet trap designs, the “Primary Droplet Trap” and the “Alternate Droplet 

Trap”. Chapter 5 will discuss the application of the trapping principles outlined here to the design 

of these droplet traps. 

2.7 Model of Droplet Splitting 

In this project, an issue not often discussed in droplet trapping literature was droplet splitting at 

channel junctions. Typical advice on operating droplet traps is generally limited to following 

Equation (2-21) [6], [64], [69]. However, droplet traps, whether hydrodynamic traps with a bypass 

channel or pillar-based traps, typically involve channel junctions (i.e., intersections between two 

or more channels), and droplets may split at these junctions. Over the course of this project, droplet 

splitting was observed at channel junctions. Therefore, it became necessary to consider the physics 

of microfluidic droplet splitting devices to understand how this behaviour could be predicted. 

Droplet splitting microfluidic devices typically consist of a single channel entering a junction with 

multiple channels. A droplet approaches the junction from the single channel and leaves in parts 
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through each of the outgoing channels [105], [109]–[113]. These devices often use T-junction and 

cross-junction channel geometries to split droplets. Such channel geometries are also commonly 

used in droplet sorting devices [97], [114]. Within the droplet traps used in this thesis, bypass 

channel junctions are intended to function as droplet sorters and direct droplets towards constricted 

trapping channels without splitting them. These junctions have similar design structures to droplet 

splitters and sorters. Therefore, models for droplet splitting devices could be reasonably applied to 

understand and overcome the droplet splitting issues observed during testing droplet traps in this 

thesis.  

The majority of droplet splitting devices reported in the literature use channel junctions in which 

all channels have the same dimensions [105], [109], [112]. Typically, empirical relationships 

between the Capillary number and droplet splitting have been developed for specific junctions. 

These relationships are not widely applicable and do not provide much predictive ability for 

droplet splitting unless specific channel geometries are used. The bypass channel junctions used 

in this thesis are comprised of channels with different dimensions, and therefore a different model 

of droplet splitting is required to describe their behaviour.  

Liang et al. proposed a model of droplet splitting based on channel resistances, applied pressures 

and Laplace pressure differences. However, they only applied this to channel junctions with 

symmetric dimensions [105]. This work referred to the droplet approaching the junction as the 

mother droplet, and the droplet split from the mother droplet as the daughter droplet. The model 

suggested that the volume of the mother droplet will be proportional to the volume of the daughter 

droplet in one of the channels leaving the junction. This assertion is also supported by the work of 

Link et al. on droplet splitting [109]. The ratio of these volumes was equivalent to the flow rate 

ratio through the outgoing channel and the channel leading to the junction. This relationship can 

be expressed as Equation (2-22). In Equation (2-22), Vdaughter is the volume of the daughter droplet, 

Vmother is the volume of the mother droplet. Qdaughter is the flow rate through the outgoing channel 

containing the daughter droplet, and Qmother is the flow rate through the incoming channel, which 

contained the mother droplet. 

𝑉𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟

𝑉𝑚𝑜𝑡ℎ𝑒𝑟
=

𝑄𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟

𝑄𝑚𝑜𝑡ℎ𝑒𝑟
 (2-22) 

 

If the value of Equation (2-22) is less than zero, then no daughter droplet would be formed. If the 

value of Equation (2-22) is greater than zero and less than one, then a daughter droplet would be 

formed. If the value of Equation (2-22) is equal to one, then the entire mother droplet would travel 

through that single outgoing channel. 

For example, consider the equivalent circuit of a cross-junction (Figure 2-6) where a droplet 

approaches the junction through a resistance Rs driven by a pressure Pj and a flow rate of Q. To 

determine whether a daughter droplet would be formed in the channel corresponding to the 

resistance R1, the ratio of Q1/Q would predict the volume of any formed daughter droplets. 

However, the flow rate of the droplet itself would need to be considered, not the bulk fluid flow 

rate. 
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Figure 2-6 – An equivalent fluidic circuit diagram of a cross-junction assuming fluid only flows into the junction from the left 

channel. 

If the droplet needs to flow between channels with different dimensions, the flow rate of the droplet 

is different from the flow rate of the continuous phase. As established in Section 2.6, droplets face 

a pressure barrier, the trapping pressure, when entering a constricted channel. This barrier needs 

to be accounted for when considering the flow rate of a droplet. To determine whether a daughter 

droplet would form in the channel corresponding to R1 in Figure 2-6, the ratio of Q1,droplet/Q would 

need to be determined. This ratio can be calculated using Equation (2-23) using the pressures and 

resistances marked in Figure 2-6, where ΔPLP,1 represents the trapping pressure of R1. 

𝑄1,𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟

𝑄
=

𝑅𝑠

𝑅1

𝑃𝑎 − 𝑃1 − Δ𝑃𝐿𝑃,1

𝑃𝑗 − 𝑃𝑎
  (2-23) 

 

As long as the droplet flow rate through an outgoing channel and the flow rate entering a channel 

junction can be determined, Equation (2-22) can predict the daughter droplet volume relative to 

the mother droplet volume. Based on Equation (2-23), this leads to a simple rule that the pressure 

drop across an outgoing channel should not exceed the trapping pressure of that channel to avoid 

droplet splitting. This requirement is the only way to get a negative value of Equation (2-23). It 

should be noted that Equation (2-23) cannot be used for channel junctions with symmetric channel 

dimensions, as no trapping pressure would be expected for outgoing channels. Liang et al. avoid 

this problem in their work by manually controlling the pressure drop across an outgoing channel 

(i.e., Pa – P1 in Equation (2-23)). They developed an empirical relationship based on their test 

results [105]. Without control over the pressure drop across an outgoing channel in a junction with 

symmetric dimensions, empirical relationships must be used to describe droplet splitting, such as 

those developed by Liang et al. and Link et al. [105], [109]. 
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This model was not implemented in the design of droplet traps for this thesis until the final droplet 

trap designs described in Chapter 8. However, the droplet splitting model was used to verify the 

behaviour observed when testing droplet traps (Section 7.6). 

2.8 Summary 

The physics described in Chapter 2 can be used to predict the behaviour of microfluidic devices. 

Specifically, the physics behind driving fluid through microfluidic channels, e.g., pressures, flow 

rates and channel resistances, and their electric circuit equivalents, were discussed. The Laplace 

pressure was also discussed as it describes the pressure drop at a fluid interface. These concepts 

were then used to discuss models of T-junction droplet generators, droplet traps and droplet 

splitting at channel junctions. A summary of the most important equations used in this project and 

their purposes is provided in Table 2-1. 

These system properties, including the pressure, flow rate, Laplace pressure, channel resistance, 

depend on the properties of the fluids being driven through the microfluidic devices and the 

dimensions of the microfluidic channels. They are dependent on both the fluids chosen for the 

operation of a device and how the device was fabricated. Input pressures generated by gravity for 

T-junction droplet generators in this project are dependent on the density of the fluids being used 

(Equation (2-2)), and channel resistance is dependent on both the viscosities of the fluid being used 

and the channel dimensions (see Section 2.2.2). These fluid and device properties need to be well 

understood to effectively model and predict the behaviours of droplets in microfluidic devices. 

The fabrication method used to build devices in this project, the testing fluid and resulting device 

properties will be detailed and verified in Chapter 3. 
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Table 2-1 – A summary of the key concepts used in this project to design and test microfluidic devices for droplet generation and 

trapping applications. 

Concept 
Equation 

Number 
Description 

Poiseuille’s 

Equation 
(2-1) 

Poiseuille’s Equation is analogous to Ohm’s Law for the 

electric circuit analogy of microfluidics [84], [85]. It links 

pressure, flow rate and fluidic resistance together. 

Gravity-generated 

Pressure 
(2-2) 

This project uses gravity-generated fluid pressure to operate 

microfluidic devices [65], [84]. The pressure is defined by 

density, acceleration due to gravity and fluid height.  

Reynold’s Number (2-5) 

Reynold’s number is a measure of turbulence in fluid flow 

[93]. A value less than 1500 indicates that a fluid flow is 

laminar.  

Fluidic Resistance (2-7) 

The fluidic resistance corresponds to the average 

pressure-driven flow of a viscous fluid with a known viscosity 

through a filled channel of known geometry [95]. It is vital 

for modelling device behaviours using the electric circuit 

analogy. 

Laplace Pressure (2-9) 

The Laplace pressure describes the pressure across a curved 

fluid interface [103]. This value is important in droplet 

generation and trapping. 

T-junction 

Operating Range to 

Prevent Backflow 

(2-16) 

The operating pressure range of a T-junction droplet 

generator describes the range of pressures that can be used to 

make droplets [85]. This operating range is also the range 

where backflow will not occur. 

Laplace Pressure 

Difference 
(2-17) 

The Laplace pressure difference determines the pressure 

barrier produced by a change in channel dimensions [6], [70]. 

This difference is equivalent to the trapping pressure of a 

droplet trap. 

Droplet Trapping 

Condition 
(2-21) 

The basic droplet trapping condition states that a droplet trap 

will hold a droplet(s) as long as the pressure across the trap 

does not exceed the trapping pressure. 

Droplet Splitting 

Ratio 
(2-22) 

The droplet splitting ratio describes the ratio in droplet 

volume between a daughter droplet and the mother droplet 

from which it is split [105], [109]. 
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Chapter 3  

Microfluidic Device Fabrication and System 

Properties Testing 

3.1 Introduction 

Chapter 2 provided an overview of the physics required to support using a microfluidic device to 

generate and trap droplets. Chapter 3 discusses the fabrication method selected for this thesis and 

the process to verify that devices were fabricated to the specified values. The fluids (i.e., dispersed 

and continuous phase) chosen to test chips for this project are also discussed. The various 

properties required for designing microfluidic devices given these choices are verified. These 

include the fluid density and viscosity and the resistances of the microfluidic channels used. 

3.2 Microfluidic Implementation Details 

Based on the author’s previous experience and the information presented in Chapter 2, a 

microfluidic T-junction droplet generator fabricated from PMMA using a laser cutter was chosen 

for use in this project. A T-junction droplet generator was chosen due to the author’s familiarity 

with the system and its simple design. Fabricating devices from PMMA using a laser cutter was 

chosen because of the author’s familiarity with the technology and its ability to prototype devices 

rapidly with low-cost materials. These devices were to be operated using gravity-generated 

pressure-driven fluid flows. Gravity-generated pressure-driven fluid flows enable the devices to 

be operated without specialized equipment or extensive training. This simplicity allows the devices 

to be more accessible to researchers who wish to study DIBs and their contents.  

A relatively simple dispersed phase and continuous phase were chosen to allow the microfluidic 

devices in this thesis to be tested before studying proteins. These more advanced tests may require 

expensive specialized fluids. The selected “Dispersed Phase” consisted of blue-dyed DI water 

(500 µL blue liquid tracer dye (ID: 106005) from BrightDyes in 50 mL DI water) and the chosen 

“Continuous Phase” consisted of mineral oil (M5904, Sigma-Aldrich, Oakville, ON, Canada) 

mixed with 2 wt% Span 80 (S6760, Sigma-Aldrich, Oakville, ON, Canada).  

The blue dye in the dispersed phase was chosen because it had been used previously in a surface 

contact experiment of water on PMMA performed by Trinavee et al. [115]. It was not found to 

have any apparent effect on the interaction of the Dispersed Phase and the PMMA surface 

compared to undyed DI water.  

The Continuous Phase was chosen because it is a commonly used oil and surfactant combination 

for generating droplets in microfluidic channels. It was also used by the author previously [70], 

[83], [116]. All references to DI water, blue dye, mineral oil, Span 80, Dispersed Phase or 

Continuous Phase throughout this thesis refer to the fluids described here unless stated otherwise. 



 46  

 

The densities and viscosities of DI water, the blue dye, mineral oil and Span 80 are reported in 

Table 3-1. These parameters can be used to predict the behaviour of the designed microfluidic 

devices.  

Table 3-1 – The densities and viscosities of the fluids used to test the microfluidic devices in this project. The temperatures 

corresponding to these properties are specified below each reported value. 

Fluid Density [g mL-1] Viscosity [mPa s] 

DI Water 
0.997 – 0.998 

(20oC to 25oC) [117] 

0.89 – 1 

(25oC to 20oC) [117] 

Blue Dye 
1.04 ± 0.03  

(25oC) [118] 

1.8 

(25oC) [118] 

Dispersed Phase 
0.998  

(25oC) 

0.90  

(25oC) 

Mineral Oil 
0.840 

(25oC) [119] 

14.2 – 17.2 

(40oC) [119] 

Span 80 
0.99 

(25oC) [120] 
-  

Continuous Phase 
0.843 

(25oC) 
-  

 

The Dispersed Phase consisted of DI water with a 1% loading of blue dye by volume. Therefore, 

the Dispersed Phase was expected to have a density and viscosity approximately equal to the values 

reported in Table 3-1. 

The Continuous Phase consisted of mineral oil loaded with 2 wt% Span 80. Therefore, the 

Continuous Phase was expected to have a density approximately equal to the value reported in 

Table 3-1. However, it should be noted that the density of the mineral oil reported in Table 3-1 is 

that from the material safety data sheet from Sigma-Aldrich [119]. The specification sheet for the 

mineral oil reports a wider range of densities (0.839-0.859 g mL-1) and therefore, the actual density 

may vary slightly from the expected value.  

The only important parameter not reported in Table 3-1 is the interfacial tension. The interfacial 

tension between the Dispersed Phase and Continuous Phase was expected to be between 4.5 to 

5 mN m-1 as reported in the literature by Bashir et al. and Bithi et al., respectively [70], [116]. This 

will be discussed further in Section 3.6.3. 

A surfactant, Span 80, was used in place of an amphiphilic lipid in the initial demonstrations of 

the microfluidic devices in this project. Span 80 is amphiphilic and will still form a monolayer at 

the surface of the produced droplets. However, it has been found to have no adhesion forces 

between monolayers. Therefore, droplets with Span 80 monolayers will not create DIBs between 

two droplets [40]. With no adhesion force between the Span 80 monolayers, when two droplets 

are brought into close contact, they will not “zip” together and remove the oil separating the 

monolayers. However, if a lipid is included in a Span 80 monolayer, it will displace the Span 80 

molecules and form a bilayer with an adjacent droplet [40]. In such monolayers, the Span 80 was 

found to increase the bilayer stability such that the bilayers were stable for several days [40]. 

Therefore, it was decided first to demonstrate the ability to hold droplets in close contact to form 
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apparent DIBs. Once that was established, a lipid would be incorporated into the Continuous Phase 

to form actual DIBs. 

Several fluid properties denoted above are specified as a range or at temperatures beyond the 

intended operating temperature (i.e., room temperature, 22 ± 0.5oC). Therefore, these properties 

needed to be verified at room temperature before being used to design microfluidic devices 

effectively.  

The following sections describe the tests performed to verify the fluid, material and device 

properties necessary to design devices. Equation (2-2) can predict the fluid pressures applied to 

the microfluidic devices. However, this requires that the fluid density be well known. Calculation 

of the fluidic resistance of a microfluidic channel depends on the viscosities of the fluid flowing 

through the channels (see Section 2.2.2). Therefore, the fluid viscosities need to be verified. 

Additionally, as laser-cut microfluidic channels are not commonly used, an appropriate equation 

to calculate their hydraulic resistance must be determined.  

Tests were performed first to verify the wetting characteristics of PMMA to ensure that 

water-in-oil droplets would be formed in the designed devices (Section 3.5). Then the densities 

and viscosities of the Dispersed and Continuous Phases were verified as described in Section 3.6. 

The densities and viscosities of DI water and mineral oil were also measured to determine the 

effects the blue dye and Span 80 had on these properties. The interfacial tension was not verified 

before device construction, but instead, once a droplet trap was designed and fabricated. Therefore, 

verification of this value will be discussed later in this thesis (see Section 7.6). However, a brief 

overview of all possible interfacial tensions in the device is provided in Section 3.6.3. Finally, a 

method of calculating the resistance of laser-cut microfluidic channels was determined (Section 

3.7).  

3.3 Laser-cut Microfluidic Fabrication Method 

For this project, the fabrication method chosen to make the microfluidic devices was laser 

engraving microfluidic channels in layers of PMMA. This choice was made because of the author’s 

familiarity with the process, its ease of design, and the lab group's goals. This method allowed 

polymer devices to be rapidly produced without needing significant processing steps or highly 

specialized equipment, aside from the laser cutter. Furthermore, PMMA is a material compatible 

with mass production techniques such as injection moulding, allowing the devices designed for 

this project to be more easily translated to commercial applications [54]. Additionally, to the best 

of the author’s knowledge, no microfluidic droplet trapping devices used to form DIBs have been 

reported using this fabrication method. 

The basics of laser cutter fabrication of microfluidic devices are described here using the author’s 

previously published work, “CO2 Laser-Based Rapid Prototyping of Micropumps” [83]. 

Dr. Christopher Backhouse (“CB”) fabricated all microfluidic devices for this project, and 

therefore, some specific variations and minute details of the process may not be identified here. 

CB also provided characterization data for some standard laser parameters. The author’s role was 

to develop designs to be fabricated and test them.  
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The main steps are laser cutting and thermal bonding. Microfluidic channels are engraved into 

sheets of 1.5 mm thick PMMA, and then the different device layers are cut from the sheets. 

Instructions for the laser cutter are provided as vector graphics files designed with the Asymptote 

vector graphics programming language [121]. In the vector graphics files, different colours of lines 

are linked to different laser cutter settings and therefore channels with different dimensions. 

Once all of the layers have been laser cut, they are thermally bonded. In “CO2 Laser-Based Rapid 

Prototyping of Micropumps”, only the top two layers of the device are thermally bonded [83]. The 

thermal bonding process was achieved by clamping together two pieces of PMMA and placing 

them in an oven for about two hours (30 minutes at 115oC, 1 hour at 80oC and then allowed to cool 

in the deactivated oven until a temperature of 60oC, which took approximately 30 minutes) [83]. 

This laser-cut PMMA fabrication process is similar to the work of Shaegh et al. [83], [122], [123]. 

The fabrication method used in this thesis is similar to that described above. However, the 

fabricated devices use only two layers of PMMA which are thermally bonded and have no 

thermoplastic polyurethane (TPU) layer. One PMMA layer contains the input/output wells, and 

the other PMMA layer contains the microfluidic channels. No on-chip microvalves were used in 

this thesis, and therefore, no TPU membrane was required.  

3.3.1 Predicting Laser-Cut Channel Dimensions 

A method for predicting channel dimensions based on laser parameters was required to design 

microfluidic devices in this project effectively. This method allowed the dimensions of new types 

of channels required by new designs to be predicted before fabricating complete devices. This 

saved time and material as it allowed fabricated devices to have dimensions closer to those 

intended.  

A method for predicting channel dimensions based on laser parameters was developed using data 

gathered by examining the cross-sections of channels of microfluidic devices (see Section 3.3.2 

for the data gathering method). The laser parameters that primarily affected channel dimensions 

were laser power and laser speed. The other parameters, laser frequency and focus level were 

constant at 1000 Hz and z = 0 (i.e., focused on the PMMA surface).  

A series of test channels were cut using a variety of laser powers and laser speeds, and CB 

measured their dimensions. Sets of test channels cut with three different laser speeds were tested: 

0.5%, 1% and 2% speed. Five test channels were cut at a laser speed of 0.5%, with powers ranging 

from 2.5% to 6%. Eight test channels were cut laser speeds of 1% and 2%, with powers ranging 

from 2.5% to 8%. All test channels were cut with two passes of the laser line to minimize 

variability in channel dimensions and were not bonded. The unbonded channel depths as they 

relate to laser power for these test channels can be seen in Figure 3-1. The lines of best fit in Figure 

3-1 were then used to predict the laser power required to achieve a certain unbonded channel depth. 

These lines also allowed for the ablation threshold of PMMA (i.e., minimum laser power needed 

to engrave a channel) to be determined given a specific laser speed. For example, Equation (3-1) 

was used to predict the laser power required for a given channel depth using a laser speed of 0.5%. 

It indicates an ablation threshold of ~1.8% laser power. The formulae for the other two laser speeds 

are provided in Figure 3-1. They are written in the colours corresponding to their data on the graph. 
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Figure 3-1 – The relation between known unbonded channel depths and the laser power used to cut channels with two passes at a 

speed of 0.5%, 1% or 2% at 1000 Hz and focused on the chip surface (z = 0). Data was gathered from test pieces fabricated and 

measured by CB. Equations for the lines of best fit are shown written in the colour corresponding to the data on the graph. 

𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟 [%] =
𝑈𝑛𝑏𝑜𝑛𝑑𝑒𝑑 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐷𝑒𝑝𝑡ℎ [𝑢𝑚] + 273.11

156.2
 (3-1) 

 

A similar graph was made for channel width (Figure 3-2). For a laser speed of 0.5%, channel width 

was constant regardless of laser power and was not plotted. Additionally, only two laser powers 

with a laser speed of 0.5% were used, 3.1% and 3.5%, and both had the same channel width. 

Therefore, variations in channel width for the laser speed of 0.5% were not considered. 

It was observed that bonded channel dimensions were slightly smaller than unbonded channel 

dimensions. On average, the depth of a bonded channel was ~96% of its unbonded depth, and the 

width of a bonded channel was ~83% of its unbonded width for the channel types considered in 

this thesis. This average included channels cut at 0.5% and 1% laser speeds with powers ranging 

from 2.7% to 3.5%. These conversions were approximate values because the relationships between 

the bonded and unbonded dimensions varied between channels with different dimensions and 

between fabrication runs.  

On average, the depth of a bonded channel cut with a laser power of 3.5% and a laser speed of 

0.5% was 94% of its unbonded depth. The width of these bonded channels was 82% of their 

unbonded width. The depth of a bonded channel cut with a laser power of 3.3% and a laser speed 

of 1% was 90% of its unbonded depth, and the bonded width was 89% of its unbonded width. The 

depth of a channel cut with 3.1% laser power and 1% laser speed was 97% of its unbonded depth, 

and its width was 93% of its unbonded width. These relationships between bonded and unbonded 

dimensions were highly variable and could not be determined until at least one fabrication run was 

performed using the settings. Therefore, the bonded channel depth was assumed to be ~96% of the 

unbonded channel depth, and the bonded channel width was assumed to be ~83% of the bonded 

channel width for all channel types as a first approximation. 
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Using the relationships between the unbonded channel dimensions and the adjustments for bonded 

channel dimensions, reasonably accurate channel dimensions for a given microfluidic device 

design could be estimated based only on laser parameters. 

 
Figure 3-2 - The relation between known unbonded channel widths and the laser power used to cut channels with two passes at 

speeds of 1% and 2% at 1000 Hz and focused on the chip surface (z = 0). Data was gathered from test pieces fabricated and 

measured by CB. Equations for the second-order polynomial of best fit are shown in the colour corresponding to the data on the 

graph. 

3.3.2 Fabrication Verification Testing Procedure 

The channel profile in a microfluidic device is vital to understanding fluidic resistance and, 

therefore, the device's operating conditions. A quality control test was developed to examine 

channel profiles and verify that the fabrication processes were performed as intended.  This test 

involved cutting a series of test channels and selected throughcuts into a piece of PMMA. The 

throughcuts were parallel or perpendicular to the test channels, such that the piece of PMMA could 

be cracked along the lines created by the throughcuts. These throughcuts resulted in cracks along 

or across the test channels. Channel cross-sections were then examined and measured using a 

microscope to observe the cracked face of the PMMA test piece. This test was referred to as a 

“crack test”, and the piece of PMMA with the test channels a “crack test chip”. 

An example of an early crack test chip designed for the fabrication process can be seen in Figure 

3-3. Blue and green lines denote test channels, red lines are throughcuts, and the bounding red 

rectangle is the outline of the piece of PMMA (dimensions of 76.2 mm by 25.4 mm). The crack 

test chip was designed to measure channel depth variation along a test channel and the depth and 

width of a channel. Additionally, it could determine how proximate channels could be cut before 

they began interfering with adjacent channel geometry. 

Cracking the test chip along a crack line parallel with the test channel provided a channel profile 

such as the one shown in Figure 3-4. This allowed channel depth to be measured at multiple points 

along the length of a test channel. This type of crack line was rarely used when measuring channel 

dimensions and only to examine depth variation along the length of the channel. When used, the 

crack would be examined from above to ensure that it followed the center of the channel. 
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Figure 3-3 – An early crack test chip design for the thesis fabrication process. 

 
Figure 3-4 - A parallel cross-section of a channel cut with two passes of the green laser line in the zig-zag region of the 

unbonded crack test chip blank.  

Examinations of channel profiles by cracking the test channels along perpendicular crack lines 

resulted in cross-sections like the one shown in Figure 3-5.  

The procedure for performing crack tests was relatively simple. First, the crack test chip was 

cleaned with a water and detergent solution (five drops Palmolive detergent in 100 mL water) and 

allowed to dry completely. Drying the chip could be accelerated by drying with the laboratory’s 

clean, dry air supply. The crack test chip was then placed flat on a benchtop with the test channels 

facing upwards. The crack line to be cracked was then aligned with the edge of the benchtop. This 

resulted in part of the chip being on the benchtop and another section extending past the benchtop 

edge. While holding the chip on the benchtop, a pressure was applied to the region extending past 

the benchtop. A clean break along the crack line aligned with the edge of the benchtop was then 

created. The cracked edge was then positioned under a stage microscope equipped with a USB 

camera, and test channel cross-sections were photographed (the microscope is defined in detail in 

Section 4.4). This procedure was performed on all crack test chips made for this thesis and 

evaluated the fabricated devices. 
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Figure 3-5 - A perpendicular cross-section of two channels cut with two passes of the green laser line in the zig-zag region of the 

unbonded crack test chip blank.  

The dimensions of the crack test channels observed were then measured and compared to either 

previous fabrication runs or the predicted channel dimensions for a specific fabrication run. When 

analyzing crack test chips, the primary concern was consistency between dimensions for channels 

cut with the same laser settings. However, crack test chips were also used diagnostically to 

determine if a problem occurred with fabricating a particular design.  

3.3.3 Crack Test Chip Results 

There were four fabrication runs performed as part of this thesis. The first fabrication run produced 

droplet generating devices without an integrated droplet trap. Every subsequent fabrication run 

produced droplet generating devices with integrated droplets traps of varying designs (discussed 

in Chapter 7). For the first three fabrication runs, at least one crack test chip was produced and 

examined in each fabrication run. 

Regardless of whether it had an integrated droplet trap, every droplet generating device used the 

same channels for the main channel, dispersed phase input channel and continuous phase input 

channel as defined in the droplet generator model described in Section 2.5. These channels were 

all cut with the same laser line, with 3.5% laser power and 0.5% laser speed settings. All channels 

cut with these settings were expected to have the same channel dimensions. These channels were 

considered the standard channels for this thesis.  

Examining the crack test chips from the initial design and fabrication run (Fabrication Run 1), it 

was found that channels cut in a horizontal orientation and channels cut in a vertical orientation 

had different channel cross-sections and dimensions. An example of the channel cross-section of 

a horizontally-oriented channel, with the channel dimensions labelled, is shown in Figure 3-6. An 

example of the channel cross-section of a vertically-oriented channel, with the channel dimensions 
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labelled, is shown in Figure 3-7. Comparing these two cross-sections shows that channels cut in a 

horizontal orientation were deeper and narrower than channels cut in a vertical orientation.  

 
Figure 3-6 – Cross-section of a horizontally-oriented channel of a Droplet Generator with channel width (w) and channel depth 

(h) labelled. The cross-section is of the main channel in a long, straight and isolated position. 

The difference in channel dimensions between horizontally-oriented and vertically-oriented 

channels does introduce a minor problem in predicting channel dimensions. Due to this difference, 

Figure 3-1 and Figure 3-2 can only approximate the channel dimensions before fabrication. As 

more data was gathered, the dimensions of specific laser settings used to cut channels in specific 

orientations were understood and used to predict channel dimensions before fabrication. 

It can also be seen in Figure 3-6 and Figure 3-7 that the roofs of the channel were slightly lower 

than the division between the two thermally-bonded PMMA layers. This behaviour was 

determined to be a side effect of the thermal bonding process and did not significantly affect the 

channel dimensions.  

Based on 12 measurements of vertically-oriented channels and six measurements of 

horizontally-oriented channels from the first fabrication run of devices, the average channel 

dimensions for both channel orientations were determined. Channels cut in a horizontal orientation 

had an average depth of 242 ± 6 μm and an average width of 127 ± 8 μm. Channels cut in a vertical 

orientation had an average depth of 221 ± 17 μm and an average width of 147 ± 9 μm. The 

increased uncertainty in the depth of the vertically-oriented channels was attributed to difficulties 

in obtaining a clean crack through these channels. These represented the dimensions of the 

standard channels used in all devices. 

Based on these dimensions, vertically-oriented standard channels had a 6% larger area and a 0.7% 

larger perimeter. These differences were not a significant issue as the resistances of channels cut 

in each orientation could be calculated. Therefore, the difference in resistances could be accounted 

for in the modelling of devices once the issue was identified.  
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Figure 3-7 – A cross-section of a vertically-oriented channel of a Droplet Generator with the channel width (w) and channel 

depth (h) labelled. The cross-section is of the dispersed phase input channel in a long, straight and isolated position. 

Subsequent fabrication runs of the devices with integrated droplet traps also had slightly different 

standard channel dimensions, but these variations were not significant. The average dimensions of 

standard channels across all fabrication runs – including devices with integrated droplet traps – are 

reported in Table 3-2. It should be noted that some measured channel dimensions were not 

characterized by their orientation and therefore were not included in the average channel 

dimensions for specific orientations. It can be seen in Table 3-2 that vertically-oriented channels 

were, on average, shallower and wider than horizontally-oriented channels. 

Table 3-2 – The average depths and widths of the standard channels across all fabrication runs. The “All Channels” group 

includes both horizontally-oriented and vertically-oriented channels. 

Channel Orientation Sample Number Depth [μm] Width [μm] 

All Channels 72 
240 ± 17 

(± 7.1%) 

132 ± 20 

(± 15%) 

Horizontally-Oriented 28 
253 ± 12 

(± 4.7%) 

119 ± 22 

(± 18%) 

Vertically-Oriented 30 
236 ± 10 

(± 4.2%) 

138 ± 13 

(± 9.4%) 

 

There was some variability in channel dimensions from fabrication run to fabrication run. 

However, channel dimensions were consistent between devices in the same fabrication run. 

Therefore, devices made in the same fabrication run were expected to behave similarly but showed 

varied behaviour compared with devices from a different fabrication run.  

Table 3-3 summarizes key channel types used during this project and their unbonded and bonded 

channel dimensions measured using crack test chips. These channel types were used for different 

purposes, such as bypass channels or trapping channels for a droplet trap. More channel types were 

used but not examined, and their use will be discussed in more detail in Chapter 7. 
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Another critical observation was made with crack test chips and bonded devices before testing. 

When observing the channels from above, it was noted that they had a speckled appearance. This 

speckled pattern was present in both unbonded and bonded devices. Figure 3-8 shows an example 

of the speckled appearance of the laser-cut channels in a set of channels in an as-received bonded 

droplet trap. These speckles were thought to be minor imperfections in the surface finish of the 

channel walls and can be seen on the channel sidewall in Figure 3-4. 

Table 3-3 – A summary of the unbonded and bonded channel dimensions of different key channels used throughout this thesis. All 

channels were cut with the additional settings of 1000 Hz and focused on the chip surface (z = 0). 

Channel 

Purpose 

Laser 

Power 

[%] 

Laser 

Speed 

[%] 

Orientation 

Unbonded 

Channel 

Depth 

[μm] 

Unbonded 

Channel 

Width 

[μm] 

Bonded 

Channel 

Depth 

[μm] 

Bonded 

Channel 

Width 

[μm] 

Standard 

Channel 
3.5 0.5 

Horizontal 268 ± 13 153 ± 9 253 ± 12 119 ± 22 

Vertical 244 ± 10 170 ± 7 236 ± 10 138 ± 13 

Bypass 

Channel 
3.1 0.5 

Horizontal 187 151 190 ± 5 141 ± 15 

Vertical 203 ± 10 156 ± 4 180 ± 11 139 ± 6 

Bypass 

Channel 
3.3 1 

Horizontal 114 ± 1 124 ± 6 103 ± 8 110 ± 1 

Vertical 110 149 ± 2 94 ± 11 131 ± 1 

Trapping 

Channel 
3.1 1 

Horizontal 98 ± 2 120 ± 1 95 ± 3 111 ± 4 

Vertical 91 ± 9 138 85 ± 6 137 ± 6 

 

The speckled channel appearance could not be removed by flowing fluids through the channels, 

including DI water, mineral oil and 70% ethanol. They were not observed to change during device 

operation or significantly affect the performance of devices. The literature suggests that they might 

be removed through treatment with chloroform during the fabrication process [122]–[124]. As the 

speckled appearance of the channels was not found to affect device performance, no corrective 

action was taken during this thesis. 

 
Figure 3-8 – A picture of bonded channels of a droplet trap taken with 10x magnification of the Microscope. The photograph was 

taken of the chip as received after the fabrication process. 
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3.4 Fabrication Considerations 

The fabrication process for the microfluidic devices (i.e., chips) made in this thesis was 

standardized on PMMA substrates with dimensions of 3 cm x 4.7 cm, with each chip having three 

wells. Two well configurations were used: a configuration where two wells had radii of 0.84 mm 

and one well had a radius of 3.5 mm; and a second configuration where all three wells had radii of 

0.84 mm. In all chip designs, parallel channels were spaced at least 1.6 mm apart, unless they were 

part of a droplet trap, and were no shorter than 1 cm in length. The minimum channel length was 

imposed to help prevent contamination should backflow occur. It also allowed droplet formation 

at the T-junction to be examined with a stage microscope during operation.  

The main channels of the droplet generators were designed in a zig-zag configuration (i.e., a series 

of parallel lines with connections at alternating ends) so that several droplets could be optically 

observed simultaneously. The minimum channel length to implement a zig-zag shaped main 

channel while maintaining a stable channel profile was ~4.5 cm.  

The specifications described in the preceding paragraph, restricted channel density, and the lengths 

and orientations of the channels that could form a T-junction influenced the design of the droplet 

generators. The nature of these restrictions was difficult to quantify in a limit on the total length 

of channels that could fit on a device. It was estimated that the total length of channels used in a 

single device could not be larger than 38 cm and have the device fit onto the 3 cm x 4.7 cm PMMA 

chips being used in the fabrication process. These limits were considered when designing the 

microfluidic devices, as discussed in Chapter 6 and Chapter 7. 

3.5 Verification of PMMA Surface Properties 

When designing microfluidic droplet generating devices, particularly those involving droplet 

trapping, understanding which channel surfaces will contact the Dispersed Phase helps predict 

droplets' shape and interfacial tension. Furthermore, ensuring the Dispersed Phase does not contact 

the channel walls ensures droplets of the Dispersed Phase will be formed. 

In the devices used in this thesis, droplets are formed and flow through microfluidic channels laser 

cut into PMMA. The effects of laser cutting on the wetting behaviour and contact angle of water 

and PMMA has been the subject of some research. 

PMMA is normally hydrophobic but has a contact angle of ~70o for water with no other competing 

fluids present and may demonstrate some hydrophilic behaviours [125]. Various lasers used to 

ablate the surface of a piece of PMMA have been shown to affect the contact angle of the PMMA 

[125]–[130]. However, these changes are not consistent between different lasers, and it is unclear 

if they represent a microchannel environment. Most of the tests on this subject have been 

performed with a roughened wide surface of PMMA, not a microchannel, and it is known that 

surface roughness plays a role in the contact angle of a surface. Therefore, it was necessary to 

perform additional testing to verify the surface properties and contact angle of PMMA using the 

Dispersed Phase and Continuous Phase chosen for this thesis. 
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Measurements of the contact angle of Dispersed Phase on a PMMA surface submerged in 

Continuous Phase were performed to determine whether the oil submerged PMMA surface would 

be hydrophobic (contact angle of > 90o) or hydrophilic (contact angle of < 90o). A piece of uncut 

PMMA was immersed in the Continuous Phase to create an environment more representative of a 

droplet in a channel. A 50 µL droplet of the Dispersed Phase was then pipetted onto the PMMA 

surface and observed periodically over a duration of 10 minutes. Photographs of the contact surface 

were taken, and the contact angle was measured from these (Figure 3-9). The contact angle was 

then measured on the photographs using the angle function of ImageJ, an image processing 

software [131].  

 
Figure 3-9 - A droplet of DI water resting on an uncut PMMA surface submerged in mineral oil after one minute. The measured 

contact angle (ϴ) is marked on the figure. 

Four conditions were tested: a droplet of DI water on a PMMA surface submerged in mineral oil, 

a droplet of DI water on a PMMA surface submerged in Continuous Phase, and these same two 

conditions but using droplets of Dispersed Phase. These different fluid combinations were tested 

to understand better the effects that the blue dye in the Dispersed Phase and Span 80 in the 

Continuous Phase had on the behaviour of droplets. 

The contact angle of each test droplet was measured five times per test over a duration of 10 

minutes: (1) immediately after the droplet was placed on the PMMA surface, (2) 30 seconds after 

droplet placement, (3) one minute after droplet placement, (4) five minutes after droplet placement 

and (5) 10 minutes after droplet placement. Each condition was tested three times to verify that 

the results were reproducible.  

The average contact angle over the 10 minutes for each condition tested can be seen in Table 3-4. 

The contact angle appeared to decrease slightly over the 10 minutes (Figure 3-10). However, the 

slopes of each line of best fit were not statistically significant within a 95% confidence interval, 

except the DI water in Continuous Phase test. This test suggests that over time, in the case of DI 

water in Continuous Phase, the PMMA surface becomes more hydrophilic. However, at the rate 

indicated by the slope of the line of best fit (-0.0057 degrees per second), it would take 
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approximately 2 hours and 15 minutes for this to occur. This behaviour may or may not occur in a 

microfluidic channel due to the use of moving fluids. However, it should be noted as it may affect 

droplet and device lifetimes, particularly in the case of stationary (or trapped) droplets.  

Averaging all values over the 10 minutes was deemed acceptable in all cases except for the DI 

water in Continuous Phase test because there was no statistically significant change in contact 

angle. Based on the data in Table 3-4, the presence of blue dye in the DI water did not significantly 

affect the contact angle between the water and the PMMA. However, the presence of Span 80 in 

the mineral oil did significantly increase the contact angle. 

Table 3-4 - The average contact angle for each test case over the 10 minutes of observation. Values denoted with a * denote the 

range of contact angles over the 10-minute test period as there was a statistically significant change in the contact angle for 

these test conditions. 

Test Case 
Number of 

Measurements 

Average Contact 

Angle [o] 

Standard Deviation of 

the Contact Angle [o] 

DI Water in Mineral 

Oil 
15 117.7 6.1 

DI Water in 

Continuous Phase 
15 132.5 - 137.1* 2.5 

Blue Dyed DI Water 

in Mineral Oil 
15 116.8 3.2 

Blue Dyed Water in 

Continuous Phase 
15 136.2 4.0 

 

It should be noted that a decrease in contact angle occurred in the conditions where the PMMA 

was submerged in mineral oil between the one-minute and five-minute observation points (Figure 

3-10). A similar decrease was seen in the conditions where the PMMA was submerged in 

Continuous Phase, but only after five minutes of contact between the droplet and the PMMA 

surface (Figure 3-10). These decreases were slight and not statistically significant, except in the 

case of the DI water in Continuous Phase test, as discussed above. 

The contact angle test measurements summarized in Table 3-4 demonstrate that the uncut PMMA 

surface, when submerged in mineral oil or Continuous Phase, presents a hydrophobic surface to a 

water droplet. Therefore, minimal contact between a water droplet and an uncut PMMA channel 

surface was expected. Tests of non-submerged PMMA suggested that laser-cut PMMA surfaces 

and uncut PMMA surfaces had similar contact angles for DI water (data not shown). Therefore, a 

laser-cut PMMA surface would also be expected to be hydrophobic when submerged in mineral 

oil or Continuous Phase for an extended period. However, over time the PMMA surface may 

become more hydrophilic.  

As water-in-oil droplets are formed in oil-filled microfluidic channels, channel surfaces in a 

microfluidic device can be considered “submerged” in Continuous Phase. The droplets are 

expected to be separated from the channel walls by a sheath of Continuous Phase, preventing wall 

contact. Therefore, the Dispersed Phase droplets should show minimal direct contact with the 

channel walls, particularly when in motion. However, this may change over time, especially if 

droplets are held stationary. Inclusion of a surfactant, Span 80, into the Continuous Phase increases 
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the contact angle, further minimizing any channel wall contact a Dispersed Phase droplet may 

have. Therefore, to design the microfluidic devices for this thesis, channel walls were considered 

preferentially contacted by Continuous Phase while droplets moved. 

 
Figure 3-10 - A comparison of the DI water contact angle for each test condition over the 10-minute observation (exposure) 

period. Each point on the graph represents an average of three measured values, and the corresponding error bars are equal to 

one standard deviation of that average. 

3.6 Verification of Fluid Properties 

The relevant fluid properties for operating a gravity-fed microfluidic droplet generator are density, 

viscosity and interfacial tension. The densities of the fluids are used only to determine the input 

pressures of fluids using Equation (2-2). Of more importance are the viscosities of the fluids, which 

are used to calculate the hydraulic resistance of channels and the Capillary number of fluid flows 

(Equation (2-7) and Equation (2-8), respectively). The interfacial tension is also a crucial 

parameter in calculating the Laplace pressure and trapping pressure of a droplet trap. 

3.6.1 Verification of Fluid Density 

The microfluidic devices used in this thesis use fluid reservoirs held at specific heights above the 

devices to generate fluid pressures on-chip. Fluid pressures generated in this way can be calculated 

using Equation (2-2). They can only be determined accurately if both the density of the fluids and 

the height of the fluid reservoirs are known with precision. The density of three fluids of interest - 

DI water, mineral oil and the Continuous Phase - were measured for this project. The density of 

the Dispersed Phase was not measured, as the loading of blue dye in DI water was low (~1% by 

volume), and the density of the dye was similar to that of DI water (Table 3-1) [118]. Therefore, 

the dye was expected to have little to no effect on the density of the Dispersed Phase (Table 3-1). 

The mass of a known volume of each of the three fluids identified above was measured to within 

0.1 mg. Density was then calculated by dividing the measured mass by the known volume 

(i.e., mass/volume = density). To accurately measure the volume of each weighed fluid, each fluid 

was in turn drawn into a different 1 mL syringe with 0.1 mL major gradations and 0.01 mL minor 

gradations. Different syringes were used for the DI water, mineral oil and Continuous Phase, 
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respectively, to avoid cross-contamination of the fluids. It was estimated that the volume could be 

accurately measured to within ±0.005 mL in the 1 mL syringe. Care was taken to ensure that no 

air bubbles were present in the fluid in the syringe.  

When filled with fluid, the syringe was weighed when it contained 0.8 mL of fluid by placing it 

into a tared beaker on a digital scale. The syringe was weighed again in the same manner after 

expelling the fluid from the syringe. The difference between these two measurements was 

determined to be the mass of the known fluid volume. The syringe mass and the mass dead volume 

in the syringe were eliminated from the measurement by taking this difference.  

Each fluid was measured separately six times, with each syringe being emptied and refilled for 

each measurement. The exterior of each syringe was cleaned after drawing fluid to minimize 

unintended fluid volume. All fluids were measured at a temperature of 22 ± 0.5oC. 

The density measurements for DI water, mineral oil, and the Continuous Phase are presented in 

Table 3-5. Error in the measurement system was primarily related to the uncertainty in measuring 

the volume of the fluid samples and is also included in Table 3-5. The measured density of DI 

water (0.996 ± 0.001 g mL-1) was found to agree with the density of water at 22oC reported in the 

literature (0.997 g mL-1, [117]). As stated above, the Dispersed Phase was expected to have the 

same density as unaltered DI water.  

The measured density of mineral oil (0.852 ± 0.003 g mL-1) was far from the value reported by 

Sigma-Aldrich on its material safety data sheet (0.840 g mL-1) but within the reported range 

(0.839-0.859 g mL-1) on its specification sheet [119]. This range confirmed that the mineral oil 

had the expected density. 

Table 3-5 – The measured density results for DI water, mineral oil, and Continuous Phase. The standard deviation of the average 

value represents the non-systematic error in the measurement, and the error in the measurement system represents systematic 

sources of error. 

Fluid 
Sample 

Size 

Average Density 

[g mL-1] 

Standard Deviation 

of Average [%] 

Error in Measurement 

System [%] 

DI Water 6 0.996 0.17 0.62 

Mineral Oil 6 0.852 0.42 0.62 

Continuous 

Phase 
6 0.855 0.38 0.62 

 

Assuming that the measured density of mineral oil was correct, then the density of the Continuous 

Phase would be 0.854 g mL-1 considering the reported density of Span 80 of 0.99 g mL-1 [120]. 

The measured density of the Continuous Phase (0.855 ± 0.003 g mL-1) agreed with this theoretical 

value. Therefore, to design microfluidic devices, the Continuous Phase density was 

0.855 ± 0.003 g mL-1. 

The fluid density verification described above indicated that the values of 0.996 g mL-1 and 

0.855 g mL-1 were appropriate values for the density of Dispersed Phase and Continuous Phase in 

the microfluidic design procedures, respectively. 
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3.6.2 Verification of Fluid Viscosity 

Determining the viscosity of the fluids used in the microfluidic devices for this project was 

important as a critical parameter in predicting channel resistance, which is vital in modelling 

droplet generation and trapping behaviour. A purpose-built capillary viscometer was used to 

measure the viscosities of DI water, mineral oil, the Continuous Phase and the Dispersed Phase. 

The viscometer was based on the viscosity measurement technique described by Peiris and 

Tennakone [132].  

The viscometer was comprised of a 10 cm length of tubing (with an estimated nominal 570 μm 

inner diameter (ID)), a 16-gauge needle, a 10 mL syringe with its plunger removed, and a wooden 

dowel attached to a plumb wall in a vertical orientation. A 2 cm length of the tubing was inserted 

in the 16-gauge needle and then glued in place using Gorilla Glue Gel Super Glue, sealing the 

needle aside from the hole in the tubing. The needle was attached to the 10 mL syringe, which was 

then attached to the wooden dowel 10 cm above the benchtop with the open end of the syringe 

directed upwards. The syringe was secured at a height where the open end of the tubing was just 

above the benchtop. The open end of the tubing was then placed in an empty 100 mL beaker filled 

with just enough test fluid to submerge the open tubing end. The beaker was used to collect fluid 

running through the viscometer. During set up, special care was taken to ensure that the syringe 

and tubing were exactly vertically-oriented. A schematic representation of the viscosity 

measurement system can be seen in Figure 3-11. 

The viscometer was operated by filling the open 10 mL syringe with fluid until the tubing and 

syringe were filled to just above the 3 mL mark while fluid was flowing through the tubing. This 

mark was 16.6 cm above the open lower end of the tubing. Then, the time for 1 mL of fluid to 

drain from the syringe was recorded. This was a measurement of the time required for the fluid 

level to fall from the 3 mL mark to the 2 mL mark, 16.0 cm above the lower end of the tubing. The 

recorded time was used to calculate the volumetric flow rate through the tubing: 1 mL/time 

difference (seconds). By measuring the fluid flow through the viscometer once the tubing was full 

and having the lower end submerged in a thin layer of test fluid, capillary/wetting forces and 

Laplace pressures were expected to have negligible effects on the measurement of the fluid flows. 

All tests were performed at room temperature (22 ± 0.5 oC). 

The viscometer was cleaned using a 70% ethanol solution when switching from measuring a water 

phase (DI water or Dispersed Phase) to measuring an oil phase (mineral oil or Continuous Phase).  

After cleaning, the next test fluid was run through the tubing twice to remove any trace amounts 

of ethanol left in the tubing after cleaning. Test runs were only performed after completion of these 

cleaning steps to minimize cross-contamination between test fluids.  

The volumetric flow rate was then used to calculate the viscosity of the test fluids (η) using 

Equation (3-2). Equation (3-2) uses the volumetric flow rate (Q) [m3 s-1], the density of the fluid 

(ρ) [kg m-3], the radius of the tubing (r) [m], the length of the tubing (L) [m], the average height of 

the fluid above the benchtop (h) [m], and the acceleration due to gravity (g) [m s-2] [132]. The 

height of the fluid and length of the tubing were both measured to within ± 1 mm. This system 

assumed that fluid flows were laminar and thus followed the equation for Poiseuille flow used to 
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derive Equation (3-2). The Reynold’s number was calculated for each test case and never exceeded 

100, far below the 1500 limit where flow is no longer laminar [93]. Therefore, the flows through 

the viscometer were expected to be laminar. 

𝜂 =  
𝜋𝑟4𝜌𝑔ℎ

8𝑄𝐿
 (3-2) 

 

By taking the derivative of Equation (3-2) with respect to each of the measured variables (tubing 

inner radius, fluid height, tubing length and volumetric flow rate), it was found that the largest 

source of error would be in the measurement of the inner radius of the tubing. Therefore, particular 

attention was paid to determining the tubing radius used in the viscometer, which was 

285 ± 4.79 μm. This value was determined using a stage microscope by examining the tubing 

cross-section at five points along its length. The tubing diameter was then measured at five 

locations for each cross-section. The average of all measurements was then determined and divided 

by two.  

 
Figure 3-11 – A schematic drawing of the purpose-built viscosity measurement system.  

For calculations using Equation (3-2) and the measured inner radius, error propagation calculations 

predicted an error of 6.72% due to the uncertainty in the tubing’s inner radius. Errors due to 

uncertainty in fluid height or tubing length were estimated to be on the order of 1% for a cumulative 

1.2% error for both parameters. Table 3-6 presents all measured parameters involved in calculating 

viscosity, their known measurement uncertainties and resulting uncertainties in the calculated 

viscosity. 

Table 3-6 – The measurement uncertainty of the measured parameters involved in calculating the viscosity and the resulting 

uncertainty in the viscosity calculation. 

Measured Viscosity 

Parameter 

Measurement Uncertainty 

[%] 

Resulting Uncertainty in 

Viscosity [%] 

Tubing Radius (r) ± 1.68 ± 6.72 

Fluid Height (h) ± 0.61 ± 0.61 

Tubing Length (L) ± 1 ± 1 

 

The results of viscosity testing performed with the viscometer are shown in Table 3-7. The standard 

deviations of the average viscosity values represent non-systematic (random) errors in 
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measurements. Errors due to uncertainty in the tubing radius represent the most significant 

systematic error in the measurement system and are also shown. No trends were observed between 

runs for any of the tested fluids. 

Table 3-7 – The measured viscosity results using the purpose-built capillary viscometer. The standard deviation of the average 

value represents the non-systematic error in the measurement system. The error due to the tubing’s inner radius represents the 

largest source of systematic error in the measurement system. 

Fluid 
Sample 

Size 

Average 

Viscosity 

[mPa s] 

Standard 

Deviation of 

Average [%] 

Error due to 

Measurement System 

Uncertainty [%] 

DI Water 5 0.97 1.11 6.72 

Dispersed Phase 5 1.01 1.62 6.72 

Mineral Oil 5 26.58 2.25 6.72 

Continuous 

Phase 
5 28.51 0.42 6.72 

 

The viscosity of DI water is well known to be between 0.89 mPa s at 25oC and 1 mPa s at 20oC, 

and a value within that range was expected [117]. Therefore, the values determined by 

measurements made with the viscometer for the DI water and Dispersed Phase agreed with the 

literature (0.97 mPa s and 1.01 mPa s, respectively). 

The viscosity of the mineral oil used was only reported at 40oC, far from the temperature at which 

these viscosity measurements were performed (Table 3-1) [119]. However, a value of 30 mPa s 

has been reported for two different varieties of mineral oil in literature at room temperature 

(between 20oC and 25oC) [70], [112], [133]. As mineral oil is typically a mixture of different length 

hydrocarbons, it is not expected that different mineral oils will have precisely the same viscosity. 

However, it appears that a value of 30 mPa s is a representative viscosity of similar mineral oil 

products. Therefore, a similar viscosity could be expected for the mineral oil being used in this 

thesis at the testing temperature (22 ± 0.5oC). The values determined by measurements made with 

the viscometer for the mineral oil and Continuous Phase agreed with a representative viscosity of 

similar mineral oil products. 

However, the measured viscosities may have been influenced by the large systematic error of the 

viscometer. Because water is such a well-studied fluid, it can be used as a calibration standard for 

the viscometer, allowing for the removal of systematic errors from the measured values. A 

theoretical value for the viscosity of water at the conditions tested (e.g., fluid temperature) needed 

to be determined to use such a calibration standard. 

The Vogel equation (Equation (3-3)) can be used to determine the viscosity of a fluid based on 

temperature [134]. In Equation (3-3), a, b and c are constants dependent on the fluid, and T is the 

temperature of the fluid in Kelvin (K). The Dortmund Data Bank has reported the constants 

required for the Vogel equation with DI water as a = -3.7188, b = 578.919 and c = -137.546 [134]. 

It determined these parameters by fitting the Vogel equation to collected viscosity data between 

T = 273 K and T = 373 K for DI water. Therefore, the reported parameters are only valid to predict 

viscosities in this temperature range.  



 64  

 

𝜂 =  𝑒𝑎+
𝑏

𝑇+𝑐 (3-3) 

 

For the Vogel Equation to be accurately used (i.e., to predict a viscosity within a 95% confidence 

level) with DI water, the fluid temperature must be stable to within ± 2oC. In the experiment 

described above, the temperature of the DI water was measured to be 22 ± 0.5oC (295 ± 0.5 K). 

Therefore, the parameters for the Vogel equation detailed above could be used, and the calculated 

viscosity was expected to be accurate. 

A viscosity of 0.958 ± 0.011 mPa s for DI water can be determined using the Vogel equation with 

the parameters provided by Dortmund Data Bank and a temperature of 22 ± 0.5 oC. This value 

agreed with the measured value for DI water (0.97 mPa s). It is within the combined uncertainty 

due to the measurement error and the standard deviation of the average measured value (combined 

systematic and random errors). Therefore, it was reasonable to believe that the measured values 

were correct.  

The uncertainty in measuring the inner radius of the capillary tubing represented a systematic error 

and was primarily due to measurement difficulties. These measurement challenges included 

anomalies in the tubing structure (i.e., not perfectly circular cross-sections) and difficulties 

ensuring a perfectly perpendicular view of the tubing cross-section. As the measurements appeared 

to be successful, it was possible to refine the estimate of the tubing inner radius based on the 

calculated value of DI water viscosity using the Vogel equation. In other words, the known value 

of DI water viscosity was used as a calibration standard for the viscometer system. The effective 

tubing radius for the measured viscosity to match the calculated viscosity would be 284 μm to the 

nearest micrometre. Using the effective tubing radius eliminated the systematic error in the 

measurement system due to the uncertainty in the inner radius measurement. 

The measured viscosities calculated with an effective inner radius of 284 μm are shown in Table 

3-8. Using the effective inner radius to calculate the values shown in Table 3-8, the largest error 

from the measurement system is much lower, originating only from uncertainty in the 

measurement of fluid height and tubing height. This uncertainty represented a combined error of 

~1.2%. While the temperature does affect the viscosity of the fluid being tested, it was not included 

in the error due to measurement system uncertainty. All fluids were tested on the same day at the 

same temperature, and there was no clear linkage between fluid temperature and its effects on 

Equation (3-2). 

The measurements of the viscosities of mineral oil and Continuous Phase took far longer test (~310 

seconds compared to ~24 seconds for each of the water phases) as could be reasonably expected. 

Except for two values for mineral oil, the viscosity measurements provided much more precise 

values for the average viscosities. The explanation of why two measured values (the second and 

final values) of the viscosity testing of mineral oil deviated by ~0.6 mPa s (corresponding to ~10 

seconds of measurement time) compared to the average value is unclear.  

The viscosity measurements performed for this project found that a viscosity of 0.96 ± 0.02 mPa s 

was appropriate for DI water, and a viscosity of 0.99 ± 0.02 mPa s was appropriate for the 
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Dispersed Phase. A viscosity of 26.39 ± 0.96 mPa s was appropriate for mineral oil, and a viscosity 

of 28.31 ± 0.52 mPa s was appropriate for the Continuous Phase. These values were used in the 

design and modelling of microfluidic devices for this thesis. 

Table 3-8 – The measured viscosities using the viscometer considering the effective tubing radius of 284 μm. The standard 

deviation of the average value represents the non-systematic error in the measurement system. 

Fluid 
Sample 

Size 

Average 

Viscosity 

[mPa s] 

Standard 

Deviation of 

Average [%] 

Error due to 

Measurement System 

Uncertainty [%] 

DI Water 5 0.956 1.11 1.2 

Dispersed Phase 5 0.993 1.62 1.2 

Mineral Oil 5 26.393 2.25 1.2 

Continuous 

Phase 
5 28.313 0.42 1.2 

 

3.6.3 Interfacial Tension 

The tests described above indicate that channels preferentially fill with oil rather than water (i.e., 

the channel walls are hydrophobic, see Section 3.5). Therefore, droplets in microfluidic channels 

will be surrounded by a sheath of the Continuous Phase. This conformation indicates that the 

interfacial tensions that should be considered are those for the Dispersed Phase - Continuous Phase 

interface. However, some evidence of contact between stationary droplets and the channel walls 

was found (see Section 6.3.2). Therefore, understanding all possible interfaces a droplet could 

form may be essential to understand droplet behaviour in the devices. 

The possible interfacial tensions involved in the behaviour of Dispersed Phase droplets are listed 

in Table 3-9. Interfacial tensions could not be found in the literature for the exact fluids being used 

in this project. Therefore, as a starting point, interfacial tensions that were thought to be 

representative were assumed to be true for the fluids being used and were later verified. 

The reported values in Table 3-9 assume that Span 80 plays no role in the PMMA-Continuous 

Phase interactions and assume that mineral oil behaves similarly to a silicone oil with a viscosity 

of 48.1 mPa s [115]. The interfacial tension between 2 wt% Span 80 in mineral oil and DI water 

was measured using a mineral oil with a viscosity of 30 mPa s and a density of 0.875 g mL-1 [70], 

[133]. The value of the interfacial tension between mineral oil and DI water was measured using 

a mineral oil with a viscosity of 30 mPa s and a density of 0.84 g mL-1 [112]. 

Table 3-9 – The possible interfacial tensions that could be involved in the surface energy of a droplet. The * denotes an estimate 

of the surface energy assuming mineral oil behaves similarly to silicone oil. 

Interface Interfacial Tension [mN m-1] 

PMMA – DI Water 22.04 [115] 

PMMA – Mineral Oil 4* [115] 

2 wt% Span 80 in Mineral 

Oil – DI Water 
5 [70], [133] 

Mineral Oil – DIW 46.28 [112] 
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A Continuous Phase-sheathed droplet in a PMMA channel has two interfaces (PMMA-Continuous 

Phase and Continuous Phase-Dispersed Phase) with a combined interfacial tension of 

approximately 9 mN m-1. In contrast, a direct droplet-PMMA interface has an interfacial tension 

of just over twice as large. This variability might lead to erratic droplet pressure behaviours due to 

the uncertainty of the presence of the Continuous Phase sheath, mainly when the droplet is 

stationary (see Section 6.3.2). As discussed in Section 3.2, the interfacial tension of the Dispersed 

Phase and Continuous Phase interface was not verified before device testing. Instead, a value of 

5 mN m-1, as reported by Bithi et al., was assumed when designing microfluidic devices [70]. 

However, the interfacial tension of the interface was verified when testing the designed droplet 

traps, as will be discussed in Section 7.6. This verification found the assumed value to be 

appropriate. The interfacial tension was verified by fitting the droplet splitting model described in 

Section 2.7 and a form of Equation (2-17) to the observed behaviours in droplet traps fabricated 

for this project. 

3.7 Laser Cut Channel Resistance 

As discussed in Section 2.2.2, understanding the fluidic resistance of microfluidic channels is 

imperative when using the electric circuit analogy to design microfluidic devices. The fluidic 

resistance of channels with standard cross-sections (e.g., circular, rectangular) are well understood 

and can be described by analytical solutions. However, the laser-cut channels used in this thesis 

have non-standard cross-sections with no available analytical solution. Therefore, the resistance 

of the laser-cut channels had to be determined experimentally. 

The approximation of channel resistance based on a channel’s cross-sectional area and perimeter 

proposed by Bruus (Equation (2-7)) was used as a starting point to determine a method of 

predicting channel resistance for this project’s laser-cut channels. A typical cross-section of these 

channels can be seen in Figure 3-12. A difference in contrast can be seen between the top and 

bottom layers due to a difference in the quality of the cracked PMMA surface and the lack of 

channels in the top layer.  

Initially, the cross-sections of the laser-cut channels were approximated as isosceles triangular 

cross-sections when bonded (Figure 3-12(B)). Later, the cross-sections of the laser-cut channels 

were described more precisely as a trapezoid with a rounded bottom end (Figure 3-12(C)). While 

these approximations do not precisely represent the cross-sections of the channels, they provided 

a means of quickly calculating channel perimeters and cross-sectional areas without having to 

make complex measurements for each channel type. 

A series of tests were performed to determine an accurate model for the prediction of channel 

resistance in laser-cut microfluidic channels. These tests used microfluidic chips inscribed with a 

channel connecting two wells. Each well was connected to an open 10 mL syringe using a brass 

fitting, Tygon tubing (with a 1.59 mm ID) and a 16-gauge needle. The chip was placed flat on a 

lab benchtop. Fluid was loaded into one syringe (the “input syringe”), which was affixed above 

the chip at a minimum height of 20 cm, using gravity to flow fluid through the channel. The input 

syringe height defined the pressure applied to the fluid and thereby determined its flow rate through 

the channel (see Equation (2-2) and Equation (2-1)).  
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The fluid flowed to the other well, through its attached Tygon tubing and into an open 1 mL 

“output syringe”. The output syringe was positioned such that its bottom was level with the 

benchtop. The time elapsed to transfer 0.2 mL of fluid from the input syringe to the output syringe 

was measured. This time was then related to the volumetric flow rate of the fluid through the 

microfluidic channel. This method of measuring volumetric flow rate was thought to remove or 

reduce any possible capillary effects on the fluid flow rate, providing a more accurate measurement 

than measuring the fluid velocity in the outflow tubing. The diameter of the output syringe was 

much larger than the diameter of the output tubing, and therefore, Laplace pressure effects were 

not expected to be significant. 

 
(A) 

 
(B) 

Figure 3-12 – (A) A typical cross-section of a bonded laser-cut channel taken using 10x magnification. (B) The channel 

cross-section fit with an isosceles triangle. 

The 0.2 mL mark of the output syringe was 1 cm above the benchtop. Fluid reaching this height 

would only introduce a maximum 5% height difference to the measured input syringe height over 

the testing period. This height difference represented a minimal change in input pressure during 

testing, particularly at higher input syringe heights. During testing, the fluid level in the input 

syringe was maintained at a constant level at the 2 mL mark of the input syringe.  

The microfluidic chip used to test channel resistance had the design shown in Figure 3-13. The 

input syringe was connected to the input well, and the output syringe was connected to the output 

well. The input and output wells are defined in the third sub-chip from the left in Figure 3-13. The 

channel left of the T-junction was sealed at the droplet trap, marked by the blue area length of the 

channel. Consequently, no fluid flowed in that direction, creating a channel with a single fluid flow 

path suitable for channel resistance testing. The resulting channel connecting the input and output 

wells had a total length of 3.524 cm, a depth of 202 ± 9.35 μm, a width of 110 ± 7.57 μm and an 

approximately isosceles triangular cross-section. The value of DI water and Dispersed Phase 

viscosity used to calculate channel resistance was 0.96 ± 0.02 mPa s, as determined by the fluid 

viscosity measurements established in Section 3.6.2. It was assumed that the direction in which 

the channel was cut and the rounded channel corners had no effect on the fluidic resistance of the 

system. No differences in horizontally-oriented and vertically-oriented channels had been found 
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at the time of this experiment. These differences were discovered later in the project and are 

discussed in Section 3.3.3. 

Following error propagation analysis of the methods for calculating channel resistance, it was 

found that the largest source of error was due to the uncertainty in the value of the fluid’s viscosity. 

The viscosity was only known to be within 2.51% of the measured value. Thus, resistance 

measurements had a source of error of at least 2.51%. 

 
Figure 3-13 – The master chip (set of four chips) design fabricated as an early test fabrication run. A pink dashed box surrounds 

the T-junction region. On this fabrication run, the blue region was sealed.  

The sealed channel halfway along the test channel may have acted as a fluidic capacitor [95]. 

However, the calculated time constant of the sealed channel acting as a fluidic capacitor was low, 

only ~0.1 s. Therefore, it was not predicted to affect channel resistance measurements as the 

experiments took much longer than 0.1 s to perform (>120 s, data not shown). 

The resistance of the laser cut channel connecting the input and output wells was measured using 

DI water and Dispersed Phase. The input syringe was placed at six heights: 20 cm, 40 cm, 60 cm, 

80 cm, 100 cm, and 120 cm. Channel resistance was measured three times at each height. The 

applied fluid pressure was calculated using the density of DI water and Dispersed Phase, input 

syringe height and Equation (2-2). 

The measured volumetric flow rate obtained from the tests was plotted against the applied fluid 

pressure, and a line of best fit was applied (see Figure 3-14). The slope of the line of best fit can 

be related to the channel resistance using Equation (2-1) which indicated that the inverse of the 

slope was equivalent to channel resistance. 

Two different models of the channel resistance were considered: (1) Bruus’ equation to 

approximate the resistance of a channel with an arbitrary cross-section (Equation (2-7) with 

α = C = U2/A) and (2) the commonly used approximation for channel resistance based on the 

hydraulic radius (Equation (2-6)). Models were considered assuming the channel had an 

isosceles-triangular cross-section. 

Equation (3-4) and Equation (3-5) were used to calculate the perimeter and cross-sectional area of 

the tested channels. These equations approximated the channels with isosceles-triangular 

cross-sections (Figure 3-12(B)). In Equation (3-4) and Equation (3-5), w represents channel width, 

and h represents channel depth.  



 69  

 

𝑈 = 𝑤 + 2√
𝑤2

4
+ ℎ2 (3-4) 

 

𝐴 =
𝑤ℎ

2
 (3-5) 

 

 
Figure 3-14 – The volumetric flow rate results of channel resistance testing compared to two channel resistance models. The 

channel cross-section was approximated in two ways: as isosceles-triangular. Results indicated that measured channel 

resistance was much lower than expected, as the volumetric flow rate was higher than expected. The measured data points have 

error bars of one standard deviation, while the predicted data points have error bars of 2.51%. 

The measured cross-sectional area of a microfluidic channel with the dimensions listed above was 

~10370 μm2. This was measured from a cross-sectional image of a channel using the image 

processing software ImageJ [131]. Assuming an isosceles-triangular profile for the channel results 

in a calculated cross-sectional area of 11110 μm2 according to Equation (3-5). This represents a 

~7% difference between the measured and calculated cross-sectional areas. Therefore, 

approximating the channel cross-sections as isosceles-triangular was deemed suitable as an 

approximation when calculating the channel resistance. 

The measured volumetric flow rate was found to be within a 10% error of the predicted volumetric 

flow rate using Equation (2-7) when assuming the channels had isosceles-triangular cross-sections.  

Analysis of the fluidic resistance calculated at each applied pressure indicated a statistically 

significant (within a 95% confidence interval) dependency of resistance on applied pressure 

(Figure 3-15). This result was unexpected as no mention of a dependence of fluidic resistance on 

applied pressure has been seen in any literature to date. Additionally, any change in input pressure 

due to the output syringe being filled with fluid was insignificant and could not account for the 

observed behaviour. This same behaviour was found on the second day of testing, which produced 

the same results (data not shown). The cause of this behaviour is unknown but may be related to 

either the capacitance of the Tygon tubing or a cumulative change in pressure over time affecting 

the channel resistance (i.e., the filling of the output syringe over time). There may also be some 
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form of turbulent fluid flow occurring. However, at all settings tested, the Reynold’s number 

indicated laminar fluid flow was expected. 

The results shown in Figure 3-15 show that Equation (2-7) assuming isosceles-triangular channel 

cross-sections produced the closest predictions to the measured results, particularly as the applied 

pressure was increased. At low pressures, the measured resistance varied from the predicted 

resistance by up to 17%. However, at higher pressures, particularly at 11.8 kPa, the measured 

resistance was in close agreement with the predicted value, within 4%. As discussed later, the 

devices in this project are intended to be operated with pressures of about 8 kPa. The results shown 

in Figure 3-15 indicate that the measured channel resistance agrees with the predicted channel 

resistance to within ~6.8% at this pressure.  

These results indicated that Equation (2-7) was the most appropriate method for calculating the 

resistance of a laser-cut channel. However, an additional adjustment factor could further improve 

its predictive ability. Equation (2-7) is rewritten below as Equation (3-6), with α = C = U2/A and 

an adjustment factor of 1.088. This adjustment factor accounts for the channel profile not being 

perfectly isosceles-triangular and minor variations in channel dimensions along the channel length.  

This additional adjustment factor was determined by fitting the channel resistance calculated using 

Equation (2-7), with α = C = U2/A to the average measured resistance over the tested pressure 

range. This adjustment meant that the expected difference in the measured and predicted channel 

resistance at pressures of about 8 kPa was reduced to only ~1.9%. This closer agreement between 

the predicted and the measured resistance demonstrates an improvement in the predictive ability 

of Equation (3-6). An adjustment factor that would result in even more accuracy at the anticipated 

operating pressure was not chosen because it was suspected that operating at lower pressures may 

be required to facilitate droplet trapping. Therefore, it was beneficial to choose an adjustment 

factor that improved the predictive ability at lower pressures.  

For all design aspects in this thesis, laser-cut channel resistance was calculated using Equation 

(3-6) and assuming that bonded channels have isosceles-triangular cross-sections. It was assumed 

that this equation was valid for channels of every dimension to expedite the project. This 

assumption was thought to be reasonable because the resistance of standardized channels 

dominated all devices. 

𝑅 = 1.088
𝜂𝐿𝑈2

𝐴3
 (3-6) 
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Figure 3-15 – Channel resistance calculated at each data point from Figure 3-14. The measured data points are averages of 

three measured values and have error bars corresponding to one standard deviation of that average. The predicted data points 

have error bars of 2.51%.  

3.8 Summary 

The details of the general microfluidic implementation and the chosen fabrication method for this 

thesis – laser cutting microfluidic channels in PMMA – were discussed. A method for predicting 

the dimensions of channels based on laser parameters before fabrication was described, including 

a verification procedure for ensuring the cut channels met their designed dimensions. Then, the 

material and device properties relevant to designing a microfluidic droplet generator were 

discussed and verified. These properties included the surface properties of PMMA, the densities 

and viscosities of the chosen Dispersed Phase and Continuous Phase, and the resistance of the 

laser-cut channels. The properties used in the design of the microfluidic devices in this thesis are 

summarized in Table 3-10. 

Table 3-10 – The fluid properties of the Dispersed Phase and Continuous Phase used to design microfluidic devices in this thesis. 

Fluid Property Dispersed Phase Continuous Phase 

Density [g mL-1] 0.996 ± 0.001 0.855 ± 0.003 

Viscosity [mPa s] 0.96 ± 0.02 28.31 ± 0.52 

 

A new method of calculating the resistance of laser-cut channels was determined based on their 

observed behaviours. For this project, all channel resistances were calculated using Equation (3-6) 

while approximating the channel cross-section as isosceles-triangular. The fluid and device 

properties described and verified in Chapter 3 can be applied to the effective design of microfluidic 

droplet generators and droplet traps using the models discussed in Chapter 4.   
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Chapter 4  

Microfluidic Droplet Generator Design and 

Operational Methods 

4.1 Introduction 

Chapter 2 discussed the physics and framework required to design a T-junction droplet generator 

and droplet trap. Chapter 3 then established the material and device properties required to 

implement those design frameworks. This chapter seeks to lay out the refinements to the design 

framework of a T-junction droplet generator (a “Droplet Generator”) made specifically for this 

project. Then various design considerations used when designing a Droplet Generator will be 

detailed. Finally, the operational methods used to test the fabricated Droplet Generators will be 

discussed. 

4.2 Refinements to the Droplet Generator Design Framework 

The design of the Droplet Generators in this project was conducted by closely following the 

framework outlined in Section 2.5. Variation in device performance due to droplets in the main 

channel was minimized through appropriate design choices. These choices balanced the dispersed 

phase input channel resistance (Rd), the continuous phase input channel resistance (Rc) and the 

main channel resistance (Rm).  

Minimizing variations in the main channel resistance was essential to maintain consistent droplet 

volumes and production rates in the Droplet Generator. This optimization was necessary for the 

formation of DIBs using droplets traps because droplet size is vital in the function of a droplet trap 

that relies on changes in channel dimensions. Should droplets be too small, they may not contact 

neighbouring droplets in the droplet trap. In the most extreme case, they may be unaffected by the 

changes in channel dimensions meant to trap the droplets and flow through the droplet trap. Either 

of these scenarios would prevent DIBs from being formed. Therefore, it is crucial to ensure that 

the Droplet Generator will produce droplets of consistent size, such that they will always come 

into contact when in a droplet trap. The acceptable droplet volume variation depends on channel 

placement and channel dimensions used to form the droplet trap. For this thesis, droplet volumes 

consistent to within 10% were deemed suitable; this is explained in more detail in 4.3.1. Therefore, 

the Droplet Generators were designed to have minimal operational sensitivity to main channel 

resistance variations to minimize variations in droplet volume. 

4.2.1 Operational Sensitivity to Resistance Variation 

Instabilities in the operation of the Droplet Generator that might cause variability in droplet size 

and production rate are thought to arise from fluctuations in flow rate ratio (Qd/Qc). The flow rate 

ratio has been linked to both droplet volume and production rates [85]. These instabilities might 

also cause unexpected periods of backflow.  The only parameter of the droplet trap that is known 

to fluctuate during the regular operation of a Droplet Generator is the resistance of the main 
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channel, Rm. These fluctuations are caused by droplets being formed in and leaving the main 

channel and affect the pressure at the T-junction (Pj) (see Equation (2-13)). The fluctuations affect 

both the dispersed phase input flow rate (Qd) (see Equation (2-11)) and the continuous phase input 

flow rate (Qc) (see Equation (2-12)). Therefore, minimizing the fluctuations in Qd and Qc is of the 

utmost importance to produce droplets with consistent volumes.  

This project targeted smaller droplet volumes, specifically those with a flow rate ratio of about 0.2 

(Qd/Qc ~ 0.2). The dispersed phase flow rate is much lower than the continuous phase flow rate in 

this targeted regime. Therefore, the dispersed phase flow rate variability was deemed the most 

important factor in droplet production stability and minimized. This variability can be quantified 

by the derivative of Qd with respect to Rm, Equation (4-1). The derivation of Equation (4-1) is 

provided in Appendix A. Minimizing δQd/δRm will minimize variations in the dispersed phase 

flow rate and can be accomplished by choosing appropriate values of Rd, Rc and Rm for given 

operating pressures. 

𝛿𝑄𝑑

𝛿𝑅𝑚
 =

𝛿𝑄𝑑

𝛿𝑃𝑗

𝛿𝑃𝑗

𝛿𝑅𝑚
=  −

((𝑃𝑑 − 𝑃𝐿𝑃)𝑅𝑐 + 𝑃𝑐𝑅𝑑)𝑅𝑐

[(𝑅𝑐 + 𝑅𝑑)𝑅𝑚 + 𝑅𝑑𝑅𝑐]2
 (4-1) 

 

Glawdel and Ren took a similar approach to minimize variations in droplet size and spacing, and 

through experimentation and simulation, found the guideline: Rd > Rm > Rc, or at the least 

Rd = Rm > Rc [85]. By inspection of Equation (4-1), the value of δQd/δRm cannot equal zero, but 

one way of minimizing it is by using Glawdel and Ren’s guideline. Numerical analysis with sample 

designs (see Section 4.3.7) confirmed that Equation (4-1) was minimized by following the rule of 

thumb Rd > Rm > Rc. However, a wide range of values can be chosen for Rd and Rm without making 

significant sacrifices in the variability of Qd.  

It should also be noted that the dispersed phase fluid flow rate is dependent on the Laplace pressure 

of the dispersed phase fluid front. As mentioned previously in Section 2.4, the Laplace pressure is 

dependent not only on the fluids being used but also on the dimensions of the channels and the 

contact of the fluids with channel walls. Variations in channel dimensions will lead to variations 

in Laplace pressure and, consequently, the dispersed phase flow rate. Variations due to the Laplace 

pressure can largely be addressed by using symmetric channel dimensions at the T-junction for the 

dispersed phase input channel, the continuous phase input channel and the main channel. 

Symmetric channel dimensions are channels with the same depth, width and cross-section for 

every channel. This approach is also consistent with the work of Glawdel and Ren [85]. 

The resistive network model described in Section 2.5 has been used to design a robust microfluidic 

Droplet Generator capable of producing stable streams of droplets suitable for the formation of 

DIBs when a droplet trap is incorporated into its main channel. The actual design and results 

demonstrating this conclusion can be seen in Chapter 6. 

4.3 Droplet Generator Design Considerations 

There were several additional considerations used to guide the design of the Droplet Generator. 

The primary goal of the Droplet Generator design was to produce droplets that would be 
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approximately twice as long as they were wide, which varied in volume by no more than 10%. 

Droplets would be created using gravity-generated pressure-driven fluid flows of the Dispersed 

Phase and the Continuous Phase, as described in Section 3.2. The Droplet Generator was designed 

following the theoretical model described in Section 2.5 and considered the effects of droplet 

resistance and Laplace pressure. Practical considerations related to the height of the fluid 

reservoirs, operating pressure ranges and length of the main channel were also taken into account. 

4.3.1 Droplet Size 

Droplet size was a crucial element in the design of the Droplet Generator as it was a critical element 

in the eventual design of droplet traps. For the droplet traps to function correctly, each trapped 

droplet had to entirely block the constricted channel intended to hold it in place. This requirement 

follows the droplet trap design of Nguyen et al. (Figure 1-11) [6]. Additionally, to form a DIB, 

droplets in the droplet trap had to be of sufficient lengths to contact an adjacent trapped droplet. 

Therefore, in the design of a droplet trap, both the spacing of adjacent parallel constricted channels 

and the length of the trapped droplets were crucial and related parameters. 

To maintain well-defined channel dimensions with the chosen fabrication method, the minimum 

distance between two parallel channels, measured from the centers of each channel, should be 

slightly more than one channel width. However, in most droplet traps in this project, parallel 

channels were used with a spacing of one to two channel widths between them. The increased 

distance between parallel channels significantly reduced the risk of distortion of channel 

dimensions. However, this required that droplets be approximately twice as long as the standard 

channel width to span the gap between two parallel constricted trapping channels. Spanning this 

gap would result in droplet contact and the formation of a DIB. Additionally, droplets needed to 

be of a consistent size such that they would always be expected to make contact in the droplet trap. 

A consistent size was defined as a droplet volume variation of no more than 10%. 

From the author’s previous work with droplet generators, and considering similar work by Glawdel 

and Ren, it was known that (1) droplets that were approximately twice as long as they were wide 

could be easily produced and that (2) the widths of the laser-cut channels were largely constant 

[85]. Droplets were also observed in the author’s previous work to occupy the entire width of the 

devices’ main channel width. Therefore, the Droplet Generator was designed to produce droplets 

that were approximately twice as long as they were wide. 

Glawdel and Run suggest in their work that droplets of the same size will be produced if the flow 

rate ratio between the dispersed phase and continuous phase remains the same [85]. In the author’s 

previous work (see Appendix B), droplets were formed with a flow rate ratio (Qd/Qc) of 0.2 in 

channels with widths of 118 μm and depths of 181 μm. Droplets had lengths of 280 ± 38 μm 

(± 14%), appeared to occupy the full width of the microfluidic channels (i.e., droplets were ~118 

μm wide) and had spacings of 1.19 ± 0.11 mm (± 10%). These droplets were determined to be 

suitable for forming DIBs because they were about twice as long as the channels were wide. 

Therefore, they could be held in place at two parallel channels while blocking those channels and 

contacting adjacent droplets. This droplet length would allow multiple parallel channels in a 

droplet trap design without extensive channel overlap (discussed in Chapter 7). However, it was 
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observed that the formation of these droplets was unstable and had an unacceptable degree of size 

variability (i.e., >10% variation in droplet volume).  

For Chapter 4, the term “Standard Channels” refers to laser-cut channels with widths of 118 μm 

and depths of 181 μm, as above. “Standard Droplets” refers to droplets formed with a Flow Rate 

Ratio of 0.2 and with the lengths, widths and spacing noted in the preceding paragraph. 

In the author’s previous work, the instability in production of the Standard Droplets was attributed 

to (1) handling/operational issues and (2) variation in flow resistance resulting in backflow and 

variability in droplet size and production rate. These could both result in (3) contamination issues. 

The instabilities caused by issues (1) and (3) were addressed by improved handling/operation and 

better control of flow resistance. As described in Section 2.5.2, variations in flow resistance arise 

from the creation of droplets in the device’s main channel. The design of the Droplet Generator 

was created to address the issues of backflow and contamination specifically. This design 

requirement was accomplished by ensuring the device operated far from the limits where these 

phenomena occur, and produced droplets deemed suitable for the production of DIBs.  

4.3.2 Droplet Resistance 

Equation (2-15) was refined to account for the fluidic resistance of Standard Droplets. In the 

author’s previous work, the resistance of the Standard Droplets was measured to be 

3.30Rnorm ± 0.45Rnorm, where Rnorm is the resistance of a 1 cm length of Standard Channel filled 

with the Dispersed Phase. Rnorm was calculated to be 2.13 x 1012 ± 4.44 x 1010 Pa s m-3 using 

Equation (3-6). This measured droplet resistance corresponded to an increase of approximately 

four times in channel resistance compared to a Standard Channel of the same length as a Standard 

Droplet filled only with the Continuous Phase.  

The droplet resistance can be described as an increase in the resistance of a channel filled with the 

continuous phase. This increase can be quantified by a droplet resistance increase factor (DRIF), 

which describes how the resistance of a channel filled with the continuous phase is increased by 

when containing a droplet. In the case described above, standard channels had a DRIF of four. 

Therefore, the resistance of the main channel filled with droplets can be calculated by determining 

the channel portion filled with droplets and multiplying that by the DRIF. Therefore, nRdrop in 

Equation (2-15) can be rewritten as DRIF x δ x Rmcp where δ is the total flow rate ratio (Qd/Qm).  

This approach allows Equation (2-15) to be rewritten accounting for droplet resistance with a DRIF 

of four to reflect the behaviour of Standard Droplets in Standard Channels more specifically. 

Equation (2-15) has been rewritten as Equation (4-2) to incorporate this refinement. Thus, 

Equation (4-2) was the equation used to calculate the resistance of the main channel in the design 

of the Droplet Generator. 

 𝑅𝑚 = (1 − 𝛿)𝑅𝑚𝑐𝑝 + 𝑛𝑅𝑑𝑟𝑜𝑝 ± 𝑅𝑑𝑟𝑜𝑝 = (1 − 𝛿)𝑅𝑚𝑐𝑝 + 4𝛿𝑅𝑚𝑐𝑝 ± 𝑅𝑑𝑟𝑜𝑝 (4-2) 

 

4.3.3 Laplace Pressure 

In the author’s previous work on droplet formation, the radius of curvature of the fluid interface 

between the Dispersed Phase and the Continuous Phase in Standard Channels was measured to be 
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50 ± 8 μm from a top-down view of the channels. This radius of curvature was observed to be 

constant throughout the previous devices, regardless of the fluid front. The fluid fount in the 

dispersed phase input channel and the droplet fluid fronts were found to have the same radius of 

curvature. As a constant channel geometry was used in the previously tested devices, the same 

radius of curvature was expected for every fluid front in the Standard Channels.  

The radius of curvature was not constant during the droplet formation process as multiple fluid 

fronts with different radii of curvature were present. During droplet formation, multiple fluid fronts 

develop and change rapidly over the course of droplet formation. This level of modelling was not 

required to design an effective Droplet Generator. This dynamic edge case is not considered in the 

droplet generator model, and describing the dynamics of the Laplace pressures during droplet 

formation is beyond the scope of this thesis. Although, this has been addressed in part in literature 

[135].  

The radius of curvature discussed was measured as the length of the end caps of the produced 

droplets, which were assumed to be hemispherical. It is known that this assumption could lead to 

errors in calculating the Laplace pressure (see Section 2.6.1). However, it was deemed a suitable 

approximation to design the Droplet Generator using the available materials and data at the time 

of design.  

The interfacial tension between the Dispersed Phase and the Continuous Phase has been reported 

by Bithi et al. as 5 mN m-1 and was assumed to be representative (Table 3-9) [70]. This result was 

verified and will be discussed in Section 7.6. The measured radius of curvature in the Standard 

Channels and interfacial tension were used to calculate a Laplace pressure of 200 ± 38 Pa as a first 

approximation using Equation (2-9). Some deviation in the fluid interface during droplet formation 

was expected. While this value may have been an adequate approximation for creating the first 

design, variations in the Laplace pressure could have contributed to instabilities in the droplet 

formation process. However, no such instabilities of significance were observed. 

4.3.4 Fluid Reservoirs 

An additional practical consideration for the design of the Droplet Generator was that the heights 

used to generate the fluid input pressures needed to be convenient for its operation. The input 

pressure flows of the Droplet Generator were intended to be generated using fluid reservoir heights 

of 1 m. This height was determined based on the heights found convenient for use in the author’s 

previous work. Heights ranging from 0.7 m to 1.3 m were considered convenient for the operation 

of the device. This height range corresponded to dispersed phase input pressures from 6.84 kPa to 

12.7 kPa. 

The fluid reservoir heights could be set to within ± 2 mm. Therefore, the minimum acceptable Pd 

or the required Pd were not allowed to correspond to a height within 2 mm of the acceptable 

operating height limits. Additionally, the required Pd was designed to correspond to a height at 

least 5 mm higher than the minimum acceptable Pd. This requirement represented a height 

difference of 2.5 times the resolution with which the fluid reservoir heights could be set. This 

5 mm translated into a 50 Pa pressure difference and avoided backflow caused by errors in setting 

the height of the dispersed phase fluid reservoir. The limits of the dispersed phase input pressure 
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to create backflow were determined in the design of the Droplet Generator. As long as these were 

avoided using the requirements defined above, an error in setting the height of the continuous 

phase reservoir within the specified ± 2 mm was not anticipated to produce any significant issues. 

4.3.5 Operating Pressures and Stability 

The design of the Droplet Generator centred around the use of Equation (4-1), as this was the main 

factor in determining its operational stability. Equation (4-1) is quite complex to discuss in an 

analytical framework, and it is helpful for further discussions based on numerical values. Several 

Droplet Generator designs that can produce Standard Droplets were considered and evaluated 

based on several performance metrics. These performance metrics included (1) the required Pd 

value to achieve a Flow Rate Ratio (Qd/Qc) of 0.2, (2) the acceptable Pd range calculated using 

Equation (2-16), and (3) the variability in the dispersed phase flow rate. The required Pd value 

needed to be at least 50 Pa higher than the minimum acceptable Pd value. 

Furthermore, the required Pd value and minimum acceptable Pd value should be between 6.84 kPa 

and 12.7 kPa (see Section 4.3.4). Preferably these Pd values would be at least 1 kPa away from 

either of these limits. These requirements were determined by the practical use of the fluid 

reservoirs used to generate pressure via gravity needed to operate devices in this thesis, as 

described in Section 4.3.4. 

The dispersed phase flow rate variability was determined by multiplying Equation (4-1) by Rdrop, 

as Rm may vary as much as ± Rdrop. This calculation determined the value of δQd, which can be 

divided by Qd to calculate the variability in Qd. As previously discussed in Section 4.2.1, the 

relationship between the dispersed phase flow rate variability and droplet size variability is 

unclear. Therefore, the percent variability in the dispersed phase flow rate was designed to be 

comparable, within 1%, to that predicted for the Droplet Generator used in the author’s previous 

work (±1.64 %).  

4.3.6 Length of Main Channel 

To quantify droplet size, spacing and behaviour in the main channel of the device, the Droplet 

Generator was designed such that multiple droplets could be observed optically at one time. For 

simplicity and the stability of the droplet generation (as discussed in 3.4), the Droplet Generator’s 

main channel was specified to be 6.78 cm in length. This channel length was slightly shorter than 

the main channel used in the devices in the author’s previous work. A main channel of this length 

could be incorporated into the design of the Droplet Generator in a similar geometry, allowing for 

an existing design to be adjusted rather than begin a new design. The chosen length also made for 

easier observation of droplets with a stage microscope, as was discussed in Section 3.4. 

Furthermore, choosing a longer channel length resulted in more stable droplet production than 

shorter lengths, as discussed later in Section 4.3.7.  

This main channel length, 6.78 cm, was predicted to contain 40 Standard Droplets made at a Flow 

Rate Ratio of 0.2. The resistance of the main channel, made as a Standard Channel and filled with 

Standard Droplets, would be Rm = 300Rnorm. 
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4.3.7 Flow Rate Variability 

Eight theoretical designs were considered, and their calculated performance metrics can be seen 

in Table 4-1. Each design is described by its ratio of the three channel resistances: Rd:Rm:Rc. Every 

resistance is normalized to Rm = 300Rnorm. The designs were evaluated considering a continuous 

phase input pressure of 8.38 kPa, corresponding to a fluid reservoir height of 1 m. Standard 

Channels and Standard Droplets were assumed for every design. In this state, a Laplace pressure 

of 200 Pa can represent pressure drops due to interfacial tension within the device, and a Rdrop 

value of 3.30Rnorm can be used. 

Table 4-1 – A design performance evaluation table for several of the evaluated designs. All resistance values are normalized to 

Rm = 300Rnorm. The design Rd:Rm:Rc = 0.004:1.47:0.012 describes the droplet generating devices used in the author’s previous 

work.   

Design 

Rd:Rm:Rc 

Performance Metric 

Acceptable Pd Range 

[kPa] 

Required Pd for 

Qd/Qc = 0.2 [kPa] 

𝜹𝑸𝒅

𝑸𝒅
 [%] 

Rd:Rm:Rc = 0.004:1.47:0.012 8.48 < Pd < 10.1 8.50 ±1.64 

Rd:Rm:Rc = 1:1:1 4.41 < Pd < 379 5.53 ±0.88 

Rd:Rm:Rc = 0.1:1:1 4.41 < Pd < 45.6 4.85 ±2.19 

Rd:Rm:Rc = 10:1:1 4.41 < Pd < 3710 12.4 ±0.13 

Rd:Rm:Rc = 1:0.442:1 2.81 < Pd < 846 4.20 ±2.01 

Rd:Rm:Rc = 1:1.47:1 5.20 < Pd < 260 6.16 ±0.53 

Rd:Rm:Rc = 1:1:0.1 7.82 < Pd < 379 9.22 ±0.37 

Rd:Rm:Rc = 1:1:10 0.97 < Pd < 379 1.25 ±0.25 

 

Several key observations were made by comparing the theoretical behaviour of the designs shown 

in Table 4-1. While the devices previously used by the author (i.e., Rd:Rm:Rc = 0.004:1.47:0.012) 

showed a reasonably low variability in the dispersed phase flow rate (δQd/Qd), Standard Droplets 

produced using these devices were much more variable in length and therefore volume (±14% 

variability in droplet length). This variability was attributed to the slight difference between the 

minimum acceptable Pd (8.48 kPa) and the required Pd (8.50 kPa). Changes in Rm would change 

the minimum acceptable Pd value, which could result in significant changes in droplet sizing, 

spacing and even backflow. 

Designs with main channel lengths of (1) 3 cm (Rd:Rm:Rc = 1:0.442:1), (2) 6.78 cm 

(Rd:Rm:Rc = 1:1:1) and (3) 9.98 cm (i.e., the main channel length of the device used previously by 

the author, Rd:Rm:Rc = 1:1.47:1) were compared with the same dispersed phase input channel and 

continuous phase input channel. Comparing these three designs showed that while increasing the 

main channel length reduced variability in the dispersed phase flow rate, the separation between 

the minimum acceptable Pd and required Pd was reduced. This reduced separation could also lead 

to instabilities in droplet production. Therefore, choosing a longer main channel length was 

beneficial to reduce variability in the dispersed phase flow rate. Increasing the main channel length 

was a viable option as long as the increased length did not compromise the lower operating 

pressure limit of the device. 
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This method may seem counter-intuitive, and it might be assumed that minimizing the number of 

droplets in the channel, and therefore the length of the main channel, would minimize the variation 

in Rm. However, Equation (4-1) shows that Rm is only present in the denominator, and 

consequently, a larger value of Rm will result in a smaller value of δQd/δRm and hence a smaller 

δQd/Qd value. Longer channels have large resistances, and therefore, a longer main channel results 

in a larger Rm. Furthermore, the more droplets that are present in the main channel, the less 

variability will occur in Rm, as a change of ±Rdrop represents less of the overall resistance produced 

by droplets. Therefore, a single droplet entering or leaving the main channel represents less of a 

change in Rm. 

The recommended guideline of Rd > Rm > Rc mentioned in Section 4.2.1 was confirmed by 

comparing the designs evaluated in Table 4-1. It can also be seen that adhering to this guideline 

tended to reduce the dispersed phase flow rate variability and separated the minimum acceptable 

Pd and the required Pd. Increasing this separation can help prevent backflow issues and minimize 

the dispersed phase flow rate variability. The design of the Droplet Generator was created using 

the main channel resistance detailed above and the recommended guideline of Rd > Rm > Rc. 

4.4 Device Operating Protocol 

The Droplet Generator devices were designed according to the theoretical model described in 

Section 2.5 while accounting for the considerations detailed in Section 4.3. After the devices were 

fabricated, they needed to be tested to verify that they behaved as predicted. This section describes 

the operating procedure of the Droplet Generator devices used to test their behaviour and validate 

that they could produce droplets suitable for droplet trapping applications. 

4.4.1.1 System Setup 

The operation of the Droplet Generator was relatively simple and required the device be set up in 

a manner shown schematically in Figure 4-1.  

 
Figure 4-1 - A schematic showing the general setup for operating a microfluidic device using gravity-generated pressure-drive 

flow. 

First, 3-56 to 1.59 mm barbed brass fittings (Clippard Instrument Laboratory Inc., Cincinnati, OH, 

USA) were attached to the two input and one output wells, with 3-56 Viton O-rings to seal the 

connections. Brass fittings were attached while looking at the O-rings from the backside of the 

device, the side of the device opposite to the PMMA layer containing the wells. This method 
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allowed for the compression of the O-rings to be seen, preventing overtightening of the brass 

fittings. Overtightening the fittings could result in delamination of the device.  

The Droplet Generator was then secured to a glass microscope slide jig using double-sided tape to 

allow it to sit in a stage microscope.  

4.4.1.2 Preparing the Input Fluid Reservoirs 

Two 10 mL Input Syringes (BD 303134) were attached to their corresponding 140 cm lengths of 

1.59 mm ID Tygon tubing using gauge 16 needles inserted into one end of the tubing. A 60 mL 

output syringe (“Output Syringe”) was connected to an 80 cm length of Tygon tubing with an ID 

of 1.59 mm through a gauge 16 needle inserted into one end of the tubing. The Output Syringe 

was secured to a position such that its bottom was level with the Droplet Generator. The plungers 

were removed from all syringes, and the Tygon tubings of the Input Syringes were closed using 

plastic clamps (Bel-Art Acetal Mid-range Plastic Tubing clamps for 1/8 to 7/16 in. O.D. Tubing, 

F18228-0000, SP Scienceware). 

The Dispersed Phase Input Syringe was then filled with 5 mL of Dispersed Phase and secured to 

a vertical dowel attached to the lab wall using bulldog clips. Before the Tygon tubing of the 

Dispersed Phase Input Syringe was connected to the input brass fittings, the open ends of the tubing 

were placed into a beaker, and the clamp was loosened so that the Tygon tubing could be filled 

with the fluid from the Input Syringe. Filling the Tygon tubing required approximately 3 mL of 

fluid to run through the device. As soon as the tubing was full, the clamp was closed, and the fluid 

level was adjusted so that there was 2 mL of Dispersed Phase in the Dispersed Phase Input Syringe. 

This process was repeated for the Continuous Phase Input Syringe. 

The heights of the Input Syringes were then adjusted to ensure the fluid levels were in line with 

the appropriate heights for the test. 

4.4.1.3 Priming the Droplet Generator 

The Continuous Phase Input Syringe tubing and the Output Syringe tubing were then attached to 

their corresponding brass fittings on the Droplet Generator. The Continuous Phase input tubing 

clamp was released, allowing all device channels to be filled with the Continuous Phase. Before 

the Continuous Phase filled the dispersed phase input channel, the Dispersed Phase input tubing 

was connected to its brass fitting. Its tubing clamp was released, allowing the dispersed phase input 

channel to be filled with the Dispersed Phase. Once the continuous phase input channel and main 

channel were filled with the Continuous Phase, and the dispersed phase input channel was filled 

with the Dispersed Phase, the chip was in a testable state. This process took about an hour to 

complete using a dispersed phase input pressure of Pd = 8.45 kPa and a continuous phase input 

pressure of Pc = 8.38 kPa. 

4.4.1.4 Device Operation and Observation 

During the operation of the Droplet Generator, the formation of droplets on-chip was observed, 

and photographs and videos were recorded using a laboratory stage microscope equipped with a 

9-megapixel USB camera (Model MU900, AmScope, Chino, CA, USA) and Toupview software 
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(the “Microscope”). If multiple pressure settings, and hence Input Syringe heights, were being 

tested, the device would be reset between testing each pressure setting. The reset process involved 

lowering the Dispersed Phase Input Syringe such that backflow into the dispersed phase input 

channel occurred for a brief time. While this occurred, the main channel was cleared of droplets 

and filled with only the Continuous Phase. In doing so, care was taken that no Continuous Phase 

reached the brass fitting of the dispersed phase input channel to avoid the formation of an emulsion 

of the Dispersed Phase and Continuous Phase. The heights of the Input Syringes for inducing this 

controlled backflow varied with each Continuous Phase Input Syringe height tested. For example, 

when testing a device using Pc = 8.38 kPa (Continuous Phase Input Syringe height = 100 cm), Pd 

would be set to 6.98 kPa to induce a slow and controlled backflow (Dispersed Phase Input Syringe 

height = 71.5 cm). 

This method resulted in reproducible device operation, and every device could be operated 

successfully in this manner. However, air bubbles were observed occasionally in the dispersed 

phase input channel. Formation of air bubbles was possible when attaching the dispersed phase 

input tubing to its brass fitting. These air bubbles sometimes required manual intervention but were 

usually naturally cleared during the priming stage of setting up the device.  

4.4.1.5 Storage of the Droplet Generator 

Between tests, Droplet Generators were stored with the Continuous Phase filling all channels. 

Brass fittings were left attached to the devices; their openings were covered with Scotch Tape. 

During repeated testing, no indication of device failure was found due to the storage method. 

Before their subsequent use, the surfaces of the devices required cleaning with a paper towel 

dampened with water to remove adhesive residue from the Scotch Tape.  

4.4.2 Test Methods 

A variety of properties of each iterative fabrication of the Droplet Generator were tested using the 

methods described in Section 4.4. Fabrication quality, channel dimensions and droplet generation 

capabilities were all evaluated.  

The fabrication quality of the Droplet Generators was determined by: (1) visual inspection before 

operation and (2) examining crack test chips. Crack test chips were included in several fabrication 

runs to ensure that there were no flaws in the devices and that channel dimensions appeared to be 

consistent. The channels of every received chip were examined from above using the Microscope 

set at 4x magnification before any other action was taken using the device. This examination was 

performed before fluid was put into channels and fittings attached to wells to determine if any 

channel blockages were present. An accompanying video of this process was taken so that if any 

issues arose when testing a device, any observed blockages could be compared to the device's state 

before testing. This process took approximately three minutes to examine every channel of a 

device. 

Devices were fabricated in batches of four. In most fabrication runs, the left-most chip of a set of 

four devices for fabrication contained a series of crack lines allowing for the analysis of channel 

dimensions after the chips were bonded. The analysis of crack test chips followed the method 
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described in Section 3.3.2. In brief, the device was cracked along the red crack lines by placing 

the bonded chip on a benchtop with the crack line aligned with the edge of the benchtop. With the 

cut side of the crack line facing up, pressure was applied to the chip section hanging over the edge 

of the benchtop. This pressure snapped the chip into pieces along the crack line. The chip was then 

held in the Microscope such that the cross-sections of channels could be examined. The channel 

cross-sections were examined with the Microscope set at 10x magnification, and pictures of the 

cross-section were taken. The dimensions of the channel cross-sections were then measured in 

pixels using the line tool in the image process software ImageJ [131]. Pixel measurements were 

converted into real dimensions by multiplying by the ratio of the field of view to the pixel 

dimension of the photograph. Photographs of channel dimensions were 1744 pixels by 1308 pixels, 

and the Microscope had a field of view of 1166 μm by 873 μm when set at 10x magnification. The 

channel width was measured across the widest point of the channel, and channel depth was 

measured from the bottom of the channel bond level. 

4.4.2.1 Droplet Generation Studies 

For all testing, the Droplet Generators were operated following the method described in Section 

4.4. These tests evaluated basic droplet generation by measuring the lengths, spacings and volumes 

of the produced droplets. Several droplet forming conditions defined by the Dispersed Phase and 

Continuous Phase input pressures were tested. This work primarily focused on pressures similar 

to the targeted pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa, which were thought to produce 

droplets suitable for droplet trapping applications (see Section 6.2). Other pressure settings were 

tested but primarily in the context of determining suitable droplet trapping operating conditions. 

These will be discussed in more detail in Chapter 7. 

All devices were tested with a Continuous Phase input pressure of Pc = 8.38 kPa, corresponding 

to a Continuous Phase Input Syringe height of 1 m above the device. The Dispersed Phase input 

pressure was then varied between 7.83 kPa and 8.31 kPa (Dispersed Phase Input Syringe heights 

of 80.10 to 85.00 cm) to determine the range of a device’s droplet forming capabilities. 

Specifically, at minimum, all devices were tested with Pd = 7.83 kPa, Pd = 7.94 kPa and 

Pd = 8.06 kPa. The Pd = 8.06 kPa setting was tested most frequently. If a pressure setting was 

tested multiple times, each test was performed consecutively, resetting the device between each 

test run.  

The Droplet Generator was operated at the chosen pressure combination for a minimum of five 

minutes. Videos of droplet production focused on the main channel immediately past the 

T-junction were taken using the Microscope set at 4x magnification. A representative frame of 

such a video can be seen in Figure 4-2. Each video was a minimum of one minute in length. If the 

video did not last for five minutes and record the entire test run, at least three videos were taken at 

times: t = 0 minutes, t = 3 minutes and t = 5 minutes. 



 83  

 

 
Figure 4-2 – A frame from a video of droplets being produced at the T-junction of a Droplet Generator using Pd = 8.06 kPa and 

Pc = 8.38 kPa. Droplets appear blurry, as they were captured in motion and flowing towards the frame's right. The channel has 

a naturally speckled appearance as verified before testing and device operation. 

After testing was completed, data processing was performed as follows: videos were reviewed 

using the VLC media player program, and the lengths and spacings of droplets were measured on 

the screen with a ruler calibrated in millimetres. The droplet lengths were measured from tip-to-tip 

for each droplet, and the spacing between droplets was measured from the rear tip of one droplet 

to the leading tip of a second droplet. The dimensions of the video on the screen were also 

measured using the same ruler. Then, using both the dimensions of the video frame 

(172 mm x 128 mm) and the field of view of the Microscope set at 4x magnification 

(2.81 mm x 2.03 mm), the length of the droplet on the screen was converted to its real length. 

Measurements were converted to real lengths by multiplying the measured values by the ratio of 

the Microscope field of view to the video frame dimension.  

The lengths of two to three groups of six consecutive droplets were measured in the first minute 

of production, the third minute of production and the fifth minute of production. This method was 

used to gather a representative amount of data from each test. Each group was measured at different 

times within these minute long periods at approximately equal time intervals. This data was 

considered representative of the droplet population observed in that test. The entire duration of all 

videos was observed to ensure that there were no anomalous droplets (i.e., overly short or long 

droplets) that were not included in the gathered data. If anomalous droplets were observed, they 

were either measured individually and included in the gathered data or included in one of the 

groups of six measured droplets.  

The method described above was used for almost all studies of droplet generation. However, some 

tests were performed to examine more specific characteristics, including the droplet shape in 

laser-cut channels and varied from the method described above. In these cases, the methodologies 

for these special tests are described alongside their results. 



 84  

 

4.5 Summary 

Chapter 4 described the refinements made to the droplet generator model regarding how to ensure 

minimal variability in the produced droplet volume during the operation of the device. Then an 

overview of the various considerations taken into account when designing a Droplet Generator 

was discussed. This process included a preliminary estimate of droplet resistance in the 

microfluidic channels intended for use in the Droplet Generator and numerical verification of 

guidelines on channel design to improve the droplet generator stability (i.e., Rd > Rm > Rc). Finally, 

the operational methods used to test the designed and fabricated Droplet Generators were detailed. 

The numerical design and results of testing the Droplet Generators in this project will be discussed 

in Chapter 6.  
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Chapter 5  

Droplet Trap Design and Operational 

Methods 

5.1 Introduction 

The critical feature in a passive droplet trap is the Laplace pressure barrier (ΔPLP or ΔPTrap) that 

holds droplets in place (Equation (2-17)). The general guiding theory in trap design is to ensure 

that the pressure drop across the droplet trap is smaller than this pressure barrier to hold droplets 

in place. The literature has few examples of passive droplet trap design processes to determine 

whether this pressure barrier will be exceeded. The notable exceptions are Nguyen et al. and Bithi 

et al., who discuss resistive models of their droplet traps [6], [70]. This chapter seeks to describe 

the resistive models used to predict the behaviour of the two droplet traps used in this thesis, the 

Primary Droplet Trap and the Alternate Droplet Trap. These models also describe how they are 

integrated into Droplet Generator designs. After describing these resistive models, the changes to 

the operating procedure of the Droplet Generator devices with integrated traps are detailed.  

5.2 Surface Energy Approach to the Laplace Pressure Difference 

Before discussing the design of droplet traps used in this project, a means of calculating the 

Laplace pressure accurately in laser-cut microfluidic channels is required. In literature, most 

droplet trapping devices use rectangular channels for which the Laplace pressure of a fluid front 

is well known (Equation (2-10)). However, this requires the assumption that droplets fully fill the 

channel but are separated from the channel walls by a negligibly thin layer of the continuous phase. 

This assumption makes calculating the Laplace pressure difference between two rectangular 

channels relatively easy using Equation (2-17). However, this cannot be said for all channels. The 

Laplace pressure is known to be dependent on the channel geometry (Section 2.6.1), and the 

contact with channel walls may change as droplets transition between channels with different 

dimensions. Therefore, a better means of calculating the Laplace pressure difference for channels 

with non-standard geometries (e.g., laser-cut microfluidic channels) that also accounts for potential 

changes in interfacial tension is required. 

Another way to think about the Laplace pressure difference is through the surface energy of a 

droplet. Droplets always seek to minimize their surface energy and move along deeper parts of 

microfluidic channels to minimize their surface energy by adopting more spherical conformations 

[65]. Droplets will therefore avoid entering constricted channels, as they would need to adopt 

smaller cross-sections. Smaller cross-sections result in smaller fluid front radii, increasing their 

surface energy and Laplace pressure. The energy required to make such a channel transition can 

be determined and used to calculate the pressure barrier to a droplet entering a constricted channel. 

The difference between the surface energy of an infinitesimally short length of a droplet moving 

into a constricted channel from an unconstricted channel is equivalent to the Laplace pressure 
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difference between the two channels. Therefore, a surface energy approach provides a means of 

calculating the trapping pressure of a channel constriction based on a droplet’s dimensions rather 

than the principal radii of its fluid interfaces. Consider a droplet with an arbitrary cross-sectional 

area A1 and perimeter (of that area) of U1 that is being forced into a smaller channel to have an 

area A2 and perimeter U2. The pressure required for the droplet to make the transition can be related 

to the droplet’s surface area using Equation (5-1). In Equation (5-1), γ1 and γ2 are the corresponding 

interfacial energies at the droplet perimeters. Therefore, the behaviour of a droplet will be 

determined by the dimensions and geometries of the respective channels and the droplet’s 

interfacial energies. A full derivation of Equation (5-1) is provided in Appendix C. 

Δ𝑃𝑆𝐴𝐿𝑃 = (
𝛾2𝑈2

𝐴2
−

𝛾1𝑈1

𝐴1
) (5-1) 

 

Equation (5-1) can derive the same equations for the trapping pressure commonly applied to 

circular and rectangular channels (i.e., Equation (2-17), see Appendix C). The most important 

difference about this approach is that it does not rely upon knowing the principal radii of curvature, 

which are difficult to determine in a microfluidic system. This approach allows for the Laplace 

pressure to be determined based on the more easily measured perimeter and cross-sectional area 

of a channel rather than the difficult to measure radii of curvature. While some channels have 

well-known relationships between the channel dimensions and radii of curvature, Equation (5-1) 

allows for a more accurate calculation of the Laplace pressure for channels where this is not the 

case.  

The derivation of Equation (5-1) is similar to thermodynamic derivations of the Laplace pressure 

equation based on energy minimization [136]. However, to the best of the author’s knowledge, 

this specific equation has not been used to calculate the trapping pressure of a microfluidic droplet 

trap. 

This method of calculating the Laplace pressure difference of a channel transition was used to 

calculate the trapping pressures for all droplet traps designed in this project. It was initially 

assumed that droplets fully filled the channel cross-section. Therefore, the droplet perimeter and 

cross-sectional areas were considered the same as the channel perimeter and cross-sectional areas. 

The droplet perimeter and cross-sectional areas were calculated with Equation (3-4) and Equation 

(3-5). 

With this revised method of calculating the Laplace pressure difference of a channel transition, the 

trapping pressure of a droplet trap could be determined, and resistive models of the traps could be 

generated. 

As the project progressed and new data was acquired, it was realized that this resulted in minor 

inaccuracies of the estimated trapping pressure of droplet traps. As the model of Musterd et al. 

was beginning to be used, it was realized that the cross-sectional area and perimeter of droplets 

were different from their initial estimates [106]. These differences could lead to inaccuracies in 

the trapping pressure of droplet traps. It became simpler to calculate the Laplace pressure using 

the model of Musterd et al. [106].   
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The Laplace pressure differences of droplet traps were recalculated for work verifying the droplet 

splitting model (Section 7.6). First, the Laplace pressure of a droplet in each channel of the droplet 

trap was recalculated using the top corner radius of the droplet cross-section (Equation (2-18)) as 

predicted by the model of Musterd et al. as discussed in Section 2.6.1 [106]. Then the difference 

between these Laplace pressures was taken to determine the Laplace pressure difference of the 

channel transition of interest.  

5.3 Primary Droplet Trap Design and Integration into Droplet Generator 

Many droplet trap designs have been reported in the literature and are discussed in Section 1.1.4. 

One common type of design in literature is to have two or more channels that hold droplets in 

place via a Laplace pressure barrier (each a “trapping channel”), with another channel that 

bypasses the trapping channels (a “bypass channel”) [6], [70]. Once the trapping channels have 

been blocked with droplets, subsequent droplets flow around the trapped droplets through the 

bypass channel. The Primary Droplet Trap designs followed this general method, with some 

adaptations. 

The Primary Droplet Trap designs had channel layouts similar to Figure 5-1, except for the first 

iteration (Section 7.2.1). In Figure 5-1, green lines represent standard channels with dimensions 

equivalent to those of the main channel of a Droplet Generator. Cyan lines represent constricted 

trapping channels that will hold droplets in place at their upstream ends, and blue lines represent 

the bypass channels that will allow subsequent droplets to flow around the two trapped droplets. 

The trapping channels (cyan) are constricted relative to the standard channels (green) and therefore 

provide a Laplace pressure barrier to entry for a droplet (a trapping pressure, ΔPTrap). As long as 

the pressure drop across the trapping channels does not exceed the trapping pressure (ΔPTrap), 

trapped droplets will remain held in place. The droplet traps were designed to be integrated into 

the main channel of the Droplet Generator such that droplets would enter the trap from part of the 

main channel connected to the T-junction. They would then leave the trap and flow towards the 

device outlet through the remainder of the main channel. 

Designs with the channel layout shown in Figure 5-1 can be described, at a high level, by the 

equivalent circuit shown in Figure 5-2, which is composed of a main channel contributing a larger 

resistance Rs through which a pressure PTot generates a fluid flow (Q). When integrating a droplet 

trap into a Droplet Generator, Rs is equivalent to the main channel resistance, Rm, and PTot is 

equivalent to the T-junction pressure, Pj. The droplet trap is composed of a trapping region defined 

by an unconstricted channel with resistance RTu. It also has two constricted trapping channels with 

resistances of RTc in series with Laplace pressure barriers at the constrictions (represented as 

ΔPTrap). Lastly, the trap has N bypass channels with a total resistance of RB/N in series, with 

pressure barriers if the bypass channels are constricted compared to Rs (represented as ΔPVent). 

Each bypass channel has a resistance of RB. 
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Figure 5-1 – A typical channel layout of a Primary Droplet Trap design. Green lines represent the standard channels with 

dimensions equivalent to those of the Droplet Generator, blue lines represent bypass channels and cyan lines represent trapping 

channels. 

 
Figure 5-2 – A simple equivalent circuit for a typical Primary Droplet Trap design using electrical components to represent 

fluidic elements. 

The equivalent circuit shown in Figure 5-2, although used in early iterations of the design process 

for the Primary Droplet Trap, is an idealization of this droplet trap design. It assumes that either 

all bypass channels are connected at the same junction or that the resistances of channels 

connecting parallel bypass channels are negligible. These assumptions may lead to significant 

errors. 

A revised, more accurate equivalent circuit diagram is shown in Figure 5-3. This circuit considers 

the connections between each of the N bypass channels with resistances RTu,con. The channels 

connecting the bypass channels had the same dimensions as the RTu channel. 
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Q
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RTu RTc
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ΔPTrap
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Figure 5-3 – A revised, more accurate equivalent circuit for a typical Primary Droplet Trap design using electrical components 

to represent fluidic elements. 

5.3.1 Primary Droplet Trap Design Process 

For simplicity, Primary Droplet Traps were designed with the requirement that RB and RT (the 

series combination of RTu and RTc) were small compared to Rs. Droplet traps were designed to have 

the T-junctions upstream by PTot.  

The flow rate would always be stronger towards the trapping channels (RTc) as droplets passed 

bypass channels to sort droplets to the trapping channels. This sorting was accomplished by 

making each bypass channel resistance greater than the unoccupied trap resistance. This method 

is commonly used for droplet sorting in the literature and can be described by Equation (5-2) for 

the Primary Droplet Trap [97], [110], [114]. 

𝑅𝐵 > 𝑅𝑇𝑢 + 𝑅𝑇𝑐 (5-2) 

 

Once the droplet trap was filled with droplets and fluid flow through the trapping channels was 

blocked, the total flow (Q) needed to bypass the droplet trap. The flow also needed to bypass the 

trap without leading to a pressure drop greater than the trapping pressure of the droplet trap. The 

pressure drop could not exceed the trapping pressure (ΔPTrap) of the transition from RTu to RTc. This 

requirement can be represented by the inequality in Equation (5-3) (Section 2.6 provides a more 

detailed discussion). 

𝑄 (
𝑅𝐵

𝑁
) < Δ𝑃𝑇𝑟𝑎𝑝 (5-3) 
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If the dimensions of bypass channels are constricted relative to the main channel of the droplet 

trap, they will contain pressure barriers. This pressure barrier, ΔPvent, represents the trapping 

pressure of the transition from Rs to RB. Once the droplet trap is filled with droplets, subsequent 

droplets will flow through the bypass channels, or droplets held in the droplet trap will eventually 

be displaced. This behaviour requires the inequality shown in Equation (5-4) so that droplets can 

enter the bypass channels once the trap has been filled. However, droplet traps were initially still 

expected to function (i.e., trap droplets) if the condition was met prematurely. Later on, it was 

found that droplet splitting may occur if this is the case. Equation (5-4) necessitated another easily 

met requirement that ΔPVent is smaller than ΔPTrap, so bypass channels would not act as trapping 

channels. 

𝑄 (
𝑅𝐵

𝑁
) > Δ𝑃𝑉𝑒𝑛𝑡 (5-4) 

 

Equation (5-3) and Equation (5-4) work well when considering the idealized equivalent circuit 

shown in Figure 5-2. However, they are not adequate when the revised, more accurate equivalent 

circuit shown in Figure 5-3 is considered. In the latter case, Equation (5-5) should be substituted 

for Equation (5-3) as it calculates the pressure drop across the closest, parallel bypass channel with 

the trapping channels. In Equation (5-5), QB1 and RB1 refer to the volumetric flow rate through and 

the fluidic resistance of the closest, parallel bypass channel to the trapping channels (see Figure 

5-3). 

𝑄𝐵1𝑅𝐵1 < Δ𝑃𝑇𝑟𝑎𝑝 (5-5) 

 

Equation (5-4) stipulates that the pressure drop across all bypass channels must be greater than 

ΔPVent. However, it was reasonable only to require that the pressure drop across some bypass 

channels be greater than ΔPVent. This revised requirement still allowed droplets to travel through 

some bypass channels while still directing droplets towards the droplet trap via the resistance 

sorting requirement (Equation (5-2)). 

It is convenient to discuss the design of droplet traps in terms of resistivities (rs, rTu, rTc and rB) 

rather than resistances (Rs, RTu, RTc, and RB). Using resistivities gives Rx = rx x Lx where Lx is the 

length of the respective channel and x is s, Tu, Tc, or B. Values chosen for rs, rTu, rTc, and rB have 

to represent attainable and suitable laser parameters. Whether a resistivity was suitable was 

determined by finding out whether the corresponding channel perimeter (U) and cross-sectional 

area (A) (and hence a channel’s depth and width) were attainable using the fabrication method 

described in Section 3.3. 

Requirements for channel lengths can be generated by discussing the droplet trap design in terms 

of resistivities. By direct substitution, Equation (5-2) can be rewritten as Equation (5-6) to provide 

a lower limit on the lengths of the bypass channels. 

𝐿𝐵 >
𝐿𝑇𝑢 ∗ 𝑟𝑇𝑢 + 𝐿𝑇𝑐 ∗ 𝑟𝑇𝑐

𝑟𝐵
 (5-6) 
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The design process generally began by choosing appropriate values of rTc and rTu to maximize the 

trapping pressures of the trapping channels, ΔPTrap. Then a suitable value of rB was chosen to create 

an appropriate value of ΔPVent, and the lengths of the bypass channels were determined. A suitable 

number of bypass channels was then determined, and a geometry was designed in which all of the 

required channel lengths could be accommodated. This design process was often 

under-constrained, as many of the above parameters could be controlled and required reasonable 

choices to be made. Therefore, some numerical design was required to determine the optimal 

values of several parameters based on other reasonable choices. This numerical design process 

will be discussed in Chapter 7. 

5.4 Alternate Droplet Trap Design and its Integration into the Droplet 

Generator 

As discussed in Section 1.1.4, droplet traps reported in literature often use pillar-based designs. A 

pillar-based droplet trap uses a series of short constricted channels to remove continuous phase 

from between droplets that are then held stationary in a droplet trap. The design of the Alternate 

Droplet Trap drew inspiration from these droplet trap designs. The channel geometry of the first 

design iteration of the Alternate Droplet Trap is presented in Figure 5-4. In Figure 5-4, green lines 

represent unconstricted input and output channels, grey lines represent bypass channels, and cyan 

lines represent constricted trapping channels. 

 
Figure 5-4 - The channel geometry of the first design iteration of the Alternate Droplet Trap with key design features labelled. 

Green lines represent unconstricted input and output channels, grey lines represent bypass channels, and cyan lines represent 

constricted trapping channels. Relevant equivalent circuit elements are noted. 

The operating principle of the Alternate Droplet Trap design is relatively simple and similar to that 

of the Primary Droplet Trap design. As droplets enter through the unconstricted input channel of 

the droplet trap from the left of Figure 5-4, they are always directed towards the trapping channels 

(cyan lines). This sorting is accomplished by making the flow rate towards the trapping channels 

is the largest at any given channel intersection. Constricted trapping channels provide pressure 

barriers (ΔPTrap) to the entry of droplets, and therefore droplets will not flow through trapping 

channels until those pressure barriers are overcome. Bypass channels (grey lines) and 

unconstricted output channels are included such that once both trapping channels hold droplets in 

place and the trap is full, subsequent continuous phase and droplets can flow around the trapped 

droplets. This bypass prevents increased pressures across the trapped droplets and their 

displacement from the trap. 
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The behaviour of the Alternate Droplet Trap is more challenging to model compared to the Primary 

Droplet Trap design. It can be described by the equivalent circuit shown in Figure 5-5. The circuit 

in Figure 5-5 is composed of a main input channel contributing a large resistance Rs through which 

a pressure PTot generates a fluid flow (Q). The droplet trap is composed of a trapping region defined 

by unconstricted channels with resistance RTu1 and constricted trapping channels with resistance 

RTc. Each constricted channel is in series with pressure barriers represented as ΔPtrap. Multiple 

bypass channels are parallel to the trapping channels, each with a resistance of RB, and connect to 

two unconstricted output channels. These output channels are comprised of channel lengths with 

resistances of RTu1 and then proceed through channels with resistances of RTu2 to exit the droplet 

trap. Several resistances and key pressure locations are marked on the droplet trap channel layout 

shown in Figure 5-4. The fluid flow direction is noted by the in and out arrows. 

 
Figure 5-5 – An equivalent circuit depiction of the Alternate Droplet Trap using electrical components to represent its fluidic 

elements. This circuit would represent the channel geometry shown in Figure 5-4 if it only had two constricted trapping channels 

and held one trapped droplet. 

The Alternate Droplet Trap provides a trapping pressure (ΔPtrap) at each of two constricted trapping 

channels. After droplets are held stationary at each trapping channel, subsequent droplets and 

continuous phase are diverted around the droplet trap. They flow through bypass channels to the 

output channels so that the pressure of the droplet trap does not exceed the trapping pressure 

(ΔPtrap). The pressure drop across the trap can be described by the pressure difference between PA 

and PB in Figure 5-5. This design requires a balance of fluid flows before and after trapping. The 

equivalent circuit in Figure 5-5 is drawn with only one constricted trapping channel. This circuit 

represents the droplet trap state with the highest resistance due to the constricted trapping channels, 

excluding the trap containing two droplets. In addition to the pressure barriers at the constrictions 

of the trapping channels (RTc), there are pressure barriers of ΔPvent at each of the bypass channels 

(not shown in Figure 5-5). 
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5.4.1 Alternate Droplet Trap - Design Process 

Although similar to the design process for the Primary Droplet Trap described in Section 5.3.1, 

the design process for the Alternate Droplet Trap used less specific equations due to the complexity 

of its equivalent circuit.  

For simplicity, all design iterations of the Alternate Droplet Trap required that RB, RTu,1, RTu,2 and 

RTc were small compared to Rs and their T-junctions upstream by PTot. As droplets approach the 

droplet trap, the fluid flow rate towards the constricted trapping channels is always strongest. This 

behaviour is represented by the inequalities in Equation (5-7) and Equation (5-8), where Q1, Q2, 

Q3 and Q4 are defined as in Figure 5-5. In Figure 5-5, Q1 is the fluid flow rate towards the trapping 

channels at the rightmost bypass channel intersection with the input channel, and Q2 is the fluid 

flow rate through the rightmost bypass channels. Similarly, Q3 is the fluid flow rate towards the 

constricted trapping channels at the leftmost bypass channel intersection with the input channel, 

and Q4 is the fluid flow rate through the leftmost bypass channels. 

These inequalities need to be met when the droplet trap holds one trapped droplet, as this represents 

the state where Q1 is at its minimum before the droplet trap is filled with two trapped droplets. 

This state represents the most extreme design criterion. 

𝑄1 > 𝑄2 (5-7) 

𝑄3 > 𝑄4 (5-8) 

 

Once the droplet trap holds two droplets in place, all trapping channels are blocked by droplets. 

The flow of subsequent droplets and continuous phase (Q) must bypass the two trapped droplets 

without leading to a pressure drop greater than the trapping pressure of the droplet trap. Equation 

(5-9) shows the inequality describing this behaviour, where PA and PB are the pressures at the 

points indicated in Figure 5-4 and Figure 5-5. 

𝑃𝐴 − 𝑃𝐵 < Δ𝑃𝑇𝑟𝑎𝑝 (5-9) 

 

If the bypass channels are constricted relative to the input channel, they too would have pressure 

barriers, ΔPVent. Once the droplet trap is filled fully, subsequent droplets have to flow through the 

bypass channels, or the trapped droplets in the droplet trap will eventually be displaced. This 

requires the inequality shown in Equation (5-10), where PA and PC represent the pressures at the 

points indicated in Figure 5-4 and Figure 5-5. Ideally, this condition would only be met once the 

droplet trap holds two trapped droplets. However, the droplet trap should still function if the 

condition is met prematurely (i.e., trap droplets). It was later found that droplet splitting may occur 

if this is the case. This behaviour necessitates another easily met requirement that ΔPVent is smaller 

than ΔPTrap so that the bypass channels do not become trapping channels.  

PA − P𝐶 > Δ𝑃𝑣𝑒𝑛𝑡 (5-10) 
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As with the Primary Droplet Trap design process (see Section 5.3.1), the design can be more easily 

in resistivities rather than resistances. All chosen resistivities were verified to ensure that they 

represented channel dimensions capable of construction using the fabrication method described in 

Section 3.3. Resistivities were chosen to maximize the trapping pressure of the constricted trapping 

channels and to create suitable trapping pressures for the bypass channels. This process was often 

under-constrained because of the almost complete control over many of the parameters involved 

(e.g., resistivities and channel lengths).  

5.5 Droplet Trap Operation and Testing 

The Primary Droplet Traps and the Alternate Droplet Trap were integrated into Droplet Generators 

described in Chapter 6. The droplet traps acted as passive elements in the Droplet Generators and 

could not be controlled directly. Droplet Generators with integrated droplet traps were operated 

much in the same way as described in Section 4.4. The only significant differences in the operating 

protocol were that (1) the behaviour of the droplet traps was observed using the Microscope when 

droplets arrived at the droplet traps, and (2) procedures were introduced to remove trapped droplets 

from the droplet trap.  

During droplet production testing of Droplet Generators with integrated droplet traps, the 

Microscope was initially focused on the T-junction to observe the droplet formation process. As 

droplets arrived at the droplet trap, it was then moved to focus on the droplet trap. It was observed 

that droplets typically required ~45 seconds to travel from the T-junction to the droplet trap when 

operating the Droplet Generator with Pc = 8.38 kPa. The behaviour at the droplet trap was typically 

observed for one to two minutes before returning the focus of the Microscope to the T-junction. 

Upon returning to the T-junction, the characterization of the droplet production process would be 

continued until droplets had been continuously produced for approximately five minutes. 

Depending on the droplet trap design being tested, the framing of the droplet trap with the 

Microscope varied but was typically focused on the trapping channels. 

After testing was completed, clearing the trapped droplets from the droplet trap required manual 

intervention. The main channel was allowed to fill with the Continuous Phase, and the dispersed 

phase input channel was partially filled with the Continuous Phase. The dispersed phase input 

channel was not allowed to be filled enough to create contamination issues. On occasion, this 

would generate a small number of minuscule droplets of the Dispersed Phase in the Continuous 

Phase. The tubing leading to the Output Syringe was then disconnected from the Output Syringe 

and reconnected to a 10 mL syringe with an intact plunger that had first been fully depressed. The 

plunger on the intact syringe was then retracted to apply significant negative pressure to the Output 

Well of the Droplet Generator. This negative pressure increased the pressure drop across the 

droplet trap and ejected any trapped droplets. Immediately after all trapped droplets were cleared 

from the droplet trap, the tubing was disconnected from the intact syringe and reconnected to the 

Output Syringe.  

One specific fabrication run of Droplet Generators with integrated Primary Droplet Trap Iteration 

2 included several devices with a specific purge line with a permanently connected 10 mL syringe 
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with an intact plunger. Therefore, the Output Syringe did not need to be disconnected and 

reconnected after every test. This design will be discussed further in Section 7.3.2. 

5.5.1 Droplet Traps: Specific Test Methods 

Several tests were performed specifically on Droplet Generators with integrated droplet traps in 

addition to the regular droplet production tests described in Section 4.4.2. The test methods 

described in Section 4.4.2 were intended primarily to confirm that continuous streams of droplets 

could be reliably produced and observed. Droplet Generators with integrated droplet traps were 

also tested by examining the behaviour of single droplets and isolated pairs of 

consecutively-produced droplets when they entered the area of the droplet trap. 

A Droplet Generator was operated largely following the operating protocol described in Section 

4.4 but with several minor changes to create single or isolated pairs of droplets. Once a single 

droplet or an isolated pair of droplets was produced, the height of the Dispersed Phase Input 

Syringe was immediately lowered. This action decreased the dispersed phase input pressure to a 

point where a small controlled amount of backflow into the dispersed phase input channel 

occurred. The height for the Dispersed Phase Input Syringe to induce backflow into the dispersed 

phase input channel was determined before testing for a given pressure setting. As an example, for 

tests with Pc = 8.38 kPa, it was calculated that the Dispersed Phase Input Syringe had to be lowered 

to a height of 71.5 cm, corresponding to a dispersed phase input pressure of 6.99 kPa.  

When performing tests with single or isolated pairs of droplets, the Microscope was focused on 

the droplet(s) from the point in time when they were generated to when they arrived within the 

droplet trap. For every test, videos that were five minutes in length were recorded, allowing 

droplets to be observed in the droplet trap after being trapped. If the trapped droplets did not merge 

within the five-minute duration, they were continually observed (but not recorded) until they 

merged or they had been under observation for 25 minutes. The time between two droplets being 

trapped in contact with each other and their merging was defined as “droplet lifetime”. Droplet 

lifetime was manually recorded using a stopwatch. This process was also performed for droplets 

produced as part of a continuous droplet stream. However, only the first one to two minutes of the 

droplets within the droplet trap were directly observed and recorded in this case. The droplets were 

observed again after five minutes of being trapped. The droplets were not observed in the droplet 

trap between the two-minute and five-minute marks of the droplet production tests. Measuring the 

trapped droplet lifetime was not performed until the third design iteration of the Primary Droplet 

Trap and the first design iteration of the Alternate Droplet Trap. Construction of both such devices 

occurred in the same fabrication run.  

The Droplet Generators with integrated droplet traps were tested at the pressure settings defined 

in Section 4.4.2 for regular droplet generation studies, specifically Pd = 7.83 kPa, 7.94 kPa and 

8.06 kPa in each case with Pc = 8.38 kPa. Other pressure settings with lower values of Pc were 

also tested as needed to determine if the droplet trap behaviour changed with changes in pressure. 

These lower Pc settings included Pc = 2.51 kPa, 3.35 kPa and 6.70 kPa, with values of Pd that were 

predicted to produce droplets at the same relative droplet volume as the pressure setting 

Pd = 8.06 kPa and Pc = 8.38 kPa. These values were Pd = 2.51 kPa, 3.22 kPa and 6.45 kPa, 
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respectively. Other pressure settings close to these values were also tested to observe the behaviour 

of the droplet trap with droplets with different volumes. 

Whenever a Droplet Generator with an integrated droplet trap was tested multiple times with a 

given pressure setting, all tests were performed consecutively. The Droplet Generator was reset 

between each test run by clearing, filling the main channel of the device with Continuous Phase 

and purging any trapped droplets from the droplet trap as described in Section 5.5. Occasionally 

small droplets became trapped in the dead-end channels of the droplet traps, but these did not affect 

the performance of the Droplet Generator or droplet trap. These could not be readily removed 

when purging the droplet trap and, therefore, can be seen in images of droplet trapping presented 

in Chapter 7. 

Aside from the changes and new tests described here, all other testing methods (e.g., data 

processing techniques) were otherwise the same as described in Section 4.4.2. 

5.6 Summary 

The method of calculating the Laplace pressure difference described in this chapter, combined 

with the resistive network models of droplet traps, provides a robust framework to design droplet 

traps. The resistive network models for two droplet traps, the Primary Droplet Trap and the 

Alternate Droplet Trap were described and the design process to integrate them into Droplet 

Generators. The operational changes to Droplet Generators with integrated droplet traps were also 

detailed. The design and performance of the droplet traps used in this thesis will be described in 

Chapter 7.  
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Chapter 6  

Gravity Driven Microfluidic Droplet 

Generator Design and Testing 

6.1 Introduction 

Chapter 6 describes the design process undertaken to design a Droplet Generator using the 

theoretical model described in Section 2.5 and the design considerations and model refinements 

discussed in Chapter 4. The Droplet Generator was designed to reliably produce droplets that were 

twice as long as they were wide, varied in volume by no more than 10% and could be generated 

with reasonable operating pressures. These criteria were determined by several constraints of the 

fabrication method, droplet generator model and operation method, which are discussed in detail 

in Section 4.3. 

Following these criteria, a Droplet Generator was designed and tested. Droplet traps were also 

designed and integrated into the main channel of the Droplet Generator (as will be discussed in 

Chapter 7). These were designed in such a way that they minimally impacted the behaviour of the 

Droplet Generator. Therefore, Droplet Generators, both with and without integrated droplet traps, 

were tested to ensure that they could reliably and reproducibly produce droplets that met the 

criteria stated above over multiple test runs and devices. 

The success of the Droplet Generators was judged based on the lengths, spacings and volumes of 

the produced droplets. However, to enable this, a suitable method for calculating the shape and 

volume of droplets in laser-cut microfluidic channels was determined. This method for calculating 

droplet volume was applied to validate the droplet generator model described in Section 2.5. 

Following these experiments, the Droplet Generators were found to reproducibly produce droplets 

that met the specified size criteria and were suitable for droplet trapping applications. 

6.2 Numerical Design of Droplet Generator 

The final Droplet Generator device design was focused on minimizing variability in the dispersed 

phase flow rate. This minimization was accomplished through appropriate choices of the dispersed 

phase input channel resistance (Rd), the continuous phase input channel resistance (Rc) and the 

main channel resistance (Rm). The final numerical design and optimization of the Droplet 

Generators was performed similarly to the comparison of flow rate variability in Section 4.3.7 but 

focused on the other design considerations outlined in Section 4.3. The final design process for the 

Droplet Generator will be described in reference to the ratio of Rd:Rm:Rc and normalized to the 

main channel resistance of Rm = 300Rnorm, where Rnorm is as defined in Section 4.3.2. The design 

was initially standardized on the Standard Channels defined in Section 4.3.1. However, as will be 

discussed later, these were not the resulting dimensions of the channels of the Droplet Generators. 

As shown in Table 4-1, the Droplet Generator design with Rd:Rm:Rc = 1:1:1 using Standard 

Channels shows a lower dispersed phase flow rate variation than the device design used in the 
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author’s previous work (Rd:Rm:Rc = 0.004:1.47:0.012). Therefore, it was a good starting point to 

consider the practical limitations imposed on the design for fabrication.  

With a main channel length of 6.78 cm (as chosen in Section 4.3.6), this design corresponded to 

channel lengths of Ld:Lm:Lc = 44.2:1:1.5, normalized to the length of the main channel. This 

conversion from channel resistance to length was performed using Equation (3-6). Ld, Lm, and Lc 

correspond to the length of the dispersed phase input channel, length of the main channel and 

length of the continuous phase input channel, respectively. Considering Lm = 6.78 cm, then 

Ld = 300 cm, and Lc = 10.17 cm, the sum of which was much greater than the maximum acceptable 

38 cm (as determined in Section 3.4). The required Pd was 5.53 kPa, far outside the acceptable 

pressure range based on the heights of the dispersed phase and continuous phase reservoirs in the 

design (Section 4.3.5). While this design was effective in terms of stability and showed minimal 

variation in Qd, it could not be practically fabricated.  

The Rd:Rm:Rc = 1:1:1 design was adjusted, following the recommendation of Rd > Rm > Rc as 

closely as possible. This method was thought to result in the best performing Droplet Generator 

with a main channel length of 6.78 cm. To make this adjustment, the continuous phase input 

channel resistance was minimized, and the dispersed phase input channel resistance was 

maximized. With a minimum acceptable channel length of 1 cm, Rc was minimized by setting 

Lc = 1 cm. Consequently, Lc +
 Lm = 7.78 cm, so approximately 30.22 cm of channel could be used 

to form the dispersed phase input channel while not exceeding the 38 cm limitation for the length 

of the three channels. Due to several geometry constraints involved in implementing the Droplet 

Generator’s design, related primarily to well placement and optical paths to a stage microscope, 

the longest possible dispersed phase input channel was 26 cm long. This resulted in the following 

chip design: Ld:Lm:Lc = 3.83:1:0.15, normalized to Lm = 6.78 cm and corresponded to 

Rd:Rm:Rc = 0.087:1:0.098, normalized to Rm = 300Rnorm (as defined in Section 4.3.2). The layout 

of this design can be seen in Figure 6-1. The performance metrics for the design can be seen in 

Table 6-1, wherein they have been compared to those of the devices used in the author’s previous 

work.  

The design shown in Figure 6-1 could be operated using the Dispersed Phase and Continuous 

Phase to form a steady stream of droplets in the main channel with similar dimensions to Standard 

Droplets. This behaviour could be accomplished by using only Standard Channels to ensure 

symmetric channel dimensions at the T-junction. Standard Droplets were predicted to form with 

the operating conditions of Pc = 8.38 kPa (corresponding to a continuous phase reservoir height of 

1 m), Pd = 8.06 kPa (corresponding to a dispersed phase reservoir height of 82.5 cm), at a Flow 

Rate Ratio of Qd/Qc = 0.2. These operating conditions were accessible practically by using 

convenient heights to place fluid reservoirs to generate appropriate pressure-driven fluid flow. The 

device was expected to produce droplets suitable for the formation of DIBs and was determined to 

be the most stable design that could fit on a standard PMMA chip. 



 99  

 

 
Figure 6-1 - An overlay of all chip layers and crack line patterns in the Droplet Generator design. The input and output wells are 

labelled in the second chip from the left. 

Table 6-1 shows that the performance metrics of the Rd:Rm:Rc = 0.087:1:0.098 design passed all 

of the requirements identified previously. The required Pd (8.06 kPa) was greater than both the 

minimum acceptable Pd for the design (7.84 kPa) and the minimum acceptable Pd for an operating 

height (6.84 kPa). The variability of the dispersed phase flow rate of the Droplet Generator design 

(2.26%) was within 1% of the variability of the dispersed phase flow rate of the devices used in 

the author’s previous work (1.64%). While this was a larger variability, the separation between the 

required Pd and the minimum acceptable Pd was much greater in the Droplet Generator design. 

This increased separation was expected to help minimize droplet size variations. It also allowed 

the fine-tuning of the dispersed phase operating pressure to create a broader range of low Flow 

Rate Ratios. 

Table 6-1 – A design performance evaluation table for the starting design of Rd:Rm:Rc = 0.087:1:0.098 and 

Rd:Rm:Rc = 0.004:1.47:0.012 (the device used previously) normalized to Rm= 300Rnorm.  

Performance Metric 
Design 

Rd:Rm:Rc = 0.004:1.47:0.012 Rd:Rm:Rc = 0.087:1:0.098 

Acceptable Pd Range [kPa] 8.48 < Pd < 10.1 7.84 < Pd < 40.7 

Required Pd for Qd/Qc = 0.2 

[kPa] 
8.50 8.06 

𝛿𝑄𝑑

𝑄𝑑
 [%] ±1.64 ±2.26 

 

The Standard Channels were intended to have widths of 118 μm and depths of 181 μm. CB 

approximated the laser settings shown in Table 6-2 to provide the specified channel dimensions. 

The channels cut with these settings were standardized, and all devices, including those in the first 

fabrication run of Droplet Generator devices, used these settings and their resulting dimensions. 

Table 6-2 – The laser settings used to cut the Standard Channels in the Droplet Generator devices for the first fabrication run. 

Channel Type Standard Channels 

Laser Line Colour Green 

Number of Passes 2 Pass 

Laser Power [%] 3.5 

Laser Speed [%] 0.5 
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6.3 Testing Results 

6.3.1 Crack Test Chip Results 

There was a total of five fabrication runs performed as part of this thesis. The first fabrication run 

produced Droplet Generators without an integrated droplet trap. Every subsequent fabrication run 

produced Droplet Generators with integrated droplets traps of varying designs (discussed more in 

Chapter 7). For the first three fabrication runs, at least one crack test chip was produced and 

examined. 

Every Droplet Generator device, regardless of whether it had an integrated droplet trap, used the 

same channels for the main channel, dispersed phase input channel and continuous phase input 

channel (see Figure 6-1). These channels were all cut with the same laser line and were therefore 

expected to have the same channel dimensions. However, as noted in Section 3.3.3, channels with 

different orientations (i.e., horizontally-oriented versus vertically-oriented) were found to have 

different dimensions.  

As discussed in Section 3.3.3, the channels used for all channels in the Droplet Generators, had on 

average, depths of 240 ± 17 μm (± 7.1%, n = 72) and widths of 132 ± 20 μm (± 15%, n = 72). 

Horizontally-oriented channels were on average 253 ± 12 μm (± 4.7%, n = 28) deep and 

119 ± 22 μm (± 18%, n = 28) wide and vertically-oriented channels were on average, 236 ± 10 μm 

(± 4.2%, n = 30) deep and 138 ± 13 μm (± 9.4%, n = 30) wide. There were variations in the channel 

depth and width between devices and, more significantly, between fabrication runs.  

The variations in channel dimensions resulted in minor changes to the predicted operating range 

of the Droplet Generator. However, no significant differences between the predicted and actual 

behaviour were observed due to variations in channel dimensions. No single set of channel 

dimensions could be used to describe the channels for every fabrication run accurately. Therefore, 

the specific channel dimensions of the device used to form droplets are reported when discussing 

droplet lengths or droplet spacing distances. 

It is, however, much more convenient to discuss the Droplet Generator test results in terms of 

droplet volumes, thereby eliminating the need for channel dimension consistency. To do so 

requires a good understating of droplet shape in the channels so that the droplet volumes can be 

accurately calculated from the top-down measured droplet length. Therefore, tests were performed 

to determine the droplet shape in the laser-cut microfluidic channels.  

6.3.2 Droplet Shape in Microfluidic Channels 

As discussed in Section 2.6.1, droplets were initially expected to conform to the channel 

cross-section but are separated from the channel walls by a thin sheath of Continuous Phase. 

Droplets in laser-cut channels were initially expected to have cross-sections similar to Figure 6-2. 

This was later found not to be the actual cross-section of a droplet in a laser-cut channel, as 

discussed later in this Section. 

The Continuous Phase sheath thickness surrounding the droplets has been reported to be 

proportional to the channel width and dependent on the droplet speed through the channel. The 
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thickness is also often quantified by the Capillary number of the fluid flow [106], [107]. Therefore, 

to begin determining the shape of the droplets, the thickness of the Continuous Phase sheath was 

measured for both moving and stationary droplets. 

 
Figure 6-2 – A rough sketch of the expected droplet cross-section in a horizontally-oriented laser-cut channel. The blue area 

denotes the droplet cross-section. 

6.3.2.1 Measurement of Continuous Phase Sheath Thickness 

A series of droplets were created using a Droplet Generator with a pressure setting of Pd = 8.06 kPa 

and Pc = 8.38 kPa. The Capillary number for this pressure setting was expected to be 0.006. 

Musterd et al. suggest that the continuous phase sheath is negligibly thick if the capillary number 

is less than 0.001 [106]. This was not the case for the droplets that were considered and therefore, 

a non-negligible continuous phase sheath was expected and measured. 

Photographs of stationary droplets were taken using the Microscope set at 10x. Videos were taken 

of these droplets transitioning to and from stationary positions using the Microscope set at the 

same magnification. Droplets were made stationary by changing the applied Dispersed Phase and 

Continuous Phase input pressure by lowering the Input Syringes such that the fluids were level 

with the Droplet Generator being used. The droplets were observed in a vertically-oriented channel 

with an average depth of 238 ± 11 μm (± 4.6%, n = 18) and an average width of 140 ± 10 μm (± 

7.1%, n = 18) as determined by examining channel cross-sections using crack test chips. A 

representative frame of a video of a droplet transitioning to a stationary position can be seen in 

Figure 6-3. A representative photo of a droplet in a stationary position can be seen in Figure 6-4.  

Droplet lengths and widths and the widths of the channels containing the droplets were measured. 

The difference between the droplet width and the channel width could be used to determine the 

thickness of the continuous phase sheath (Figure 6-2). As a first approximation, half of the 

difference between the two widths was used as the thickness of the continuous phase sheath. A 

more accurate value can be determined considering the slope of the channel walls. However, due 

to the large top corner angle of the channels being used and the measured widths, this would 

introduce a maximum of a 3% error in calculating the continuous phase sheath thickness. This 

error represented was a similar level of uncertainty to the measurement uncertainty in the widths 

(2%) and therefore was not significant. 

A summary of the results of this testing can be seen in Figure 6-5. The measured droplet 

dimensions were gathered from nine stationary droplets, and 28 moving droplets from three 
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different test runs on two days using the same Droplet Generator device. All stationary droplets 

were examined after being held in stationary positions for 20 minutes. All droplets were observed 

in the same location on the device. The lengths of the moving droplets measured from videos have 

a higher measurement error (± 12 μm) compared to the droplet lengths of stationary droplets 

measured from still photographs (± 3 μm). 

The average droplet length of moving droplets was not within ± 12 μm of the average droplet 

length of stationary droplets, suggesting a change in the droplet length when transitioning from 

moving to stationary. Specifically, the moving droplets appeared slightly longer than the stationary 

droplets. Moving droplets were slightly narrower and, therefore, slightly elongated to maintain 

constant volumes.  

 
Figure 6-3 – A frame from a video taken at 10x magnification of droplets transitioning to moving after being held stationary for 

20 minutes. The “droplet shadows” indicate where two droplets were previously in stationary positions. 

 
Figure 6-4 – A representative photograph of a stationary droplet after being held stationary for 20 minutes taken with 10x 

magnification. 
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The results shown in Figure 6-5 demonstrate significant differences in the average widths of 

droplets and the channel width when the droplets were moving and stationary. The average droplet 

width was determined to be 129 ± 2.83 μm after droplets had been stationary for 20 minutes and 

120 ± 2.11 μm when in motion. The channel width was a constant 147 ± 2.84 μm, agreeing with 

channel widths measured from channel cross-sections. These results indicated that there was a 

sheath of Continuous Phase around the droplets with an average width of 8.88 μm when the 

droplets were stationary for 20 minutes and 13.38 μm when they were in motion. Based on a 

10-minute period with photographs taken every 30 seconds using the Microscope set at 10x 

magnification, the widths of droplets broadened as soon as they became stationary. After the initial 

broadening, their lengths and widths remained constant for as long as they were stationary (data 

not shown). The presence of a Continuous Phase sheath around droplets both when stationary over 

20 minutes and in motion indicated that the droplets did not touch the channel sidewalls. Therefore, 

the droplet shape shown in Figure 6-2 was thought to be a reasonable estimate of the actual cross-

sectional shape of droplets in laser-cut channels.  

 
Figure 6-5 – A comparison of average droplet length, average droplet width, and channel width of droplets made with the same 

settings when stationary and in motion. Data was gathered from photographs and videos taken at 10x magnification. Nine 

stationary droplets and 12 moving droplets were measured. Error bars represent one standard deviation of the average values or 

one measurement error in the case of droplet lengths measured for moving droplets.  

6.3.2.2 Changes in Stationary Droplet Shape Over Time 

As the thesis aims to create a droplet trap that would hold droplets in stationary positions for 

extended periods, it is essential to understand changes in stationary droplet shape over time. 

Accordingly, during the 20 minutes that droplets were held stationary in this test, timelapse 

photographs of droplets were taken.  

Droplets were produced with two Droplet Generator devices fabricated in the same fabrication 

run, with the same integrated droplet trap and at the same pressure settings of Pd = 8.06 kPa and 

Pc = 8.38 kPa. One of these Droplet Generators was the same device used in the experiments in 

the preceding section. The droplets produced by the two Droplet Generators were held in stationary 

positions for periods of 20 minutes. Series of time-lapse photographs were taken of the stationary 

droplets using different Microscope magnifications - 2x and 4x magnification. The lengths and 
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widths of droplets were measured in both vertically-oriented channels and horizontally-oriented 

channels. The vertically-oriented channels had an average depth of 238 ± 11 μm (± 4.6%, n = 18) 

and an average width of 140 ± 10 μm (± 7.1%, n = 18) and horizontally-oriented channels had an 

average depth of 260 ± 11 μm (± 4.2%, n = 14) and an average width of 113 ± 26 μm (± 23%, 

n = 14).  

An example of a typical time-lapse photograph using 2x magnification is shown in Figure 6-6. The 

first feature of note was that the stationary droplets in vertically-oriented channels appear shorter 

and broader than those in horizontally-oriented channels. Droplets in vertically-oriented channels 

were ~150 μm shorter and ~30 μm wider than those in the horizontally-oriented channels. 

However, their volumes were determined to be highly similar (see Section 6.3.4). Droplets in the 

wider vertically-oriented channels were expected to widen and therefore shorten. Droplets would 

elongate in the narrower horizontally-oriented channels to maintain constant volumes. This change 

in length was dependent on the change in channel width and the change in channel depth. 

Therefore, to estimate the change in droplet length, the shape of droplets in laser-cut channels 

needed to be better understood.  

 
Figure 6-6 – An example of a typical stationary droplet time-lapse photograph using 2x magnification; all droplets were 

produced with the same setting and should have had constant volumes. The horizontally-oriented and vertically-oriented 

channels had different dimensions, leading to different droplet dimensions and shifts in droplet spacing in the near channel 

corners due to the difference in Laplace pressure at each of the droplet’s fluid fronts. 

The second feature of note in Figure 6-6 is that droplet spacing was offset in the upper right corner 

of the image. This change in droplet spacing was not observed when the droplets were moving 

before they became stationary.  

Differences in droplet spacing were caused by changes in the position of droplets that became 

stationary in a bend of the channel. A droplet in a corner had one fluid front in a 

horizontally-oriented channel and the second in a vertically-oriented channel. Because these two 

channels had different width and depth dimensions, each of its two fluid fronts would be expected 

to have different Laplace pressures (as discussed in Section 2.4). Therefore, any droplets that 

became stationary in a bend in the main channel of the Droplet Generator moved into positions 
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that minimized this difference in Laplace pressure. This movement changed the droplet spacing, 

as is the case in Figure 6-6. 

It was found that stationary droplets in a channel for 20 minutes maintained essentially constant 

lengths and widths over that period. Figure 6-7 shows the measured lengths of individual droplets 

generated by two different Droplet Generators. Droplet lengths were measured over 20 minutes 

from five sets of time-lapse photographs using the Microscope set at 2x magnification. Each point 

in Figure 6-7 represents the measured length of a single droplet and includes error bars equivalent 

to the estimated measurement error of ± 30 μm. Droplets measured in horizontally-oriented 

channels comprised the upper band in Figure 6-7, while droplets measured in vertically-oriented 

channels comprised the lower band. There was no significant change in droplet lengths and, 

therefore, droplet volume over the 20 minutes. This stability indicated that droplets could be held 

in a droplet trap for at least 20 minutes without significant loss in volume or integrity. 

 
Figure 6-7 – Measured lengths of stationary droplets observed over 20 minutes from time-lapse photographs obtained with the 

Microscope at 2x magnification. Both droplets in horizontally-oriented and vertically-oriented channels were measured, 

resulting in 2 distinct bands of droplet lengths. Each point represents the measured length of a droplet and has error bars 

corresponding to the estimated measurement error (± 30 μm).  

Similar results can be seen in droplet width measurements that were performed at the same time 

(see Figure 6-8). However, it should be noted that the widths of droplets measured in 

horizontally-oriented channels comprised the lower band of Figure 6-8. In contrast, the widths of 

droplets measured in vertically-oriented channels comprised the upper band. Again, no significant 

change in droplet width was observed over the 20 minutes. 
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Figure 6-8 – Measured widths of stationary droplets observed over 20 minutes from time-lapse photographs obtained with the 

Microscope at 2x magnification. Both droplets in horizontally-oriented and vertically-oriented channels were measured, 

resulting in 2 distinct bands of droplet widths. Each point represents the measured width of a droplet and has error bars 

corresponding to the estimated measurement error (± 30 μm).  

The stationary droplet time-lapse photographs were retaken using 4x magnification to reduce 

measurement error in droplet dimensions. Figure 6-9 and Figure 6-10 show the results of four 

different 20-minute photographic timelapse tests using one of the Droplet Generators used over 

two consecutive days. All droplets were measured in a vertically-oriented channel. Although 

droplet dimensions were slightly lower than those measured from the 2x magnification 

photographs, the same trends are present. This difference in length was attributed to the higher 

resolution at the higher magnification. Droplet dimensions did not change significantly over the 

20 minutes.  

 
Figure 6-9 – Measured lengths of stationary droplets observed over 20 minutes from time-lapse photographs obtained with the 

Microscope at 4x magnification. Only droplets in vertically-oriented channels were measured. Each point represents the 

measured length of a droplet and has error bars corresponding to the estimated measurement error (± 15 μm). 

0

20

40

60

80

100

120

140

160

180

0 5 10 15 20 25

D
ro

p
le

t 
W

id
th

 [
μ

m
]

Time [min]

250

270

290

310

330

350

370

0 5 10 15 20 25

D
ro

p
le

t 
Le

n
gt

h
 [
μ

m
]

Time [min]



 107  

 

 
Figure 6-10 – Measured widths of stationary droplets observed over 20 minutes from time-lapse photographs obtained with the 

Microscope at 4x magnification. Only droplets in vertically-oriented channels were measured. Each point represents the 

measured width of a droplet and has error bars corresponding to the estimated measurement error (± 15 μm). 

It was observed that after being stationary for 20 minutes, droplets that were then moved had 

deposited a residue on the area of the channel walls where they were held stationary. This 

phenomenon can be seen in Figure 6-3, where “droplet shadows” have been marked. Figure 6-3 

was obtained by focusing on the location of two stationary droplets immediately after a 20-minute 

time-lapse. The Dispersed Phase and Continuous Phase input pressures were reapplied to the 

Droplet Generator to resume droplet motion in the main channel shortly before taking this 

photograph. The stationary droplets moved from their stationary positions and left a dark residue 

on the channel walls. This residue was present on both the sidewalls and the top wall of the channel. 

These positions are marked by the “droplet shadows” in Figure 6-3. A third droplet then moved 

through the channel and can be seen between the two “droplet shadows” in Figure 6-3. The 

“droplet shadows” were observed to disappear within five minutes of subsequent operation of the 

Droplet Generator.  

The origin of these shadows is unknown but is likely due to channel wall contact or precipitates 

forming from the droplets. They were observed to begin forming 30 seconds after droplets became 

stationary and indicate that droplets make some form of contact with the channel walls when 

stationary. 

A continuous phase sheath was measured between the channel's sidewalls and the stationary 

droplets as described above. Therefore, if the stationary droplets contacted any channel walls, the 

contact point would have to be the top channel wall as a continuous phase sheath was measured 

between the droplet and the side walls over 20 minutes. The shadow material would have migrated 

from the top channel surface to the side walls if the shadows were related to droplet wall contact. 

Channels were illuminated from below while obtaining Figure 6-3, and the shadows only occurred 

at positions in the channel where droplets were known to be stationary. No reasonable explanation 

of this shadow effect due to the illumination of the channel or a quirk in the illumination system 

of the Microscope could be determined.  This observation, combined with the known conditions 
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that make the shadows appear and disappear, clearly indicated that the shadows are caused by 

residue on the channel walls. 

6.3.2.3 Determining the Droplet Shape and Volume in the Microfluidic Channels 

The data presented in the preceding two sections provide the following findings: (1) measurements 

of the thickness of the Continuous Phase sheath between droplets and channel walls when 

stationary and moving, and (2) that there is no significant change in droplet shape when droplets 

are held stationary for extended periods. The first finding provides valuable information that 

enables the prediction of the cross-sectional droplet shape when droplets are both moving and 

stationary. The cross-sectional shape of a droplet in motion was of great interest because it allowed 

for the calculation of droplet volume based on top-down measurements of droplet length and the 

dimensions of the channel the droplet occupied. The ability to accurately calculate the volume of 

droplets allowed for the performance of the Droplet Generators to be compared between 

fabrication runs in which channel dimensions may have varied. It also allows the data obtained 

from the videos taken of droplet generation to be accurately compared to the behaviours predicted 

by the droplet generator model. 

In previous work performed by the author, apparent droplet volume (V) was calculated by 

multiplying droplet length (Ldroplet), as measured from above from tip to tip, by the cross-sectional 

area of the channel (Ach),  as this has been a commonly made assumption in literature (Equation 

(6-1)) [106], [108]. Furthermore, no mathematical model could be found to describe the volume 

of droplets confined by laser-cut channels. Therefore, droplets were assumed to fully fill the known 

channel cross-section over its entire length. This assumption is known to be an inaccurate method 

of calculating droplet volume, as droplets in microfluidic channels are known to have rounded 

caps due to surface tension effects. They also do not occupy the full cross-section of the channels 

due to a Continuous Phase sheath surrounding the droplets. 

𝑉 = 𝐿𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝐴𝑐ℎ (6-1) 

 

As described in Section 2.6.1, the work of Musterd et al. examined the physics of droplets confined 

within a range of different microfluidic channel geometries [106]. They developed equations to 

describe the expected shapes and volumes of droplets. Using their model, the volume of droplets 

(V) confined within microfluidic channels can be calculated using Equation (6-2). In Equation 

(6-2), Lcap is the length of the droplet caps, Abd is the cross-sectional area of the droplet body, and 

Ldroplet is the length of the droplet measured from tip to tip from above. Both Lcap and Abd can be 

calculated from measured channel dimensions. In these calculations, the thickness of the 

continuous phase sheath was considered as recommended by Musterd et al. as Capillary number 

indicated a non-negligibly thick sheath [106]. 

𝑉 =
4

3
𝐿𝑐𝑎𝑝𝐴𝑏𝑑 + (𝐿𝑑𝑟𝑜𝑝𝑙𝑒𝑡 − 2𝐿𝑐𝑎𝑝)𝐴𝑏𝑑 (6-2) 
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The apparent volumes of droplets confined in microfluidic channels were compared to the volumes 

of the same droplets as spheres outside of the channels. This comparison was performed to 

determine the best method for calculating the volume of a droplet in a laser-cut microfluidic 

channel. The apparent volumes of droplets were calculated using Equation (6-1) and the method 

of Musterd et al. (Section 2.6.1) [106]. 

Droplets were produced using a Droplet Generator with no integrated droplet trap, following the 

procedure described in Section 4.4 using the pressure settings Pd = 8.06 kPa and Pc = 8.38 kPa. 

These settings correspond to a Capillary number of ~6 x 10-3 and an average droplet velocity of 

~1.06 mm/s. The lengths of the produced droplets were measured in a horizontally-oriented 

channel with an average depth of 242 ± 6 μm, an average width of 127 ± 8 μm, channel top corner 

angle of 75o and bottom corner radius of 14 ± 2 μm. Droplets in channels with these dimensions 

could be modelled with one of the sets of equations developed by Musterd et al., specifically, 

Equations (2-18) to (2-20) [106]. These equations were chosen following the recipe shown in 

described in the work of Musterd et al., accounting for a continuous phase sheath thickness of 

10.5 μm [106].  

A continuous phase sheath thickness of 10.5 μm was used because it was proportional to the 

measured thickness of the continuous phase sheath surrounding droplets detailed above. The same 

conditions were used to make these droplets. Therefore, they were made with the same average 

Capillary number but in channels with a different width. The thickness of the continuous phase 

sheath has been reported to be proportional to channel width [106], [107]. As droplets were made 

with the same pressure settings in channels with similar dimensions, it was reasonable that the 

thickness of the continuous phase sheath in the channels was proportional to the previously 

measured thickness [106], [107]. 

The diameters of droplets as they entered the output well of the Droplet Generator device, which 

was not attached to an output syringe, were also measured from above. These droplets were 

unconstrained by a microfluidic channel and expected to be spherical. Droplet volumes (V) could 

then be calculated using Equation (6-3), where r is the measured droplet radius (half of the 

measured droplet diameter). As droplets in the output well may have contacted the bottom of the 

well, the possible effects of that contact were estimated. Based on the measured contact angle of a 

droplet of water on a PMMA surface submerged in Continuous Phase (see Section 3.5) and 

following the method of Sommers and Jacobi, contact with the bottom of the output well 

introduced a negligible change in volume of ~12.5%  [137]. This change was smaller than the 

measurement error associated with the calculation and therefore was insignificant. 

𝑉 =
4

3
𝜋𝑟3 (6-3) 

 

The apparent volumes and measured volumes of droplets in the output well for the produced 

droplets can be seen in Table 6-3, alongside the droplet volumes produced at two other pressure 

settings studied in the same way.  
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In Table 6-3, Vdroplet,fully filled refers to apparent droplet volumes in channels calculated using 

Equation (6-1). Vdroplet,Musterd refers to apparent droplet volumes in channels calculated using 

Equation (6-2) and the accompanying method of Musterd et al. [106]. Finally, Vdroplet,well refers to 

the volumes of droplets measured in the output well of the Droplet Generator.  

When the droplet volumes shown in Table 6-3 are compared, it is clear that the volumes calculated 

by assuming droplets fully filled the channels do not agree with the volumes of droplets in the 

output well. However, volumes calculated according to the method of Musterd et al. do agree with 

volumes of droplets in the output well [106]. 

It should be noted that uncertainty in the channel dimensions may affect the calculation of droplet 

volumes in channels. Based on the dimensions of the above-reported channel, in which droplets 

were observed, droplet volumes would vary by at most ± 0.3 nL, considering the largest possible 

channel dimension variations. This change was comparable to the measurement uncertainty of 

droplets in the channels ± 0.24 nL. Therefore, if channel dimensions did vary from their average 

values, the effect on the calculated droplet volumes would not be significant. 

Since the model of Musterd et al. was determined to calculate the volume of droplets in the 

laser-cut channels accurately, droplet cross-sections were expected to occupy approximately half 

of the channel cross-section (Figure 6-11) [106]. The corners of the droplets were expected to have 

radii of 23 μm. The cross-sectional area of the droplet body was expected to be 8075 μm2 which 

occupied approximately half of the cross-sectional area of the channels containing the droplets. 

Lastly, the droplet caps were expected to be 44.7 μm long. 

Table 6-3 – The droplet volumes calculated with each of the different methods for each tested pressure settings: Pd = 7.83 kPa, 

Pd = 7.94 kPa and Pd = 8.06 kPa, all with Pc = 8.38 kPa. All values are reported ± their standard deviation or measurement 

error, whichever was larger. Vdroplet, fully filled and Vdroplet, Musterd values had a measurement error of ± 0.24 nL and Vdroplet, well values 

had a measurement error of ± 0.3 nL.  

Pressure Setting 

[kPa] 

Vdroplet,fully filled 

[nL] 

Vdroplet,Musterd 

[nL] 

Vdroplet,well 

[nL] 

Pd = 7.83 
4.28 ± 0.24 

(n = 18) 

1.72 ± 0.24 

(n = 18) 

1.66 ± 0.30 

(n = 10) 

Pd = 7.94 
5.00 ± 0.24 

(n = 42) 

2.04 ± 0.24 

(n = 42) 

2.00 ± 0.32 

(n = 10) 

Pd = 8.06 
6.04 ± 0.26 

(n = 96) 

2.52 ± 0.24 

(n = 96) 

2.62 ± 0.38 

(n = 10) 
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Figure 6-11 – A sketch of the expected droplet conformation in horizontally-oriented Standard Channels predicted by the 

cross-sectional droplet model of Musterd et al. [106]. 

Using the method of Musterd et al., droplet volumes can be calculated accurately, and changes in 

droplet shape can be predicted [106]. These capabilities are important for applications where 

changes in droplet shape are vital – e.g., droplet trapping applications – and may also provide 

insight into droplet contact with channel walls over time. However, most importantly, accurately 

calculating droplet volumes allows for the observed behaviour of the Droplet Generators to be 

accurately compared to the behaviour predicted by the Droplet Generator model. 

6.3.3 Droplet Generator Model Optimization 

The droplet generator model described in Section 2.5 cannot be used to directly predict the volume 

of the produced droplets. However, it can predict the volumetric flow rate ratio of the dispersed 

phase to the total flow rate through the main channel (Qd/Qm) given a specific pressure setting. 

This predicted flow rate ratio is equivalent to the ratio of the droplet volume to the total fluid 

volume per droplet (Vdroplet/Vtotal), herein defined as the “relative droplet volume”.  

As droplets are produced at a regular frequency, f, it would be expected that the volume of droplets 

could be calculated according to Vdroplet = f x Qd. Similarly, the total fluid volume dispensed 

through the Droplet Generator during the time it takes to form a droplet can be calculated according 

to Vtotal = f x Qm. These relationships indicate that relative droplet volume is equivalent to the 

volumetric flow rate ratio of the dispersed phase to the total flow rate through the main channel, 

Vdroplet/Vtotal = Qd/Qm. 

As demonstrated in Section 6.3.2, the method of Musterd et al. can be used to accurately calculate 

the volume of droplets in microfluidic channels, which means that relative droplet volume can also 

be accurately calculated [106]. Therefore, the relative droplet volume predicted by the droplet 

generator model can be compared to the observed relative droplet volume with reasonable 

accuracy.  

To compare the observed and predicted relative droplet volumes, droplets produced for the 

experiment described in the Determining the Droplet Shape and Volume in the Microfluidic 

Channels Section above were considered. The total volume of fluid per droplet (Vtotal) was 

calculated according to Equation (6-4), which included both the dispersed and continuous phases. 

In Equation (6-4), Ldroplet is the measured droplet length, Lspacing is the measured droplet spacing 

distance, and Ach is the cross-sectional area of the channel. The sum of Ldroplet and Lspacing describes 

the total length of fluid pushed through the T-junction to form a droplet. The channels are expected 
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to be fully filled by droplets and surrounding continuous phase. Therefore, the sum of the lengths 

can be multiplied by the channel cross-sectional area to determine the total fluid volume per 

droplet. This calculation accounts for the volume of the continuous phase surrounding the droplets, 

the volume of the droplet and the volume of the continuous phase separating droplets. 

𝑉𝑡𝑜𝑡𝑎𝑙 = (𝐿𝑑𝑟𝑜𝑝𝑙𝑒𝑡 + 𝐿𝑠𝑝𝑎𝑐𝑖𝑛𝑔)𝐴𝑐ℎ (6-4) 

 

The observed relative droplet volume was then calculated by dividing droplet volume, calculated 

according to Equation (6-2) (reported in Table 6-3), by the total fluid volume per droplet calculated 

using Equation (6-4). When the predicted and observed relative droplet volumes for the settings 

tested in Table 6-3 are compared, the droplet generator model predicts relative droplet volumes 

that are ~1.5 times larger than the observed relative droplet volumes (Table 6-4). 

Table 6-4 - The predicted and observed relative droplet volumes tested pressure settings: Pd = 7.94 kPa and Pd = 8.06 kPa, all 

with Pc = 8.38 kPa. The relative droplet volume could not be calculated for the Pd = 7.83 kPa pressure setting because the 

droplet spacing was too large to be measured. The observed relative droplet volumes are reported with uncertainties considering 

the standard deviation in the measured droplet and spacing lengths. 

Pressure Setting 

[kPa] 

Predicted Relative Droplet 

Volume 

Observed Relative Droplet 

Volume 

Pd = 7.94 0.13 0.082 ± 0.016 

Pd = 8.06 0.18 0.12 ± 0.018 

 

The discrepancy in the predicted and observed relative droplet volumes could not be explained by 

any reasonable variation in channel dimensions, indicating that an underlying assumption of the 

droplet generator model being used was incorrect. The droplet generator model assumed that the 

presence of a droplet in a channel increases the resistance of that length of channel by a factor of 

four compared to the resistance of the same length of channel filled with only the Continuous 

Phase (see Section 4.3.2). This value is referred to as the “droplet resistance increase factor” 

(DRIF). The DRIF was determined by fitting the droplet generator model to a Droplet Generator 

used in previous work performed by the author with devices with different channel dimensions. 

This work was also performed assuming that droplets completely filled the main channel 

cross-section. As shown in Section 6.3.2, droplets were subsequently found not to fill the entire 

channel cross-section. Therefore, the DRIF determined in the author’s previous work could not be 

correct. 

If the droplet generator model was adapted to match the observed relative droplet volumes for the 

tested pressure settings shown in Table 6-4, a DRIF factor of 8.2 ± 1.7 would be required. This 

droplet resistance increase factor is outside of Glawdel and Ren’s rule of thumb range of values 

between two and five [85]. However, it does not seem unreasonable given that their rule of thumb 

was proposed for rectangular channels, which are not used in this project. To determine whether 

this fitted value was reasonable, verification by a second method was necessary.  
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6.3.3.1 Theoretical Verification of Droplet Resistance Increase Factor 

The increase in channel resistance due to the presence of a droplet in a channel can be measured 

using specialized channel structures or instrumentation [98], [99], [138]. These pieces of 

specialized equipment may not apply to all microfluidic devices and do not provide predictive 

value before working with the specialized device. Few methods for the theoretical predictions of 

the DRIF have been reported in the literature, except for some qualitative methods for specific 

channel geometries [99]. These efforts have been focused on determining pressure changes 

surrounding the droplets and their end caps [99], [108]. 

An important underlying assumption about the DRIF is that it inherently assumes that the flow of 

droplets through a channel can be described by laminar flow. This assumption is required to model 

the channel resistance following the linear relationship of Poiseuille’s equation (Equation (2-1)) 

and is a standard assumption when determining droplet resistance [85], [97]–[99], [138]. While it 

is recognized that the presence of droplets does affect laminar flow in microfluidic channels, the 

DRIF is intended to describe the resistive effects and account for these non-laminar behaviours. 

It was hypothesized that the model of Musterd et al., which can be used to accurately predict the 

cross-sectional area of a droplet in a microfluidic channel, could be extended to approximate the 

droplet resistance increase factor for a channel with known dimensions [106].  

The DRIF is simply the resistance ratio of a channel filled with a droplet surrounded by the 

continuous phase and the channel when filled only with the continuous phase. Section 2.2.2 

established that channel resistance depends on fluid viscosity, the wetted channel perimeter, the 

channel cross-sectional area, and the length of the channel. Channel resistances were calculated 

using Equation (3-6) for this thesis. Therefore, the DRIF can be determined by taking the ratio of 

Equation (3-6) when considering a channel containing a droplet and when the channel does not 

contain a droplet. This calculation is the same as taking the ratio of the more generalized Equation 

(2-7). The resulting equation for the DRIF can be seen in Equation (6-5). 

𝐷𝑅𝐼𝐹 =  
𝑅𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑖𝑛

𝑅𝑛𝑜𝑑𝑟𝑜𝑝𝑙𝑒𝑡
=

𝐴𝑐ℎ
3

(𝐴𝑐ℎ − 𝐴𝑏𝑑,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒)
3 (6-5) 

 

Equation (6-5) only depends upon the area of the channel (Ach) and the effective cross-sectional 

area of the droplet (Abd,effective). The effective cross-sectional area of the droplet would be the 

cross-sectional area if the droplet had a uniform cross-section along its entire length.  

For droplets with known lengths in a channel with known dimensions, Abd,effective can be calculated 

using Equation (6-6). In Equation (6-6), Lcap is the length of the droplet cap, Ldroplet is the overall 

length of the droplet, and Abd is the cross-sectional area of the droplet body. 

𝐴𝑏𝑑,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = (
4

3
) (

𝐿𝑐𝑎𝑝

𝐿𝑑𝑟𝑜𝑝𝑙𝑒𝑡
) 𝐴𝑏𝑑 + (1 −

2𝐿𝑐𝑎𝑝

𝐿𝑑𝑟𝑜𝑝𝑙𝑒𝑡
) 𝐴𝑏𝑑 (6-6) 
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When a droplet is present in a channel of the Droplet Generator, testing found that it occupied 

roughly half of the channel’s cross-sectional area (see Section 6.3.2). Therefore, the presence of a 

droplet reduces the cross-sectional area that should be considered when calculating channel 

resistance using Equation (3-6). 

The viscosity of interest when considering the flow of droplets through a channel is that of the 

continuous phase. The droplets are carried in the flow of the continuous phase. They do not directly 

affect the flow of the continuous phase when the ratio of the dispersed phase and continuous phase 

viscosity is low [108]. Therefore, when calculating the DRIF, the only viscosity involved is the 

continuous phase viscosity. This viscosity does not change when a droplet is present. Therefore, 

viscosity does not contribute to Equation (6-5).  

Similarly, the channel length considered to be filled with a droplet or not filled with a droplet is 

the same. Therefore, the channel length does not contribute to the DRIF or Equation (6-5).  

The wetted perimeter of the channel is not affected by the presence of a droplet in the channel. 

This parameter is involved in calculating channel resistance due to a no-slip boundary condition 

applied at the channel walls when solving the Navier-Stokes equation. This condition means that 

the velocity of fluid flowing through the channel is zero at the channel walls. Such a condition 

does not appear to exist at the droplet interface, and therefore, the wetted perimeter remains 

unchanged when a droplet is present in the channel. It is known that droplets and their surrounding 

continuous phase move at different speeds, flow fields within droplets are not coupled to those 

outside of droplets, and surfactant molecules can be redistributed by these flow fields at the droplet 

interface [108], [138]. As droplets and the surrounding continuous phase show a net movement in 

the same direction, it doesn’t make sense for the fluid velocity at the droplet interface to be equal 

to zero. 

Additionally, surfactant molecules redistribute themselves at the droplet interface according to 

flow fields within the droplet. This movement further indicates motion at the droplet interface and 

that the fluid velocity is not equal to zero [108]. Therefore, the presence of a droplet is not expected 

to change the wetted perimeter of a channel used in Equation (3-6). 

The information presented above supports the hypothesis that DRIF is based solely on a droplet 

changing the cross-sectional area of the channel (Equation (6-5)). However, it should be noted that 

because of the assumption that the entire fluid flow can be modelled as a laminar flow, Equation 

(6-5) can only calculate an approximate value of the DRIF. Additionally, Labrot et al. found that 

the DRIF depends on droplet spacing and velocity [138]. These are not accounted for in Equation 

(6-5), further indicating that Equation (6-5) should only be used as an approximation.  

The Droplet Generators used in this project had only droplets in their main channels, composed of 

both horizontally-oriented and vertically-oriented channels. Due to the variation in channel 

dimensions between horizontally-oriented and vertically-oriented channels (Section 6.3.1), the 

average DRIF needed to be determined. This required consideration of the differences in DRIF 

resulting from differences in the dimensions of horizontally-oriented and vertically-oriented 

segments of the main channels. The average DRIF was determined by taking the weighted average 
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of the DRIF in the horizontally-oriented and vertically-oriented segments of the channels based on 

their volumetric contributions to the total volume of the entire main channel.  

These volumetric contributions need to be considered as droplets had different cross-sectional 

areas and lengths in each channel orientation. Vertically-oriented channel segments that contained 

shorter droplets contributed a slightly higher overall increase in channel resistance when filled 

with droplets because they can hold more droplets. This consideration represented a relatively 

minor correction.  

To determine the droplet resistance increase factor for the Droplet Generator used to generate the 

droplets described in Table 6-3, droplets produced using the Pd = 8.06 kPa and Pc = 8.38 kPa 

pressure setting were considered. The dimensions of the channel’s segments, both 

horizontally-oriented and vertically-oriented, dimensions of the droplets contained in each 

segment and expected DRIF in each channel orientation can be seen in Table 6-5. The 

cross-sectional areas of the channel segments were calculated using Equation (3-5). The 

cross-sectional droplet areas and cap lengths were calculated using Equation (2-19) and Equation 

(2-20). The expected DRIFs for the horizontally-oriented and vertically-oriented segments of the 

main channel were calculated according to Equation (6-5).  

By calculating the weighted average of the droplet resistance increase factors for the 

horizontally-oriented and vertically-oriented segments of the main channel of the Droplet 

Generator, an average DRIF of 7.57 was calculated. This calculated value was lower than the 

8.2 ± 1.7 predicted by simply fitting the droplet generator model to the observed relative droplet 

volumes in Table 6-4. However, the calculated value was within the uncertainty of the fitted value. 

The difference between these two values represents an almost negligible difference in the context 

of the droplet generator model. If the theoretically predicted value of 7.57 was assumed to be 

correct, then to produce droplets at the relative droplet volume observed for the Pd = 8.06 kPa and 

Pc = 8.38 kPa condition in Table 6-4, the actual pressure settings would be Pd = 8.04 kPa and 

Pc = 8.38 kPa. This difference in the dispersed phase input pressure could be explained by the 

uncertainty in the estimated Laplace pressure, the uncertainty in the channel dimensions used in 

the droplet generator model or some combination of those factors. The difference in Pd values 

represents a 2.6 mm difference in the height of the Dispersed Phase Input Syringe. This difference 

is slight compared to the total height of that Input Syringe (82.5 cm) and large compared to the 

estimated measurement error in the syringe height (± 2 mm). 

The difference in the predicted DRIF and the DRIF determined by fitting the droplet generator 

model to the observed relative droplet volumes was functionally negligible. Therefore, either value 

would be appropriate to use in the droplet generator model. However, the fitted value is more 

representative due to the approximate nature of Equation (6-5). 

After this discrepancy in droplet resistance increase factor was understood, a value of 8.2 was used 

as the droplet resistance increase factor in the droplet generator model. This change to the droplet 

generator model brought the predicted relative droplet volumes in line with those observed. 

Therefore, the droplet generator model was appropriate and could accurately describe the 

behaviour of the Droplet Generators. 
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The method described herein for predicting the DRIF represents a valuable extension of the work 

of Musterd et al. [106]. It provides a predictive value of the DRIF without the need for specialized 

testing equipment. This method could be refined further by testing in a simpler channel layout and 

likely could be improved by considering pressure effects found locally around droplets. To the 

best of the author’s knowledge, a method of approximating the DRIF based on a droplet’s 

cross-sectional area and a channel’s cross-sectional area such as that described above has not been 

reported in the literature. 

Table 6-5 – The channel dimensions, droplet dimensions, and calculated droplet resistance increase factor for the Droplet 

Generator device used to produce the droplets whose volumes are detailed in Table 6-3. The length of the droplets in 

vertically-oriented channels was not directly measured but calculated, assuming the volumes maintained a constant volume. 

Values are reported ± one standard deviation where applicable. 

Parameter 
Horizontally-Oriented 

Channels 

Vertically-Oriented 

Channels 

Channel Dimensions   

Depth (H) [μm] 242 ± 6 221 ± 17 

Width (W) [μm] 127 ± 8 147 ± 9 

Top Corner Angle (β) [o] 75 75 

Bottom Corner Radius (rc) 

[μm] 
14 ± 2 14 ± 2 

Cross-sectional Area (Ach) 

[μm2] 
17978 18333 

Percent Volume of Main 

Channel [%] 
0.31 0.69 

Droplet Dimensions   

Length (Ldroplet) [μm] 
342 ± 15  

(n = 96) 
268 ± 11* 

Cap Length (Lcap) [μm] 44.7 51.8 

Cross-sectional Area (Abd) 

[μm2] 
8088 10837 

Effective Cross-sectional 

Area (Abd,effective) [μm2] 
7383 9441 

Droplet Resistance Increase 

Factor 
4.89 8.77 

 

6.3.4 Droplet Generation Reproducibility 

The results discussed in Sections 6.3.2 and 6.3.3 describe the methods required to accurately 

describe droplet shape in microfluidic channels, calculate the volume of produced droplets and 

validate specific aspects of the droplet generator model. However, they do not directly describe 

the reproducibility of the Droplet Generator behaviour and whether it met the required criteria. 

Specifically, whether the Droplet Generator could reliably create droplets that were twice as long 

as they were wide with volumes that varied by no more than 10%. As discussed in this section, 

these criteria were met, and the Droplet Generators were successful.  

The performance of the Droplet Generators will be discussed in reference to the Droplet Generator 

with no integrated droplet trap and the Droplet Generator with an integrated droplet trap. The 
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droplet trap designs were made to affect the performance of the Droplet Generator minimally. 

Therefore, the performance of Droplet Generators with integrated droplet traps is discussed here.  

For clarity, the results of the Droplet Generators with and without integrated droplet traps will be 

discussed separately.  

6.3.4.1 Droplet Generator with No Integrated Droplet Trap 

Due to fabrication issues (e.g., well tapping issues) and losses due to early operating protocol 

development, few Droplet Generators with no integrated droplet traps were tested. Only one such 

Droplet Generator was tested using the operating protocol described in Section 4.4. Two other 

devices were tested with earlier operating protocols that affected their performance, so their test 

results will not be discussed here. The test results from the single Droplet Generator tested are 

summarized in Table 6-3 and will be discussed in more detail here.  

The device was tested at three pressure settings: Pd = 7.83 kPa, Pd = 7.94 kPa and Pd = 8.06 kPa, 

in each case with Pc = 8.38 kPa. The conditions were tested consecutively on a single day once, 

twice, and four times, respectively. Each pressure setting that was tested multiple times was tested 

consecutively. Droplet volumes for each test can be seen in Figure 6-12, where each data point 

represents the average of, at a minimum, 18 droplet volumes measured over five minutes of 

production. Each pressure setting produced droplets that had volumes within 5% of one another 

regardless of when they were produced during the five minutes.  

Droplet volumes increased linearly as the dispersed phase input pressure was increased. This 

behaviour was not unexpected, as Glawdel and Ren suggested in their model that droplet volumes 

would change linearly with changes in the input pressures of a T-junction droplet generator [85].  

These results demonstrate that a Droplet Generator with no integrated droplet trap reliably 

produced droplets with volumes varying by less than 5% at various dispersed phase input 

pressures. Droplets produced at Pd = 8.06 kPa and Pc = 8.38 kPa had an average length of 

342 ± 15 μm and were ~106 μm wide in the first horizontally-oriented segment of the main channel 

(see Table 6-5). This result established that the Droplet Generator could create droplets at least 

twice as long as they were wide using those input pressure settings. An example of this droplet 

generating performance can be seen in Appendix D, which provides a representative recording of 

five minutes of droplet production at the settings specified above. 
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Figure 6-12 – Average droplet volumes produced by a Droplet Generator with no integrated droplet trap at three different 

dispersed phase pressure settings (Pd = 7.83 kPa, Pd = 7.94 kPa and Pd = 8.06 kPa). Continuous phase input pressure was a 

constant Pc = 8.38 kPa for all tested settings. Each data point represents the average of at minimum 18 droplets measured over 

five minutes and is marked with errors bars corresponding to ± one standard deviation.  

An interesting nuance of the Droplet Generator’s behaviour can be seen if droplet volumes and 

droplet spacings are examined over time. Figure 6-13 shows droplet volumes produced over five 

minutes using pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. In Figure 6-13, each data point 

represents the average of six droplet volumes.  

 
Figure 6-13 – Average droplet volumes at each measurement time for droplets produced by a Droplet Generator with no 

integrated droplet trap using pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. Each data point represents the average of six 

measured droplet volumes and has error bars corresponding to ±1 standard deviation. 

Droplet volumes at the start of the droplet production period are higher than those at any other 

measurement time. However, the first six droplets only have a volume that is on average 9% larger 

than the droplets produced later once the Droplet Generator has reached steady-state. Therefore, 

this difference in droplet volume was not expected to affect the suitability of the produced droplets 

for trapping applications. 
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The difference between the initial and steady-state behaviour of the Droplet Generator can be seen 

more dramatically by examining differences in average spacing distances between droplets. The 

initial spacing of droplets was much lower than droplet spacing at later observation times (see 

Figure 6-14).  

 
Figure 6-14 - Average droplet spacings at each measurement time for droplet produced by a Droplet Generator with no 

integrated droplet trap using pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. Each data point represents the average of six 

measured droplet spacings and has error bars corresponding to ±1 standard deviation. 

These behaviours were expected. At the start of droplet production, the main channel of the Droplet 

Generator would not contain any droplets and therefore would not be at its higher steady-state 

resistance when filled with droplets. Dispersed phase and continuous phase input flow rates would 

be expected to be different from their steady-state values. Differences in droplet volumes and 

spacing lengths would therefore be expected. Changes in droplet spacing and volume may impact 

the behaviour of a droplet trap integrated into a Droplet Generator as the time between droplets 

entering the droplet trap may or the droplet positions in the trap may vary. However, this behaviour 

was not expected to significantly impact the behaviour of droplet traps integrated into the Droplet 

Generator because the differences in volume and spacing were relatively small. 

6.3.4.2 Droplet Generator with Integrated Droplet Trap 

Droplet Generators with integrated droplet traps were expected to perform similarly to the Droplet 

Generator without an integrated droplet trap. Droplet Generators with integrated droplet traps were 

expected to produce droplets with slightly lower volumes, as the integration of a droplet trap was 

expected to increase the main channel resistance. While the droplet traps were designed to 

minimize changes in the performance of the Droplet Generator, the exact effect the droplet traps 

had on the Droplet Generator performance was difficult to quantify. The droplet trap designs 

significantly extended the residence time of droplets in the main channel and droplet trap. Due to 

their complexity, the main channel resistance and these residence times were difficult to model, 

especially how these resistances affected the Droplet Generator itself. 

Figure 6-15 shows average droplet volumes of droplets produced using four Droplet Generators 

with the same integrated droplet trap at pressure settings of Pd = 7.83 kPa, Pd = 7.94 kPa and 
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Pd = 8.06 kPa in all cases with Pc = 8.38 kPa. All four devices were fabricated in the same 

fabrication run. Testing was performed on different days with multiple test runs at each Pd setting. 

At a minimum, each Pd setting had one test run and up to four test runs. Except for Chip 

UBBOP1.2, all other tested chips showed reproducible droplet production behaviour and produced 

droplets with volumes that varied by less than 10% at all Pd settings. 

The abnormal behaviour of Chip UBBOP1.2 on its first day of testing (Day 1) was attributed to 

pieces of debris in channels of the device, which impacted channel resistance and, therefore, 

droplet volumes. On the second day of testing Chip UBBOP1.2 (Day 2), the debris was 

maneuvered into a dead-end channel of the droplet trap. In this area, it was not expected to impact 

the channel resistances significantly. Consequently, the device behaved much more similar to the 

other tested devices (see Figure 6-15).  

As with the Droplet Generator with no integrated droplet trap, at the pressure settings of 

Pd = 8.06 kPa and Pc = 8.38 kPa, droplets were produced with average lengths of 313 ± 28 μm and 

average widths of approximately 97 μm. These dimensions were deemed suitable for droplet 

trapping applications, as their lengths were more than twice their widths. 

 
Figure 6-15 – Average droplet volumes produced by four Droplet Generators with the same integrated droplet trap at three 

different dispersed phase input pressure settings. Continuous phase input pressure was constant at Pc = 8.38 kPa in all cases. 

Each data point represents the average of a minimum of 36 droplets measured over five minutes and is marked with errors bars 

corresponding to ±1 standard deviation. Each data series is labelled with its internal chip ID and test date. 

Changes in droplet volumes and droplet spacings over time were examined in more detail using 

the Droplet Generators with integrated droplet traps. Figure 6-16 shows changes in droplet 

volumes over time for droplets produced with Chip UBBOP1.2 using pressure settings of 

Pd = 8.06 kPa and Pc = 8.38 kPa. Data was gathered by measuring the length and spacing of three 

consecutively produced droplets every 15 seconds over a period of five minutes of continuous 

production, except for Run 1, where measurements were only made at t = 0 minutes, t = 3 minutes 

and t = 5 minutes. Droplet volumes are only slightly larger by insignificant amounts at the start of 

droplet production, considering a measurement error of ±0.24 nL; otherwise, droplet volumes were 

constant.  
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Figure 6-16 – Average droplet volumes measured every 15 seconds for droplets produced by Chip UBBOP1.2 using pressure 

settings of Pd = 8.06 kPa and Pc = 8.38 kPa. Each data point represents the average volume of three consecutively produced 

droplets. Every droplet in every group was measured to have the same volume, and therefore no standard deviation could be 

determined. It should be noted that the measurements have an associated measurement error of ±0.24 nL (that is not shown). 

While droplet volumes did not change significantly over time, droplet spacings changed 

dramatically (see Figure 6-17). Droplet spacings took a significant period (~1-2 minutes) to reach 

a steady-state but still showed slight oscillations in droplet spacing. The time required to reach a 

steady-state was approximately the same as the time required to fully fill the main channel with 

droplets. Droplets were observed to arrive at the droplet trap, positioned near the end of the main 

channel, after 45 seconds to 1 minute of production. The main channel was observed to be fully 

filled with droplets after ~1.5 minutes of continuous droplet production. Therefore, the most 

reasonable cause of the variation in droplet spacing over time was that the main channel did not 

reach its steady state resistance value until it was filled entirely with droplets.  

 
Figure 6-17 – Average droplet spacings measured every 15 seconds of droplets produced by Chip UBBOP1.2 using pressure 

settings of Pd = 8.06 kPa and Pc = 8.38 kPa. Each data point represents the average volume of three consecutively produced 

droplets. Each data point is marked with error bars corresponding to ±1 standard deviation, but these values are small. 

Measurements have an associated measurement error of ±16 μm that is not shown on the graph. 

1.765

1.77

1.775

1.78

1.785

1.79

1.795

1.8

1.805

1.81

1.815

0 1 2 3 4 5 6

D
ro

p
le

t 
V

o
lu

m
e 

[n
L]

Time [min]

Chip UBBOP1.2 Day 2 Run 1

Chip UBBOP1.2 Day 2 Run 2

Chip UBBOP1.2 Day 2 Run 3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6

D
ro

p
le

t 
Sp

ac
in

g 
[m

m
]

Time [min]

Chip UBBOP1.2 Day 2 Run 1

Chip UBBOP1.2 Day 2 Run 2

Chip UBBOP1.2 Day 2 Run 3



 122  

 

The design of the Droplet Generator was explicitly focused on reducing variability in the dispersed 

phase flow rate. Therefore, droplet spacing was expected to vary until the main channel attained 

its steady-state channel resistance. That this was observed indicated that the design of the Droplet 

Generator was effective, as droplet volumes were consistent over the entire periods of observed 

droplet production. 

The results shown in this Section 6.3.4 demonstrate that the designed Droplet Generator could 

produce droplets with consistent volumes (< 10% variation) and lengths twice as long as the 

droplets were wide and suitable for droplet trapping applications. The droplet volumes were 

consistently within 10% over the entire production period, including before the Droplet Generator 

reached steady-state.  

The designed Droplet Generator devices met the critical success criteria of producing droplets that 

were twice as long as they were wide and varied in volume by no more than 10%. There was a 

warm-up period for the Droplet Generators to reach steady-state droplet production; however, this 

did not significantly affect their performance. They could also operate effectively at various 

pressures, and the integration of a droplet trap into the main channel of the device did not impact 

their performance. Therefore, the Droplet Generator devices were suitable for droplet trapping 

applications which will be discussed in the following chapters. 

6.4 Summary 

A Droplet Generator device was successfully designed according to the theoretical model 

described in Section 2.5 and the refinements to that model and various design considerations 

described in Chapter 4. First, the numerical design of the Droplet Generators was described, and 

then the test results of their performance were detailed. Several additional refinements were made 

to the T-junction droplet generator model as a better understanding of the droplet shape and 

resistance in microfluidic channels was gained. It was found that the Droplet Generators could 

easily produce droplets that were twice as long as they were wide and varied in volume by no more 

than 10%. The Droplet Generators were therefore capable of producing reliable streams of droplets 

suitable for droplet trapping applications. Therefore, droplet traps were designed and integrated 

into the Droplet Generators, as discussed in Chapter 7. 
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Chapter 7  

Droplet Traps: Design and Testing 

7.1 Introduction 

As discussed in Chapter 6, testing of the Droplet Generators established that they could reliably 

produce droplets that were (1) appropriately sized for being held stationary in a droplet trap and 

(2) were consistent in volume. These droplets were twice as long as they were wide and varied in 

volume by no more than 10%. Consequently, the Droplet Generators were considered suitable for 

use in droplet trapping applications, and therefore the design of droplet traps was undertaken. 

The design of the droplet traps was an iterative process, with three iterations of trap designs being 

fabricated and tested. Unsuccessful traps failed principally due to unforeseen fabrication or design 

issues, which were addressed in subsequent designs. The droplet trap designs can be categorized 

broadly into two types: the “Primary Droplet Trap” design, which was fabricated more frequently, 

and the “Alternate Droplet Trap” design. The design of the Primary Droplet Trap followed the 

method described in Section 5.3.1, while the design method for the Alternate Droplet Trap 

followed the method discussed in Section 5.4.1. The three iterations for the Primary Droplet Trap 

will be discussed here. However, only the numerical design of the third iteration will be discussed 

in detail to provide an example of the design process. The first iteration of the Alternate Droplet 

Trap will also be discussed as well as its numerical design. 

7.2 Primary Droplet Trap – Iteration 1 

7.2.1 Design 

The first design iteration of the Primary Droplet Trap used the channel layout shown in Figure 7-1, 

which follows the design method described in Section 5.3.1. In Figure 7-1, green lines represent 

unconstricted input/output channels, blue lines represent bypass channels, and cyan lines represent 

trapping channels.  

It should be noted that many channels terminate in dead-ends. These dead-end channels were 

required because the last millimetre of a laser-cut channel was more variable in its dimensions. 

Therefore, an extra millimetre of length was added to every channel in the droplet trap to ensure 

that dimensions were stable in crucial locations, like the intended trapping positions. 

While this trap follows the method described in Section 5.3.1, it has a very different layout than 

that shown in Figure 5-1. However, its behaviour is still governed by the equivalent circuits shown 

in Figure 5-2 and Figure 5-3. This was the first droplet trap made following this style and was 

designed such that the fluid always had a net flow in one direction on the device (i.e., the fluid 

flowed into and out of the trap in the same direction). As the trapping channels and input and 

output channels required an extra millimetre of length on each channel, the bypass channels needed 

to flow around these dead-end channels. This led to the development of the channel layout shown 

in Figure 7-1.  
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To reduce the length of the bypass channels in future iterations of the Primary Droplet Trap, the 

input and output channels of the trap were oriented such that the fluid flowed in opposite directions. 

This led to the channel layout shown in Figure 5-1 and allowed for shorter bypass channels to be 

used. Shorter bypass channels allowed for channels with higher resistivities and trapping pressures 

to be used. This change was not implemented until the second iteration of the Primary Droplet 

Trap design. 

As explained in Section 5.3.1, the Primary Droplet Trap functions by always directing droplets 

towards the trapping channels at each channel junction. This sorting is accomplished by ensuring 

that the flow rate towards the trapping channels is always the strongest flow rate at any given 

channel junction. Once the trap has been filled, subsequent droplets then flow around the trapped 

droplets through bypass channels. This process is explained visually in Figure 7-2, as applied to 

the droplet trap channel layout shown in Figure 7-1.  

The droplet trap is designed such that when empty, the resistance of the trapping channels and 

unconstricted input/output channels (RT = RTu + RTc) is less than each resistance that makes up 

RB/N (i.e., RB). Therefore, fluid will flow primarily through the trapping channel(s) (Figure 7-2A). 

The first droplet that encounters the droplet trap will enter the unconstricted input channel, 

following the flow path with the least resistance and travelling to the input side of the trapping 

channels. Once the droplet reaches the input side of the furthest trapping channel, it will block that 

trapping channel (Figure 7-2B). The first droplet will not stop at the first trapping channel that it 

encounters because there is no barrier to moving further towards the next trapping channel (i.e., 

towards Position A in Figure 7-1). With one trapping channel blocked by a droplet, the resistance 

of the trap (RT) increases but is designed to be still less than each bypass resistance (RB). Therefore, 

the next droplet to approach the droplet trap will also enter the unconstricted input channel, follow 

the flow path of least resistance, and travel to the input side of the trapping channels. This droplet 

will flow through the trap until it reaches the open trapping channel, at which point the droplet will 

block that trapping channel (Figure 7-2C). With both trapping channels blocked by droplets, the 

resistance of the trap, RT, will be drastically increased, and no fluid will flow through the trapping 

channels. Subsequent droplets and continuous phase will flow through bypass channels rather than 

through the unconstricted input channel towards the trapping channels (Figure 7-2D). 
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Figure 7-1 – The channel layout for the first design iteration of the Primary Droplet Trap. Green lines represent the input/output 

channels, blue lines represent bypass channels, and cyan lines represent trapping channels. The red dashed rectangle represents 

a standard framing of the Microscope when observing the droplet trap behaviour. 

The dimensions of the channels involved in this design can be seen in Table 7-1, labelled with 

their corresponding resistivities. These dimensions resulted in trapping pressure of ΔPTrap = 128 Pa 

and ΔPVent = 8 Pa. The channel dimensions were chosen because they could be readily estimated 

and achieved with the laser settings tested at the time of design. Trapping pressures were calculated 

assuming as an approximation that droplets would fully fill the channel cross-section. The work 

of Section 6.3.2 had not been performed at the time of this design. 

The droplet trap was designed to trap droplets when the Droplet Generator was operated at 

Pd = 8.06 kPa and Pc = 8.38 kPa or any set of lower pressures. Due to unforeseen design and 

fabrication challenges, as discussed in Section 7.2.2, this iteration of the Primary Droplet Trap was 

not successful. It could not trap two droplets and hold them in contact for at least 1.5 minutes and 

needed to be redesigned as the second iteration of the Primary Droplet Trap. 
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Figure 7-2 – The droplet trapping process of the first iteration of the Primary Droplet Trap design, arrows denote the fluid flow 

direction and relative magnitude based on their lengths. All dead-end channels are considered to be filled with air. A – A droplet 

approaches the droplet trap from the main channel. B – One droplet enters the trapping channel and flows until it blocks the 

furthest venting channel. C – With one droplet in the trapping channel, the value of RT is still lower than the value of Rbypass, so a 

second droplet enters the trapping channel and flows until it blocks the venting channel closest to the trap entrance. D – The 

trapping channel contains two droplets in contact (i.e., a DIB) blocking the venting channels. RT is large compared to Rbypass, so 

subsequent droplets flow through a bypass channel. This sketch is not drawn to scale. 

Table 7-1 – A summary of all the relevant channel parameters for the channel types used in the first iteration of the Primary 

Droplet Trap, including the laser settings and bonded channel dimensions. Additional laser parameters common to all channel 

types were that the cuts were performed at 1000 Hz and focused on the material surface (z=0). 

Channel Type rTc rTu rB 

Laser Line Colour Cyan Green Blue 

Number of Passes 1 Pass 2 Pass 2 Pass 

Laser Power [%] 3.5 3.5 3.1 

Laser Speed [%] 0.5 0.5 0.5 

Bonded Channel Depth [μm] 78 ± 1.6 215 ± 4.26 192 ± 3.84 

Bonded Channel Width [μm] 161 ± 2.88 161 ± 2.88 161 ± 2.88 

 

7.2.2 Test Results 

The first iteration of the Primary Droplet Trap design (Figure 7-1) was tested and was not 

successful in that it was unable to trap two droplets to form a DIB. This inability to trap droplets 

was mainly attributed to the spacing of the trapping channels, which were only 140 μm apart. This 

spacing resulted in ill-defined channel dimensions due to overlapping channel profiles, as shown 

in Figure 7-3. Trapping channels were intended to have bonded widths of 120 μm. Therefore, it 

was thought that a spacing of 140 μm would be sufficient to prevent channel overlap. In 

preliminary testing with similar channel structures, it was found that a spacing of 140 μm resulted 

in minor overlap but still had a well-defined divider between the two channels. This divider was 

found to become sealed due to channel roof sag during the thermal bonding process. On reflection 

after fabrication, it was hypothesized that because the trapping channels were laser-cut 
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immediately after each other, the PMMA was still hot when cutting the second channel. This 

excess heat was thought to cause unpredictable deformation of the thin barrier between the two 

parallel channels, which did not occur during preliminary testing. 

 
Figure 7-3 – Cross-section of the unbonded droplet trap geometry. The input main channel travels from left to right in the frame, 

and the trapping channels proceed into the frame. An observed trapping location (Position A) is marked for reference. 

This unintended change in trapping channel dimensions prevented the droplet trap from operating 

effectively. However, a droplet could occasionally be trapped at Position A of the droplet trap (see 

Figure 7-4). A droplet could, on rare occasions, also be trapped at Position B of the droplet trap 

(see Figure 7-4) if it had a sufficiently small volume. Droplets trapped at Position B occupied the 

depression at the bottom of the channel formed by the intersection of the trapping channel and 

output channel. The final feature of note in Figure 7-4 is the bypass channel on the right of Figure 

7-4(A) which can be seen to be filled with many small droplets. As droplets passed the bypass 

channels, these smaller droplets were split from the droplets approaching the droplet trap. This 

splitting was unforeseen and initially attributed to the small pressure barrier of the bypass channels 

(ΔPVent = 8 Pa). Future design iterations sought to increase this pressure barrier to address splitting. 

Droplet splitting at bypass channel junctions will be discussed in detail in Section 7.6.  

The first design iteration of the Primary Droplet Trap was not successful due to a miscalculation 

of the minimum distance between trapping channels required to prevent channel overlap in the 

fabrication process. This miscalculation resulted in ill-defined dimensions of the trapping 

channels. What little “trapping” behaviour was observed was not reproducible, and therefore, the 

droplet trap did not perform with any degree of success. Future design iterations sought methods 

of improving the definition of the trapping channel dimensions and increasing the pressure barrier 

to bypass channels. 
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(A) 

 
(B) 

Figure 7-4 – (A) A photograph of a droplet trap holding two droplets in Position A and Position B (underneath the moving 

droplets). These are the locations where droplets were trapped most commonly with this design iteration. The designed trapping 

positions are also indicated. The dashed line denotes the barrier between the two trapping channels, which is biased towards the 

top of the frame. (B) The location of Figure 7-4(A) with respect to the droplet trap design is denoted by the dashed red rectangle. 

7.3 Primary Droplet Trap Iteration 2 

7.3.1 Design 

The second design iteration of the Primary Droplet Trap used the channel geometry shown in 

Figure 7-5.  In Figure 7-5, green lines represent unconstricted input/output channels, blue lines 

represent bypass channels, and cyan lines represent trapping channels. As with the first design 

iteration, the droplet trap includes many dead-end channels to minimize variability in channel 

dimensions at channel junctions. The second iteration of the Primary Droplet Trap design was also 

intended to function in the same manner as its first iteration (i.e., to follow the process flow 

depicted in Figure 7-2). 

There were four main changes implemented in the second iteration of the Primary Droplet Trap 

design compared to the first iteration, specifically: (1) the channel layout changed to minimize the 

length of the bypass channels, (2) one trapping channel was cut on a 45o angle with respect to the 

other trapping channel, (3) during fabrication, a forced wait time was included between cutting the 

trapping channels (i.e., one trapping channel was cut, then a pause, then the second trapping 

channel was cut), and (4) the channel dimensions were changed to increase the pressure barriers 

to the trapping and bypass channels. 
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Figure 7-5 – Channel geometry for the second design iteration of the Primary Droplet Trap. Green lines represent the 

input/output channels, blue lines represent the bypass channels, and cyan lines represent trapping channels. The red dashed 

rectangles denote common framings of the Microscope used when observing droplet trap behaviour. 

The layout of the droplet trap was changed to minimize its footprint and allow for shorter bypass 

channels, which resulted in channels with higher resistances and ΔPVent values being used. These 

changes were expected to improve trap performance and enable more traps to be included in an 

array on a single device in the future.  

As discussed in Section 7.2.2, one of the main issues with the first iteration of the Primary Droplet 

Trap was that the trapping channels did not have well-defined profiles. These poorly-defined 

profiles were attributed to (1) the channel proximity and (2) the timing of laser-cutting in their 

fabrication. This issue was addressed by cutting one trapping channel on a 45o angle with respect 

to the other trapping channel and adding a time delay in cutting the two trapping channels.  

By cutting one of the trapping channels on a 45o angle, the entrances to the trapping channels, and 

therefore the droplet trapping positions, were still kept 140 μm apart to ensure contact between 

trapped droplets to form a DIB. However, the remainder of the trapping channels were separated, 

preventing overlapping channel profiles and improving channel definition. This change also made 

the angled trapping channel slightly longer than the horizontally-oriented trapping channel in 

Figure 7-5, resulting in improved resistive sorting of droplets at the trapping channels. This sorting 

helped the first trapped droplet proceed directly to Trap Position 1, as defined in Figure 7-5. The 

time between cutting the trapping channels was also increased by programming the laser cutter to 

cut a set of sacrificial channels between cutting each trapping channel. Sacrificial channels are 

channels that were not connected to any part of the Droplet Generator in an unused portion of the 

device. 

The dimensions of the channels involved in this design are described in Table 7-2, labelled with 

their corresponding resistivities. These dimensions resulted in trapping pressures of 

ΔPTrap = 168 Pa and ΔPVent = 117 Pa. The channel dimensions were chosen because they could be 

readily estimated and achieved with the laser settings tested at the time of design. The laser settings 

for the rTc and rB channel types had not yet been tested, and their dimensions were estimated. The 
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trapping pressures were calculated considering the droplets to fully fill the channel cross-section 

as an approximation, as the work of Section 6.3.2 had not been performed at the time of this design. 

The droplet trap was designed to trap droplets when the Droplet Generator was operated at 

Pd = 8.06 kPa and Pc = 8.38 kPa or any set of lower pressures. However, due to unforeseen design 

and fabrication challenges (as discussed in Section 7.3.2), this droplet trap was unsuccessful and 

had to be redesigned in the third iteration of the Primary Droplet Trap. 

Table 7-2 – The three required channel types for use in the second iteration of the Primary Droplet Trap design. Additional laser 

parameters common to all channel types were that the cuts were performed at 1000 Hz and focused on the material surface 

(z=0).  

Channel Type rTc* rB* rs and rTu 

Laser Line Colour Cyan Blue Green 

Number of Passes 2 Pass 2 Pass 2 Pass 

Laser Power [%] 3.1 3.3 3.5 

Laser Speed [%] 1 1 0.5 

Unbonded Channel Depth [μm] 73 93 249 ± 16.5 

Unbonded Channel Width [μm] 143 143 161 ± 15.2 

Bonded Channel Depth [μm] 70 90 240 ± 3.87 

Bonded Channel Width [μm] 118 118 134 ± 3.05 

 

7.3.2 Test Results 

The second design iteration of the Primary Droplet Trap attempted to address the issues in the first 

iteration by cutting one of the trapping channels on an angle and adding a time delay in fabrication 

between cutting each trapping channel (see Section 7.3.1). However, cutting the trapping channel 

on an angle resulted in an unexpected change in channel dimensions, particularly the channel 

width, making the droplet trap ineffective. 

The trapping channels were designed to be 118 μm wide, whereas, after fabrication, the 

horizontally-oriented trapping channels were measured to be 111 ± 3.67 μm wide. Trapping 

channels cut on a 45o angle were found to have widths of ~140 μm in the middle of the channel’s 

length and ~252 μm at their entrances, directly to the right of Trapping Position 2 in Figure 7-5. 

The entrance became less defined because of overlapping profiles of the 45o trapping channel and 

the vertically-oriented input channel. This effect can be seen clearly in the unbonded channel 

geometry when examined as a topographical map (see Figure 7-6).  

Figure 7-6(A) shows a photograph of the unbonded channel geometry composed of a stack of 

images taken at 20 μm height increments. Figure 7-6(B) shows the accompanying topographical 

map drawn by tracing the focal plane of each image in the stack used to generate Figure 7-6(A) 

with depths labelled in units of micrometres. The highest point was defined as 0 μm, and each line 

represents a decrease of 20 μm. As this was an unbonded channel geometry, a slight lip around the 

channels constituted the highest point. 
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(A) 

 
(B) 

Figure 7-6 – (A) A photograph of the unbonded Primary Droplet Trap Iteration 2 geometry taken with the Microscope at 10x 

magnification and composed of a stack of 17 photographs taken with a constant spacing of 20 μm. (B) A rough topographical 

map of the droplet trap was drawn by tracing the focal plane of each of the 17 photographs. The depths shown are in μm. The 

images are focused within position A in Figure 7-5. 

Due to the much larger than intended 45o trapping channel, the Laplace pressure barrier of that 

trapping channel was much lower than designed and therefore could not trap any droplets. 

However, the horizontally-oriented trapping channel could occasionally trap droplets, but not 

reproducibly. Figure 7-7 shows the droplet trap holding a single droplet at the horizontally-oriented 

trapping channel (Trapping Position 1 in Figure 7-5) and a second droplet entering the 45o slanted 

trapping channel (Trapping Position 2 in Figure 7-5). The Droplet Generator was operated with a 

continuous stream of droplets at Pd = 8.06 kPa and Pc = 8.38 kPa.  

 
Figure 7-7 – A trapped droplet “surging” into the horizontally-oriented trapping channel as a second droplet is present in the 

slanted trapping channel. The photograph is framed at Position A in Figure 7-5. 

The droplet in Trapping Position 1 is partially in the horizontally-oriented trapping channel while 

also occupying the normal trapping position. If the droplet trap had met its design specifications, 

the droplet in Trapping Position 1 should not have entered the horizontally-oriented trapping 

channel. However, the droplet in Trapping Position 2 flowed directly into the slanted trapping 
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channel because of that channel’s lower trapping pressure, creating a spike in pressure across the 

droplet trap. This pressure spike caused the designed trapping pressure of the horizontally-oriented 

trapping channel to be exceeded temporarily. This pressure spike resulted in the droplet trapped at 

Trapping Position 1 “surging” into the horizontally-oriented trapping channel. This surge 

behaviour often resulted in the ejection of the trapped droplet and prevented the droplet trap from 

reproducibly demonstrating the successful trapping of even a single droplet. This pattern of 

behaviour was observed whenever this droplet trap was tested with these conditions.  

As with the first iteration of the Primary Droplet Trap design, droplets approaching the trapping 

channels were observed to split at junctions of the bypass channels as they passed those channels. 

This splitting resulted in unpredictable droplet sizes at the trapping channels and further reduced 

the reproducibility of the droplet trap performance.  

The bypass channels in this droplet contained minor blockages caused by the cutting order of the 

bypass channels and input channel to the droplet trap (see Figure 7-8). These were expected to 

increase the trapping pressure of the bypass channels by constricting the entrance to those 

channels. However, the increased trapping pressure was insufficient to prevent droplets from 

partially entering and splitting at the bypass channels. It was hypothesized that these blockages 

may have resulted in more splitting because of their short length. Once droplets pass the initial 

constriction, it would be energetically favourable to further continue into the bypass channel to 

expand and reduce surface energy. This behaviour would create competing forces at the 

constriction in the bypass channel entrance. There would be forces acting against the droplet 

entering the bypass channel and pushing the droplet further into the bypass channel. These 

competing forces were thought to contribute to increased droplet splitting in this trap design. The 

droplet splitting process is discussed in more detail in Section 7.6. 

 
Figure 7-8 – A photograph of the unbonded bypass channel geometry of the second design iteration of the Primary Droplet Trap 

taken using the Microscope at 10x magnification from a stack of 21 photographs at 20 μm height intervals. Blockages to bypass 

channels are labelled. The image is focused at Position B in Figure 7-5. 
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7.3.2.1 Purge Channel Behaviour 

Several Droplet Generators fabricated with this droplet trap design included a purge channel after 

the droplet trap to allow for the trap to be easily cleared of droplets. The complete channel 

geometry of this design can be seen in Figure 7-9. In Figure 7-9, light green lines represent the 

standard channels of the Droplet Generator, blue lines represent bypass channels, cyan lines 

represent trapping channels, and dark green circles represent input and output wells. The design 

used a large on-chip output well instead of an output syringe to collect waste from the device.  

A syringe with an intact plunger was attached to the purge channel and used to apply negative 

pressures to the droplet trap. These negative pressures were generated by pulling on the plunger of 

the syringe and were sufficient to clear droplets from the droplet trap.  It was predicted that the 

plunger only needed to be pulled to its 0.2 mL mark to generate enough negative pressure to 

displace droplets from the droplet trap. This prediction was confirmed during testing. However, it 

was found that this negative pressure was sufficient also to create droplets at the T-junction 

depending on how long it was applied. Before clearing droplets from the droplet trap, there had to 

be a sufficient amount of backflow into the dispersed phase input channel such that the Dispersed 

Phase was not pulled into the T-junction to form droplets. Further testing determined that allowing 

backflow into the dispersed phase input channel up the first long vertically-oriented channel from 

the T-junction was sufficient to avoid this. While the purge channel was found to be effective, it 

was not included in the Primary Droplet Trap Iteration 3 design because of the timing of the 

fabrication runs for the Iteration 2 and Iteration 3 designs.  

 
Figure 7-9 – The complete channel geometry of Droplet Generators with integrated Primary Droplet Trap Iteration 2 and a 

purge channel after the droplet trap. 

7.4 Primary Droplet Trap – Iteration 3 

7.4.1 Design 

The third iteration of the Primary Droplet Trap design used the channel layout shown in Figure 

7-10. In Figure 7-10, light green lines represent input/output channels part of Rs or RTu, and blue 

lines represent bypass channels (RB). Dark green (grass green) lines represent type one bypass 
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channels (RB1), grey lines represent type two bypass channels (RB2), and cyan lines represent 

trapping channels that are part of RTc. The channel dimensions required for this droplet trap design 

are detailed in Table 7-3, labelled with their corresponding resistivities. Every line in Figure 7-10 

has a proportional width to the targeted channel width. These dimensions resulted in the following 

trapping pressures: ΔPTrap = 204 Pa, ΔPvent = 114 Pa, ΔPvent,B1 = 125 Pa, ΔPvent,B2 = 138 Pa where 

ΔPVent refers to the trapping pressure of the RB channels, ΔPvent,B1 refers to the trapping pressure of 

the RB1 channels and ΔPvent,B2 refers to the trapping pressure of the RB2 channel. 

As with the second iteration of the Primary Droplet Trap, the third iteration design was expected 

to function similarly to the first iteration of the Primary Droplet Trap. Droplets were expected to 

be trapped following the process depicted in Figure 7-2.  

The main changes to the design from the second iteration were (1) the dimensions of the trapping 

and bypass channels were changed, (2) the trapping channels were made parallel and spaced 

300 μm apart, (3) the unconstricted output channel was slanted at the intersections with the 

trapping channels, and (4) more types of bypass channels were included. 

 
Figure 7-10 – The layout of the third design iteration of the Primary Droplet Trap, blue, dark green (grass green) and grey lines 

represent bypass channels, light green lines represent input/output channels, and cyan lines represent the trapping channels. The 

lines in this layout are proportionally as wide as the expected bonded channel widths for each channel type specified in Table 

7-3. 

The trapping and bypass channels were designed to have more constricted dimensions compared 

to the second iteration of the Primary Droplet Trap. These changes were made to be closer to the 

targeted dimensions that were not achieved in the second iteration of the Primary Droplet Trap and 

to increase the trapping pressures of all channel transitions in the droplet trap.  

The trapping channels were made parallel and separated by 300 μm because droplets were 

produced with longer lengths (~500 μm long). Additionally, the decrease in droplet lengths when 

occupying the trapping positions was smaller than anticipated. This spacing also minimized 

distortions in channel dimensions due to the proximity of the laser-cut channels, which was an 

issue in both previous iterations of the Primary Droplet Trap. 

As the first trapping channel that a droplet encountered entering the droplet trap was no longer cut 

on an angle, there was no clear distinction in the resistance of the two trapping channels. Both 

channels would have the same resistance, and therefore, resistive sorting may not occur. Thus, the 

unconstricted output channel was cut on a slight angle for the portion of its length that intersected 

with the trapping channels. This change ensured that the first trapping channel encountered by a 

droplet was slightly longer than the other, and resistive sorting would occur. 
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Lastly, more bypass channel types – bypass channels with different dimensions – were included 

in this design to equilibrate the flow rates through each bypass channel as much as possible. 

Equilibrating flow rates was expected to allow droplet behaviours to be predicted more easily as 

droplets would experience similar forces at each bypass channel junction. Therefore, the droplet 

trap would behave closer to the idealized model shown in Figure 5-2. However, at the channel 

dimensions being considered, the laser cutter could only change the depths of the channels with a 

resolution of ~10 μm, making optimization of the flow rates through the bypass channels fairly 

limited. 

Table 7-3 – The required channel types for the third design iteration of the Primary Droplet Trap. The rB, rB1, rB2, and rTc are 

marked with *s, indicating that their laser settings were not used before this fabrication run. Channel dimensions were estimates 

based on previously collected data at the time the design was made. Additional laser parameters common to all channel types 

were that the cuts were performed at 1000 Hz and focused on the material surface (z=0). 

Channel type rTc* rB* rB1* rB2* rs and rTu 

Laser Line Colour Cyan Blue 
Grass 

Green 
Grey Green 

Number of Passes 2 Pass 2 Pass 2 Pass 2 Pass 2 Pass 

Cutting Order 6 3 4 5 2 

Laser Power [%] 2.7 3.2 3.1 3 3.5 

Laser Speed [%] 1 1 1 1 0.5 

Unbonded Channel Depth [μm] 73 122 115 104 265 ± 5.6 

Unbonded Channel Width [μm] 120 124 124 124 170 ± 0.5 

Bonded Channel Depth [μm] 70 120 110 100 252 ± 14 

Bonded Channel Width [μm] 111 111 111 111 163 ± 14 

 

7.4.1.1 Numerical Design of Primary Droplet Trap Iteration 3 

The third iteration of the Primary Droplet Trap will be described in this Section as an example of 

the typical design process for Primary Droplet Traps. The design assumed that the channels of the 

Droplet Generator would be filled with droplets formed at a relative droplet volume ratio of 27% 

(i.e., a ratio of 27% of Dispersed Phase volume to total channel volume). At this relative volume 

ratio, droplets were expected to be created with input pressures corresponding to fluid reservoir 

heights of ~82.5 cm for Dispersed Phase and 1 m for Continuous Phase. This assumption was 

applied to all channels except trapping channels (RTc), which were not intended to be occupied by 

droplets. Droplets would only occupy the trapping channels if operation of the droplet trap failed 

or the droplet trap was being cleared of trapped droplets.  

This initial design work was performed before the testing detailed in Section 6.3.2 and Section 

6.3.3, resulting in the use of a droplet resistance increase factor of four. Consequently, it was found 

in testing that droplets were not produced at the intended 27% relative volume ratio but rather at a 

relative volume ratio of ~11.5%, but still had the intended droplet lengths. Similarly, the Laplace 

pressure difference was calculated using Equation (5-1), assuming that the droplets fully filled the 

channel cross-section aside from a surrounding negligibly thin Continuous Phase sheath. 

At the time of design, the Droplet Generator used an rs of 3.08 x 1015 Pa s m-4
 with an Ls of 67.8 mm 

and a PTot of ~7.82 kPa. It was convenient to set rTu = rs and choose rTc to maximize the value of 
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ΔPTrap. A value of rTc = 4.41 x 1016 Pa s m-4 was chosen to create a ΔPTrap of 204 Pa. A value of 

rB = 2.70 x 1016 Pa s m-4 was chosen to produce a ΔPvent of 114 Pa. To maintain a small RTc value, 

an LTc of 0.426 mm was chosen. Due to the geometry of the design, LB and LTu were dependent on 

each other. Therefore, LB and LTu were simultaneously optimized to find a suitable LB value. A 

suitable LB value of 1.83 mm was determined using Equation (5-6), which resulted in 

LTu = 2.60 mm. The smallest distance between bypass channels was 0.3 mm, the minimum 

distance required to ensure each bypass channel had well-defined channel dimensions. Therefore, 

the length of the unconstricted channels that connected the parallel bypass channels, LTu,con, was 

equal to 0.3 mm. 

Using these parameters and the resulting channel resistances, the pressure drops across a series of 

N bypass channels were calculated from N = 1 to N = 12 bypass channels. It was determined that 

N = 8 bypass channels was the optimal design parameter, based on these results (data not shown). 

N = 8 bypass channels ensured a design with a pressure drop across the trapping channels that was 

87 Pa lower than the value of ΔPTrap.  

Once the droplet trap was filled with droplets, all bypass channels were expected to be accessible 

to subsequent droplets. The pressure drop across each bypass channel exceeded ΔPvent, allowing 

for effective movement of excess droplets and continuous phase through the bypass channels. 

At the time of design, it was thought that balancing the flow rate through each bypass channel 

would be advantageous. Balancing these flows would allow for droplet behaviours to be predicted 

more easily since droplets would experience similar forces at the junction of each bypass channel. 

Two additional bypass channel types, rB1 and rB2, were introduced to optimize the flow rates 

through the bypass channels.  

Values of rB1 = 3.17 x 1013 Pa s m-4 and rB2 = 3.81 x 1013 Pa s m-4 were chosen for bypass channels 

4-7 and 8, respectively.  With these changes, the average flow rate through the bypass channels 

was equal to 4.02 x 10-12 ± 8.86 x 10-13 m3 s-1 (± 22%) when the droplet trap held one trapped 

droplet and 4.67 x 10-12 ± 6.57 x 10-13 m3 s-1 (± 14%) when fully filled with two droplets. The use 

of these bypass channel types slightly changed the pressure distribution across the bypass channels. 

However, it did not significantly affect the operating ability of the droplet trap as the pressure drop 

across bypass channel 1 was still below the ΔPTrap value in both states considered (see Table 7-4). 

The pressure drop across all bypass channels exceeded the expected ΔPvent for all of the bypass 

channel types (ΔPvent,B = 114 Pa, ΔPvent,B1 = 125 Pa, ΔPvent,B2 = 138 Pa). Therefore, droplets would 

not be trapped unexpectedly by the bypass channels. 
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Table 7-4 – The pressure drop across each bypass channel in the third design iteration of the Primary Droplet Trap. Bypass 

channels 1-3 had a resistivity of rB, and bypass channels 4-7 had a resistivity of rB1. Bypass channel 8 had a resistivity of rB2. 

 Pressure Across Channel [Pa] 

Bypass Channel 

Number 

One Trapped 

Droplet 

Two Trapped 

Droplets 

1 141 195 

2 156 202 

3 177 217 

4 204 240 

5 239 270 

6 280 310 

7 320 346 

8 379 404 

 

Table 7-4 only considers the droplet trap when (1) it contained one trapped droplet (the “One 

Trapped Droplet State”) and (2) it was fully filled with two trapped droplets (the “Two Trapped 

Droplets State”). These two states represented the highest resistance states of the trap. If the droplet 

trap was expected to function in these states, it was expected to successfully hold droplets 

stationary.  

The parameters described above are represented in the channel geometry shown in Figure 7-10. 

The resistivities required for this droplet trap design were achieved using the channel dimensions 

and laser settings outlined in Table 7-3.  

Based on the physics available to describe the performance of droplet traps, the third iteration of 

the Primary Droplet Trap was expected to function effectively. The third iteration of the Primary 

Droplet Trap was intended to trap droplets when the Droplet Generator was operated at pressure 

settings of Pd = 8.06 kPa and Pc = 8.38 kPa or any lower pressure setting. Prior iterations of the 

Primary Droplet Trap were numerically designed similarly and expected to function effectively 

but failed due to unforeseen fabrication and design issues.  

At the time of the design of the third iteration of the Primary Droplet Trap, it was also decided to 

design an Alternate Droplet Trap to overcome the issues encountered in the behaviour of the 

Primary Droplet Trap, increasing the probability of constructing a successful droplet trap.  

7.4.2 Test Results 

The third design iteration of the Primary Droplet Trap used the channel geometry shown in Figure 

7-10 and was more successful than its two predecessor design iterations. However, it still did not 

demonstrate reproducible trapping behaviour as it did not regularly hold two droplets stationary in 

the droplet trap.  

In this design, trapping channels were spaced further apart to prevent channel overlap, and both 

trapping channels were horizontally-oriented to ensure well-defined channel dimensions. A time 

delay between cutting each trapping channel was included by programming the laser cutter to cut 

sacrificial channels in an unused area of the device. These channels created a time interval between 
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cutting the two trapping channels. The cutting order of the bypass channels was also changed so 

that no blockages were formed in those channels.  

One Droplet Generator with an integrated Primary Droplet Trap Iteration 3 (Internal Chip ID: 

FR5.1_DT2.1) was tested at multiple pressure settings and multiple test runs and was capable of 

trapping two droplets in contact with each other to form DIBs. This device was the first to be 

tested. Droplets were held in contact initially in the position seen in Figure 7-11 but over time 

transitioned into the position shown in Figure 7-12. After initially being trapped, the droplet in the 

first trapping position slowly moved into the dead-end channel above the first trapping position. 

The droplet in the second trapping position slowly moved with it. However, the first droplet would 

slightly pull away from the second droplet before the second droplet moved to maintain contact. 

There were also droplets which flowed through the bypass channels after the trapping event with 

variable sizes due to droplet splitting (Figure 7-11). These droplets did not affect the behaviour of 

the trapped droplets. 

 
(A) 

  
(B) 

Figure 7-11 – (A) The initial position of two trapped droplets in the Primary Droplet Trap Iteration 3 (Chip FR5.1_DT2.1). The 

droplets were part of a continuous stream of droplets produced with pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. A 

third droplet can be seen to be trapped at the entrance to bypass channel 1. Other droplets can be seen in bypass channel 2 

flowing past the trap. The photograph is framed at the pink rectangle in (B). 
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(A) 

  
(B) 

Figure 7-12 – (A) The typical final position of two trapped droplets in the Primary Droplet Trap Iteration 3 (Chip FR5.1_DT2.1). 

The droplets were an isolated pair of droplets generated with pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. They 

adopted this position 1 minute and 45 seconds after being trapped by the trapping channels. The photograph is framed at the 

pink rectangle in (B).  

This droplet trapping behaviour was observed at various pressure settings, which are described in 

Table 7-5. In Table 7-5, a Y in the Successful Droplet Trapping column indicates that two droplets 

were successfully trapped at the first and second trapping positions of the droplet trap (see Figure 

7-11(B)). An N indicates that droplets were not trapped at the designed trapping positions. The 

Number of Times Observed denotes the number of times the behaviour was observed in a series 

of consecutive tests. For example, the droplet trap was filled with droplets and then cleared at 

pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa with a continuous stream of droplets in five 

consecutively-performed tests. Successful trapping was observed four times, hence 4/5 in that 

column. If multiple series of consecutive tests were performed, multiple entries are listed in that 

column. For isolated pairs of droplets that were successfully trapped, the times taken for the 

droplets to merge were also recorded. There was no clear dependence on the time it took trapped 

droplets to merge on the test conditions. However, the results reported herein suggest that trapped 

droplets took longer to merge when the devices were operated at lower input pressures. 

With this third iteration, as with the previous iterations, droplets approaching the droplet trap were 

observed to split as they passed bypass channels. In Table 7-5, a Y in the Droplet Splitting column 

indicates that droplet splitting was observed to occur at one or more bypass channels, and N 

indicates that no droplet splitting was observed. While Table 7-5 provides basic information on 

droplet splitting, it should be noted that droplets split at fewer bypass channels as the Droplet 

Generator was operated with lower input pressures. Droplet splitting occurred less frequently at 

lower pressures, and no droplet splitting was observed when Pc was set to 2.51 kPa, corresponding 

to a height of ~30 cm of the Continuous Phase reservoir. 

 



 140  

 

Table 7-5 – A summary of the droplet trapping behaviours observed in the droplet trap of Chip FR5.1_DT2.1 on one day of 

testing. A Y in the Successful Droplet Trapping column indicates that the droplet trap trapped two droplets. A Y in the Droplet 

Splitting column indicates that droplets split at one or more bypass channels while approaching the trapping channels. 

Pc 

[kPa] 

Pd 

[kPa] 

Continuous 

Stream or 

Isolated Pair 

Successful 

Droplet 

Trapping (Y/N) 

Number of 

Times 

Observed 

Droplet 

Splitting 

(Y/N) 

Time to 

Droplet 

Merge [min] 

8.38 

8.06 Isolated Pair Y 3/3 Y ~3 

8.06 Continuous Y 4/5, 2/2 Y - 

7.94 Continuous Y 1/1 Y - 

7.83 Continuous Y 1/1 Y - 

6.70 
6.45 Isolated Pair Y 3/3 Y 6-8 

6.45 Continuous Y 2/2 Y - 

3.35 

3.34 Continuous N 1/1 Y - 

3.22 Continuous Y 1/1 Y - 

3.05 Continuous Y 1/1 Y - 

2.98 Continuous Y 1/1 Y - 

2.51 
2.51 Isolated Pair N 2/2 N - 

2.51 Continuous N 1/1 N - 

 

The data in Table 7-5 demonstrates that the Chip FR5.1_DT2.1, a Droplet Generator with an 

integrated Primary Droplet Trap Iteration 3, could be used to trap droplets in its designed trapping 

positions effectively (see Figure 7-11(B)). Although droplets could be consistently trapped, this 

behaviour was not reproducible as the trapped droplet volume was highly variable. The behaviour 

of the droplets approaching the trapping positions was also highly variable. This lack of 

reproducibility was primarily attributed to droplet splitting at the bypass channels, which was 

observed for almost all tested pressure settings. In the one tested pressure setting (Pc = 2.51 kPa), 

where droplet splitting was not observed, droplet trapping was not observed. By operating at the 

low-pressure settings of Pd = 2.51 kPa and Pc = 2.51 kPa, droplets would not split at its bypass 

channels. However, they would be moving so slowly that they would come into contact as they 

passed the bypass channels and merged before reaching the designed trapping positions. While 

droplet splitting could be avoided by operating the device at low pressures, only large single 

merged droplets could be trapped, which would not form DIBs. 

This behaviour matched the theoretical predictions for the droplet trap. The droplet splitting model 

did not predict droplet splitting at these low operating pressures, as discussed later. Additionally, 

the two droplets would come into contact and remain stationary around bypass channel 3 until they 

merged and continued into the trap. This behaviour was related to the droplet length and the flow 

rate through the bypass channels. The cumulative flow rate through the bypass channels was 

expected to exceed the continuous phase flow rate at bypass channel 3. Therefore, droplet flow 

towards the droplet trap would be negligible until the droplets came into contact. This would result 

in several bypass channels being blocked at once, increasing the pressure across the bypass 

channels. This pressure increase occurred once two droplets merged, creating an extra-long droplet 

that blocked multiple bypass channels. Therefore, the behaviour of the droplet trap at this low-

pressure setting was not unexpected. 
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When droplets became trapped in the droplet trap, they were distinct droplets in contact for at least 

1.5 minutes. Therefore, if the reproducibility of droplet trapping could be increased, this might be 

a successful droplet trap. However, all the trapped droplets eventually merged. These merging 

events either immediately followed a shift in the positions of the trapped droplets, or the cause of 

merging could not be identified from a top-down view of the droplets.  

It has been noted in the literature that DIB stability has been linked to DIB compression or 

rarefaction. When droplets would shift position in the droplet trap, one droplet would initially pull 

away, followed shortly after by the second droplet. Therefore, this shifting in droplet position could 

be linked to the short lifetime of the formed DIBs [76]. This droplet shifting could be caused by 

rearrangement of the continuous phase surrounding the droplet in the dead-end channels beside 

the trapping positions. It is known that droplets do not occupy the full channel cross-section (Figure 

6-11). Therefore, it is possible that given the pressures applied to the trapped droplets, the 

continuous phase in the dead-end channels could be displaced and flow around the trapped droplets 

to exit the trap. 

In cases where the cause of merging could not be readily identified, it is hypothesized that the 

droplets changed conformation or experienced contact with the channel walls. Either of these 

events could disrupt the monolayers on the droplet surfaces, leading to droplet merging. The 

fragility of droplets in contact could be explained by using Span 80 instead of a lipid, which does 

not form DIBs between droplets. However, similar works with droplets coated in Span 80 in 

contact do not report the same short droplet lifetimes [60], [70]. Therefore, it is likely that Span 80 

is not the primary issue in droplet lifetime but may exacerbate another issue. Further work is 

required to determine the root cause of the short droplet lifetime in this droplet trap. 

Chip FR5.1_DT2.1 was the first Droplet Generator with an integrated Primary Droplet Trap 

Iteration 3 tested, and it showed promise when operated with specific pressure settings. Four 

additional devices with Primary Droplet Traps Iteration 3 were tested; however, the same trapping 

behaviour was not observed. Two of these devices failed due to debris being introduced into and 

blocking specific channels of the droplet trap. In the two devices that were capable of being tested 

(Chip IDs: FR5.1_DT1.1 and FR5.2_DT4.2), droplets rarely reached their trapping positions, and 

if they did, had small droplet volumes such that the two trapped droplets did not make contact.  

Both Chips FR5.1_DT1.1 and FR5.2_DT4.2 were tested as many times with as many pressure 

settings as was Chip FR5.1_DT2.1 but showed far more extensive droplet splitting at their bypass 

channels. This increased splitting was hypothesized to have severely impacted the behaviour of 

their droplet traps. Droplet volumes were unpredictable, and the resistance of their bypass channels 

was also unpredictable. Chip FR5.1_DT2.1 was thought to behave differently because of a small 

variation in the resistance of its bypass channel number 1, the bypass channel closest to the 

trapping channels. This channel was observed to trap and hold droplets in place (see Figure 7-11). 

This behaviour was not observed in either Chip FR5.1_DT1.1 or Chip FR5.2_DT4.2, in which 

most droplets simply flowed directly into and through bypass channel number 1, thereby bypassing 

the trapping channels. The small variation in the resistance of bypass channel number 1 could not 

be identified due to difficulties focusing on changes in channel dimensions when the channel was 

filled with the Continuous Phase. No apparent changes in the channel dimensions affecting the 
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channel resistance of bypass channel number 1 were found before introducing fluids into the 

device. Therefore, if there was an issue related to the channel resistance of bypass channel number 

1, it was likely due to a piece of debris introduced into the channel during operation. 

Droplet splitting at bypass channels was identified as the main issue with Primary Droplet Trap 

Iteration 3. The implications of and reasons for droplet splitting at bypass channels will be 

discussed in more detail in Section 7.6. The data shown in Table 7-5 demonstrates that although 

there were some device-to-device reproducibility issues, Primary Droplet Trap Iteration 3 was 

close to a suitable design. At least one chip could successfully trap droplets for at least 1.5 minutes 

and could be successful if the nuances of Chip FR5.1_DT2.1 and droplet splitting were better 

understood and controlled.  

Chapter 8 will describe the final Primary Droplet Trap design, which sought to address these issues 

using a method of theoretically predicting droplet splitting at bypass channels. 

7.5 Alternate Droplet Trap 

7.5.1 Design 

The Alternate Droplet Trap design was developed as an alternative to the Primary Droplet Trap 

due to the challenges encountered in implementing the first two iterations of the Primary Droplet 

Trap. This trap was explicitly designed to reduce the number of bypass channel junctions to reduce 

the possibility of droplet splitting. It was also designed to be similar to pillar-based droplet traps 

seen in the literature [64], [65], [68]. However, this design was made with the specific intention of 

addressing an issue in pillar-based droplet traps reported in the literature: that pillar-based droplet 

traps will eject droplets if too many droplets are sent to the trap.  

Pillar-based droplet traps have been typically implemented without a bypass channel before the 

trapping positions in the literature. A significant pressure drop across the trap will be created 

without a bypass channel if another droplet is sent to the filled trap. This pressure drop will result 

in a trapped droplet being ejected to relieve pressure across the droplet trap. Schlicht and Zagnoni 

avoided this by including one channel specifically designed to eject droplets in their pillar-based 

droplet trap to control this ejection process [68]. However, this does not work well if droplets are 

continuously produced, thereby continuously ejecting droplets from the droplet trap. Therefore, in 

the Alternate Droplet Trap, bypass channels were placed such that after the droplet trap was full, 

subsequent droplets would be able to bypass the trapped droplets without ejecting them. 

The design and channel layout of the Alternate Droplet Trap was discussed in Section 5.4. The 

specific channel layout can be seen in Figure 5-4. The droplet trap was expected to operate 

similarly to the first iteration of the Primary Droplet Trap shown in Figure 7-2. First, the trapping 

channels would be blocked by droplets and then subsequent droplets would flow around the 

trapped droplets through the bypass channels.  

7.5.1.1 Numerical Design of Alternate Droplet Trap Iteration 1 

The first design iteration of the Alternate Droplet Trap will be described in detail in this Section 

as an example of the numerical design process performed for this type of trap design. The design 



 143  

 

assumed that channels contained droplets formed at a relative droplet volume ratio of 27% (i.e., a 

volume ratio of 27% Dispersed Phase to total channel volume). Droplets at this relative volume 

ratio would be created with input pressures corresponding to fluid reservoir heights of 82.5 cm for 

the Dispersed Phase and 1 m for the Continuous Phase. This assumption was applied to all channels 

except for trapping channels (RTc). Droplets would not occupy trapping channels unless operation 

of the droplet trap failed or the droplet trap was being purged. 

This design work was performed before the testing detailed in Section 6.3.2 and Section 6.3.3, 

resulting in the use of a droplet resistance increase factor of four. Consequently, it was found in 

testing that droplets were not produced at a 27% relative volume ratio but rather at a relative 

volume ratio of approximately 11.5%. Similarly, the Laplace pressure difference was calculated 

using Equation (5-1), assuming droplets fully filled the channel cross-section and were surrounded 

by a negligibly thin Continuous Phase sheath. 

At the time of the design, the Droplet Generator used an rs of 3.08 x 1015 Pa s m-4 with an Ls of 

67.8 mm. The droplet generation conditions detailed above provide a PTot of about 7.82 kPa when 

applied to the Droplet Generator design. It was convenient to set rTu = rs to simplify the design of 

the droplet trap. A value of rTc was then chosen to maximize the value of ΔPTrap while maintaining 

achievable channel dimensions for the constricted trapping channels. A value of 

rTc = 4.41 x 1016 Pa s m-4 was chosen to create a ΔPTrap of 204 Pa.  

Spacing between bypass channels was 0.3 mm to prevent channel profile overlap. This spacing 

was also convenient for trapping channels to ensure that the trapped droplets were held in close 

contact to form a DIB. At the time of design, droplets could be produced with lengths of ~500 μm 

and were therefore expected to be in contact with that trapping channel spacing. Thus, the distance 

between bypass and trapping channels, LTu,1, was set to 0.3 mm. 

The minimum channel length of the rTc channels to obtain a well-defined geometry was 0.4 mm. 

LTc was therefore set to 0.4 mm to minimize the resistance of the trapping channels. Large trapping 

channel resistances (RTc) resulted in large pressure drops and lower fluid flow rates towards the 

trapping channels. Minimizing RTc through minimizing LTc was therefore desirable.  

As bypass channels and trapping channels were parallel to one another and in close proximity, 

implementing different lengths for the various bypass and trapping channels would be difficult and 

lead to poorly defined channel geometries. Therefore, it was convenient to set LB = LTc. 

Finally, to completely define the circuit shown in Figure 5-5, a value of LTu,2 = 1.7 mm, was 

chosen. This choice was made to accommodate the various requirements of the laser cutter and to 

produce channels with well-defined channel dimensions. This length could be increased with little 

to no detriment to the expected performance of the droplet trap. 

Given the channel lengths and resistivities described above and the requirements determined by 

Equations (5-7) - (5-10), a value of rB = 3.81 x 1013 Pa s m-4 was chosen, which resulted in 

ΔPVent = 138 Pa. This trapping pressure was smaller than the ΔPTrap = 204 Pa and, therefore, 

acceptable. 
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The choice of rB resulted in the values shown in Table 7-6, satisfying all of the inequalities and 

requirements outlined above. The value of Q2 is smaller than Q1, and Q4 is smaller than Q3 in the 

One Trapped Droplet State. The value of PA – PB is smaller than ΔPTrap in both the One Trapped 

Droplet State and Two Trapped Droplets State. The value of PA – PC is smaller than ΔPVent, but 

only by 4 Pa in the Two Trapped Droplets State. Therefore, a droplet is expected to be temporarily 

held at a bypass channel junction and expelled once another droplet arrives and is held at the other 

bypass channel junction.  

Table 7-6 – The values of the design parameters required for the first design iteration of the Alternate Droplet Trap. Each of the 

parameters is as defined in Figure 5-5. 

Parameter One Trapped Droplet  Two Trapped Droplets 

Q1 [m
3 s-1] 8.04 x 10-12 - 

Q2 [m
3 s-1] 6.65 x 10-12 8.78 x 10-12 

Q3 [m
3 s-1] 2.13 x 10-11 1.76 x 10-11 

Q4 [m
3 s-1] 7.49 x 10-12 9.29 x 10-12 

PA-PB [Pa] 130 167 

PA-PC [Pa] 101 134 

 

The resistivities required for the first iteration of the Alternate Droplet Trap design were expected 

to be achieved using the channel dimensions and laser settings detailed in Table 7-7. 

Table 7-7 – The required channel types for the first design iteration of the Alternate Droplet Trap. rB and rTc channel types are 

marked with *s, indicating that they required the use of new laser parameters at the time of fabrication. 

Channel Type rTc* rB* rs and rTu 

Laser Line Colour Cyan Grey Green 

Number of Passes 2 Pass 2 Pass 2 Pass 

Cutting Order 6 5 2 

Laser Power [%] 2.7* 3* 3.5 

Laser Speed [%] 1 1 0.5 

Unbonded Channel Depth [μm] 73 104 265 ± 5.6 

Unbonded Channel Width [μm] 120 124 170 ± 0.5 

Bonded Channel Depth [μm] 70 100 252 ± 14.4 

Bonded Channel Width [μm] 111 111 163 ± 14.0 

 

Based on the physics available to describe the performance of droplet traps, the first design 

iteration of the Alternate Droplet Trap was expected to function effectively. It was designed to trap 

droplets when the Droplet Generator was operated at Pd = 8.06 kPa and Pc = 8.38 kPa but was also 

expected to trap droplets at any lower pressure setting. Early testing of this iteration of the 

Alternate Droplet Trap demonstrated that the Alternate Droplet Trap performed more consistently 

than the Primary Droplet Trap. 

7.5.2 Test Results 

The Alternate Droplet Trap Iteration 1 was developed alongside that of Primary Droplet Trap 

Iteration 3 and aimed to reduce the risk of droplet splitting by reducing the number of bypass 

channels. Reducing droplet splitting would result in more predictable droplet volumes in the 
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droplet trap. While this design showed a greater degree of success, it still exhibited some droplet 

splitting behaviour. 

Two Droplet Generator devices with Alternate Droplet Trap Iteration 1 (Chips IDs: FR5.1_DT1.0 

and FR5.1_DT2.0) were tested using multiple pressure settings on multiple days. They could trap 

droplets that were either part of a continuous stream of droplets or isolated pairs of droplets. 

Droplets were initially trapped in the position seen in Figure 7-13(A) but slowly moved to the 

position seen in Figure 7-14(A). Contact between the trapped droplets was maintained as they 

shifted positions. As defined in Figure 7-13(B), droplets were never observed occupying the 

second trapping position until the first trapping position was filled. Based on the available physics, 

this was the expected behaviour of the droplet trap. However, as droplets entered the droplet trap, 

they often split at the first set of bypass channels (as defined in Figure 7-13(B)). However, this 

could be avoided by operating at lower pressure settings. 

 
(A) 

 
(B) 

Figure 7-13 – (A) The initial position of the trapped droplets in the droplet trap of Chip FR5.1_DT2.0 produced as part of an 

isolated pair of droplets with the pressure settings of Pd = 7.83 kPa and Pc = 8.38 kPa. Each of the trapping positions is 

occupied by a droplet. Framed at the pink rectangle in (B). (B) The droplet trap channel geometry in the orientation seen in (A), 

with key features labelled. 

After the first two droplets were trapped, a third droplet would be temporarily held at the junction 

of the second set of bypass channels and the input channel (as defined in Figure 7-13(B)). This 

droplet would then be displaced through the second set of bypass channels as a fourth droplet 

arrived and blocked the first set of bypass channels. This behaviour can be seen in Figure 7-15(A), 

where droplets trapped at the designed trapping positions can be seen to be flowing slightly into 

the trapping channels due to the pressure spike caused by this process. This surging indicated that 

as droplets flowed through the bypass channel, the pressure across the trapping channels exceeded 

their trapping pressure, and trapped droplets could have been ejected. However, no trapped 

droplets were observed to be ejected from the droplet trap because of this behaviour. 



 146  

 

 
(A) 

 
(B) 

Figure 7-14 – (A) The final position of the trapped droplets in the droplet trap of Chip FR5.1_DT2.0 produced as part of an 

isolated pair of droplets with the pressure settings of Pd = 7.83 kPa and Pc = 8.38 kPa. Each of the trapping positions is 

occupied by a droplet. Framed at the pink rectangle in (B). (B) The droplet trap channel geometry in the orientation seen in (A), 

with key features labelled. 

The droplet trapping behaviour briefly described above was observed in both Chips FR5.1_DT2.0 

and FR5.1_DT1.0 for both continuous streams of droplets and isolated pairs of droplets. Droplet 

trapping behaviour is summarized in Table 7-8. As in Table 7-5, a Y in the Successful Droplet 

Trapping column of Table 7-8 indicates that two droplets were successfully trapped at the first and 

second trapping positions (see Figure 7-13(B)), and N indicates that two droplets were not trapped 

at the designed trapping positions. The Number of Times Observed denotes the number of times 

the behaviour was observed in a series of consecutive tests. If multiple series of consecutive tests 

were performed, multiple entries are provided in that column. For some of the pressure settings 

tested, the time taken for trapped droplets to merge was recorded. The time to merge was only 

recorded for some pressure settings because the procedure was concurrently developed as the 

testing was performed. The limited data suggested there may be a dependence of the time to merge 

on the operating pressures used. As there was an exceptional level of variability in the time to 

merge, no strong relationship could be established. 

A representative droplet trapping event recording for an isolated pair of droplets can be found in 

Appendix E. The recording shows an isolated pair of droplets made with pressure settings of 

Pd = 7.83 kPa and Pc = 8.38 kPa, being made, entering and being trapped by the Alternate Droplet 

Trap. 

In Table 7-8, it should be noted that the pressure settings of Pd = 8.06 kPa and Pd = 7.94 kPa, in 

each case with Pc = 8.38 kPa, did not show successful droplet trapping. Under these conditions, 

droplets were so long that they occupied both the first and second trapping positions and therefore, 

only one droplet could be trapped. This behaviour did not meet the criteria for successful droplet 

trapping as two droplets were not trapped. Therefore, it was labelled with an N, even though one 

droplet was successfully trapped. 
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(A) 

 
(B) 

Figure 7-15 – (A) The position of two trapped droplets in the droplet trap of Chip FR5.1_DT2.0 produced as part of a continuous 

stream of droplets with the pressure settings of Pd = 7.83 kPa and Pc = 8.38 kPa. Each of the designed trapping positions is 

occupied, and a third droplet can be seen to be temporarily trapped at the second set of bypass channels. Framed at the pink 

rectangle in (B). (B) The droplet trap channel geometry in the orientation seen in (A) with key features labelled. 

Table 7-8 – A summary of the droplet trapping behaviours observed in the droplet trap of Chip FR5.1_DT1.0 and FR5.1_DT2.0 

using isolated pairs or continuous streams of droplets. A Y in the Successful Droplet Trapping column indicated that the droplet 

trap trapped two droplets. A Y in the Droplet Splitting column indicated that droplets split at one or more bypass channels while 

approaching the droplet trap. 

Pc 

[kPa] 

Pd 

[kPa] 

Continuous 

Stream or 

Isolated Pair 

Successful 

Droplet 

Trapping (Y/N) 

Number 

of Times 

Observed 

Droplet 

Splitting 

(Y/N) 

Time to 

Droplet 

Merge [min] 

8.38 

8.06 Continuous N 3/3, 3/3 Y - 

7.94 Continuous N 1/1 Y - 

7.83 Isolated Pair Y 3/3 Y 3-17 

7.83 Continuous Y 3/3, 3/3 Y - 

7.72 Continuous Y 3/3 Y - 

6.70 
6.21 Isolated Pair Y 3/3 Y 1-19 

6.21 Continuous Y 3/3 Y 0.5-9 

3.35 2.98 Continuous Y 1/1, 2/2 N >24 

 

The droplet lifetime was typically longer for trapped droplets in the Alternate Droplet Trap 

compared to those in the third iteration of the Primary Droplet Trap. However, droplet lifetime 

was more variable. Except for two cases, the trapped droplets were held in contact without merging 

for at least 1.5 minutes, meeting the minimum trap time requirement.  

The cause of trapped droplet merging is unclear but is thought to be related to the shift in droplet 

position in the trap. The droplet position shifts were caused by continuous phase redistribution 

around the trapped droplets. The pressures applied to the trapped droplets may have been sufficient 

for the continuous phase to flow through the sheath surrounding the droplets to escape the trap.  

Shifts in droplet position occurred more slowly at lower pressures, suggesting that they were 

related to the pressure applied to the droplets. Merging events were occasionally observed when 

these shifts in droplet position occurred.  
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Another possible cause of droplet merging in the Alternate Droplet Trap could be the pressure 

spikes caused when a third droplet is temporarily held by and then expelled through the second set 

of bypass channels. This pressure spike contributed to increased pressure on the trapped droplet 

and caused minor droplet movements. These effects may have destabilized the contact between 

the two droplets, resulting in droplet merging. In combination with the use of Span 80 instead of 

a lipid, the pressure spikes may have been sufficient to cause droplet merging in the droplet trap. 

When droplet splitting was observed, incoming droplets only split at the first set of bypass channels 

when entering an empty droplet trap or a droplet trap containing one trapped droplet. Droplets 

entering a droplet trap with two droplets occupying the trapping positions always split at bypass 

channels as they were directed around the trapped droplets. The droplet splitting process could be 

avoided by operating the device at suitably low-pressure settings; specifically, Pd = 2.98 kPa and 

Pc = 3.35 kPa, as indicated in Table 7-8. 

Alternate Droplet Trap Iteration 1 was largely successful. It reproducibly trapped droplets in its 

designed trapping positions and showed consistent behaviour throughout consecutive test runs and 

across two devices. The main design issues of the Alternate Droplet Trap were that: (1) droplets 

split at the bypass channels, which led to unpredictable droplet volumes and (2) trapped droplets 

had highly variable lifetimes before they merged. The lifetime of trapped droplets was addressed 

in the final design iterations of the Primary Droplet Trap and Alternate Droplet Trap, which are 

described in Chapter 8. 

Before those design iterations could be completed, the phenomenon of droplet splitting had to be 

understood. A model of droplet splitting was developed and validated with test data generated 

using the devices with Alternate Droplet Trap Iteration 1 and devices with Primary Droplet Trap 

Iteration 3. This work is described in Section 7.6. 

7.6 Droplet Splitting at Bypass Channel Junctions 

In most literature on the design of droplet traps, the concept of droplet splitting at bypass channel 

junctions is not addressed in detail. Typical advice on operating droplet traps is generally limited 

to – do not exceed the Laplace pressure difference of the trapping channel. Models for 

purpose-built droplet splitting microfluidic devices were adapted to explain the droplet splitting 

behaviour observed during testing of droplet traps. Specifically, the model of Liang et al. discussed 

in Section 2.7 was used [105]. The main conclusion from this work was that the advice of not 

exceeding the Laplace pressure difference should also be applied to the bypass channels. 

7.6.1.1 Verification of Droplet Splitting Model 

The droplet splitting behaviour of the Alternate Droplet Trap was examined in detail to verify that 

the droplet splitting model described in Section 2.7 could be applied to the droplet traps in this 

work. Specifically, the behavioural data of isolated pairs of droplets and single droplets generated 

with pressure settings of Pd = 7.83 Pa and Pc = 8.38 Pa were analyzed. The volumes of droplets 

approaching the droplet trap and the volumes of daughter droplets in the outgoing channels past 

all channel junctions were measured. The behaviour of only single and isolated pairs of droplets 
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was examined because the resistance of the main channel could be accurately predicted in these 

two states but could not be for a continuous stream of droplets. 

The Droplet Generator with an integrated Alternate Droplet Trap had a main channel composed of 

horizontally-oriented segments with depths of 249 ± 13 μm and widths of 130 ± 22 μm and 

vertically-oriented segments with depths of 241 ± 10 μm and widths of 154 ± 24 μm. Both 

orientations of the main channel had top corner angles of 75o and bottom corner radii of 14 ± 2 μm. 

These channel dimensions produced a main channel resistance of 1.64 x 1014 Pa s m-3 when filled 

with only Continuous Phase and 1.71 x 1014 Pa s m-3 considering a droplet in the vertically-oriented 

segment of the main channel leading up to the droplet trap.  

The vertically-oriented channels in the droplet trap were found to have slightly different 

dimensions than other such segments of the main channel because of the intersecting channels. 

The channels were constricted slightly at and between the junctions of the trap (see Figure 

7-16(A)). Vertically-oriented channels in the droplet trap were estimated to have depths of 

223 ± 8 μm and widths of 139 ± 5 μm based on cross-sectional measurements from unbonded 

devices. These channels still had top corner angles of 75o and bottom corner radii of 14 ± 2 μm. 

The DRIF in these channels was calculated to be 11.8 using the method described in Section 6.3.3. 

The droplet trap was modelled considering unconstricted channels with these dimensions, not the 

dimensions of the vertically-oriented channels in the main channel. This choice was made because 

all unconstricted channels are short (0.3 mm long) and vertically-oriented. Additionally, they were 

observed to be constricted compared to the vertically-oriented channels outside the droplet trap. 

 
(A) 

 
(B) 

Figure 7-16 – (A) A top-down view of the bypass channel junctions of the Alternate Droplet Trap Iteration 1 in a bonded device. 

The center vertical channel corresponds to the input channel and can be seen to be slightly constricted at and between the bypass 

channel junctions. (B) The channel layout of the Alternate Droplet Trap Iteration 1 in the orientation in (A) with the location of 

(A) marked by the pink rectangle. 

Bypass channels were found to have depths of 105 ± 8 μm, widths of 92 ± 7 μm, top corner angles 

of 75o and bottom corner radii of 27 μm. They were not observed to have constricted entrances as 

in Figure 7-8. The trapping pressure of the bypass channel was calculated using the top corner 

radius method based on the model of Musterd et al. described in Section 2.6.1 [106]. Based on the 
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channel dimensions used and assuming an interfacial tension of 5 mN m-1, as reported by Bithi et 

al., a trapping pressure of 116 Pa was calculated [70]. 

The lengths of droplets approaching the droplet trap were measured in the vertically-oriented 

segment of the main channel leading to the droplet trap following the standard method described 

in Section 4.4.2. Droplet volumes were calculated according to the method of Musterd et al., as 

described in Section 6.3.2 with one exception [106].  

The lengths of daughter droplets leaving the droplet trap were measured in the vertically-oriented 

outgoing collector channels after passing all channel junctions. These measurements followed the 

standard method described in Section 4.4.2. However, the observed daughter droplets were so 

small that the channel walls did not confine them, and therefore the method of Musterd et al. could 

not be applied to calculate their volumes [106]. These small daughter droplets were assumed to 

form spheres in the channels. Their measured radii were smaller than the critical radius required 

for a spherical droplet to contact an approximately isosceles-triangular channel, calculated using 

Equation (7-1). In Equation (7-1), w represents channel width, and h represents channel depth. 

Although this does not consider the actual cross-section of the channels, it predicts a smaller radius 

than would be predicted considering the actual cross-section. Therefore, it provides a stricter 

criterion for determining if a droplet was spherical. Thus, the volumes of the small daughter 

droplets were calculated as spheres, where measured lengths were equivalent to the diameters of 

the spheres. 

𝑟 =
𝑤ℎ

𝑤 + 2√𝑤2

4 + ℎ2

 
(7-1) 

 

The volumes of mother droplets approaching the droplet trap, the volumes of resultant daughter 

droplets and the ratio of these volumes produced at the pressure settings of Pd = 8.06 kPa and 

Pc = 8.38 kPa are summarized in Table 7-9. The data shown in Table 7-9 were collected over five 

test runs of each test condition; single droplets or isolated pairs approaching the trap. Two daughter 

droplets were generated at every splitting event. Table 7-9 shows that droplet splitting only 

occurred at the first set of bypass channels and never occurred at the second set of bypass channels. 

The volumes of mother droplets approaching the second set of bypass channels were calculated by 

subtracting the measured volumes of daughter droplets from the volumes of the mother droplet 

approaching the droplet trap. 

The data in Table 7-9 was then compared to the Vdaughter/Vmother ratios predicted by Equation (2-22) 

for the first and second set of bypass channels of the Alternate Droplet Trap. When calculating the 

predicted Vdaughter/Vmother ratios, mother droplets were considered to be present in the unconstricted 

outgoing channel at the bypass junction. This position was the observed position of droplets when 

splitting events occurred. Therefore, if a single droplet was being considered when modelling, the 

droplet was accounted for in the unconstricted outgoing channel, and the main channel was filled 

only with Continuous Phase. When the first droplet of an isolated pair of droplets was being 
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considered, the main channel was considered only to contain one droplet. In this case, the first 

droplet was considered in the unconstricted outgoing channel of the channel junction.  

Table 7-9 – A summary of the observed droplet splitting behaviours of Alternate Droplet Trap Iteration 1 considering single 

droplets and isolated pairs of droplets produced at pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. The bypass channel 

number refers to the set of bypass channels, as defined in Figure 7-13(B). A droplet number of 1 denotes the first droplet to 

arrive at the droplet trap, and 2 denotes the second droplet to arrive at the droplet trap. All values are reported ± one standard 

deviation. 

Test 

Condition 

Droplet 

Number 

Bypass 

Channel 

Number 

Mother 

Droplet 

Volume [nL] 

Daughter 

Droplet 

Volume [nL] 

Vdaughter/Vmother 

Single Droplet 1 
1 3.71 ± 0.15 0.14 ± 0.01 0.038 ± 0.004 

2 3.44 ± 0.14 0 0 

Isolated Pair of 

Droplets 

1 
1 3.88 ± 0.08 0.12 ± 0.02 0.031 ±0.006 

2 3.59 ± 0.08 0 0 

2 
1 3.80 ± 0.01 0.15 ± 0.01 0.038 ± 0.001 

2 3.50 ± 0.01 0 0 

 

The model of Alternate Droplet Trap described in Section 5.4.1 predicted the Vdaughter/Vmother ratios 

shown in Table 7-10 following the assumptions stated above. Any predicted negative 

Vdaughter/Vmother ratios are simply reported as 0. The data shown in Table 7-10 demonstrates that 

although the droplet splitting model successfully predicts when droplet splitting would occur, the 

model is perhaps not as predictive as it could be. The model successfully predicted positive 

Vdaughter/Vmother values when splitting was observed. However, the predicted values did not closely 

match the observed values. It does provide some predictive ability as to whether droplet splitting 

would occur at a channel junction but could be refined further to predict the droplet splitting 

behaviour more accurately. 

Table 7-10 – A summary of the observed and predicted Vdaughter/Vmother values of Alternate Droplet Trap Iteration 1 considering 

single droplets and isolated pairs of droplets produced at pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa. All columns are 

as defined in Table 7-9. All values are reported ± one standard deviation. 

Test 

Condition 

Droplet 

Number 

Bypass 

Channel 

Number 

Observed 

Vdaughter/Vmother 

Predicted 

Vdaughter/Vmother 

Single Droplet 1 
1 0.038 ± 0.004 0.034 

2 0 0 

Isolated Pair of 

Droplets 

1 
1 0.031 ±0.006 0.022 

2 0 0 

2 
1 0.038 ± 0.001 0.034 

2 0 0 

 

One of the major assumptions made in the model is that the interfacial tension between the 

Dispersed Phase and the Continuous Phase is 5 mN m-1 (as reported by Bithi et al.) [70]. Bashir et 

al. reported an interfacial tension between the Dispersed Phase and the Continuous Phase of 

4.5 mN m-1, indicating that the interfacial tension may not be precisely 5 mN m-1 [116]. The 

interfacial tension is an integral value in calculating trapping pressure. Therefore, if a more 
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accurate value could be determined, modelling droplet splitting behaviour could become more 

accurate. If the observed Vdaughter/Vmother value for the single droplet test condition is assumed to be 

correct, then the interfacial tension of the Dispersed Phase and Continuous Phase would be 

4.93 ± 0.06 mN m-1. However, based upon the Vdaughter/Vmother values of an isolated pair of droplets, 

an interfacial tension of 4.91 mN m-1 is a better fit for the behaviour of both droplets in the pair. 

Observed and predicted Vdaughter/Vmother values considering an interfacial tension of 4.91 mN m-1 

can be seen in Table 7-11.  

Table 7-11 – A summary of observed and predicted Vdaughter/Vmother values of Alternate Droplet Trap Iteration 1 considering 

single droplets and isolated pairs of droplets produced at pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa and an 

interfacial tension of 4.91 mN m-1. All columns are as defined in Table 7-9. All values are reported ± one standard deviation. 

Test 

Condition 

Droplet 

Number 

Bypass 

Channel 

Number 

Observed 

Vdaughter/Vmother 

Predicted 

Vdaughter/Vmother 

Single Droplet 1 
1 0.038 ± 0.004 0.040 

2 0 0 

Isolated Pair of 

Droplets 

1 
1 0.031 ±0.006 0.028 

2 0 0 

2 
1 0.038 ± 0.001 0.040 

2 0 0 

 

Although the observed values do not exactly match the predicted values, they are in much closer 

agreement (to within ± one standard deviation) than when an interfacial tension of 5 mN m-1 is 

assumed. An interfacial tension value of 4.91 mN m-1 is a reasonable adjustment given the range 

of values (4.5 to 5 mN m-1) reported in the literature. Therefore, it is believed that droplet splitting 

behaviours could be successfully predicted using the method described previously and an 

interfacial tension of 4.91 mN m-1. Assuming that the same standard deviation applies to this 

interfacial tension as the one reported above, 4.93 ± 0.06 mN m-1, the interfacial tension would be 

4.91 ± 0.06 mN m-1 

This standard deviation was derived from the observed Vdaughter/Vmother value for the single droplet 

test condition. Determining the interfacial tension involves relating the observed Vdaughter/Vmother 

value to the one predicted by the droplet trap model and the ΔPLP value. This value can then be 

used to calculate the interfacial tension and depends upon the Laplace pressure and the droplet's rt 

value in each channel. The channel width is the primary determinant of the rt and a significant 

source of error in the interfacial tension calculation. Based upon the error propagation of the 

measurement error in each of these values, the expected measurement error in the interfacial 

tension value is ~25%. This error is relatively large and is primarily due to the high degree of 

uncertainty in the bypass channel width (7.6%). If the channel widths could be determined with 

more accuracy, particularly that of the bypass channel, the accuracy of this method could be 

significantly improved. This method could be a powerful means of measuring the interfacial 

tension of a dispersed and continuous phase with further refinement. 

Furthermore, following this method, it is also predicted that droplets would show splitting 

behaviours at all of the tested pressure settings in Table 7-8 for an isolated pair of droplets. The 
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one exception is the lowest pressure settings of Pd = 2.98 kPa and Pc = 3.35 kPa. At these 

low-pressure settings, no droplet splitting is expected, and none was observed, further indicating 

that the droplet splitting model is accurate.  

It should be noted that this method of predicting droplet splitting at the bypass channel junctions 

could not be applied to predict the behaviour of the first droplet in a continuous stream of droplets. 

Because the Droplet Generator takes a long time to reach a steady state (see Section 6.3.4), the 

main channel resistance could not be accurately determined. Therefore, the pressure distribution 

of the droplet trap could not be determined. However, it was observed that the Vdaughter/Vmother ratios 

for the first droplet in a continuous stream of droplets were only slightly higher than the ratio for 

the first droplet in an isolated pair of droplets. It is thought that the behaviour of the first droplet 

in a continuous stream of droplets could be predicted in future designs by using the behaviour of 

the first droplet in an isolated pair of droplets as an approximation.  

Verifying this modelling method of predicting droplet splitting with Primary Droplet Trap 

Iteration 3 was much more difficult, as daughter droplets spent a significant period of time in its 

long bypass channels. These daughter droplets affected the resistance of the bypass channels, and 

therefore, the pressure and fluid flow distribution through the droplet trap. Therefore, accurate 

modelling of pressure conditions in the droplet trap was complex. However, when a single droplet 

approaching the droplet trap produced at pressure settings of Pd = 8.06 Pa and Pc = 8.38 kPa was 

considered, the Vdaughter/Vmother ratio could be predicted to be 0.25, using an interfacial tension of 

4.91 mN m-1. The observed Vdaughter/Vmother value of this case was 0.19 ± 0.001 (n = 4) across two 

different devices. While this does not agree with the predicted value, the predicted value still 

indicates whether droplet splitting is expected.  

The modelling method described above could be refined further to provide more accurate 

predictions of Vdaughter/Vmother. Steps towards this have already been taken here by refining the 

interfacial tension of the Dispersed Phase and Continuous Phase. This model could be improved 

further by considering the local dimensions of the relevant junctions, including the locally 

increased depth at a junction and the slight filling of bypass channels by a droplet as it passes a 

bypass channel. These considerations would require extensive modelling of 3D droplet shapes, 

which is beyond the scope of this thesis. The predictive abilities of the modelling method described 

here were sufficient for designing a Primary Droplet Trap and Alternate Droplet Trap in which 

droplets will not split at the channel junctions. A final set of designs were developed using this 

predictive method to prevent droplet splitting at bypass channel junctions.  Chapter 8 describes the 

designs of these final droplet traps.  

7.7 Summary 

Over the course of this project, three iterations of the Primary Droplet Trap and one iteration of 

the Alternate Droplet Trap were designed, built and tested. The third iteration of the Primary 

Droplet trap showed some promise but lacked reproducible trapping behaviour. However, the 

Alternate Droplet Trap was able to reproducibly trap two droplets and hold them in contact with 

each other for around 1.5 minutes and up to 24 minutes. The lifetime of the trapped droplets was 

highly variable, and the reasons behind the merging of the trapped droplets are not fully 
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understood. However, they are thought to be linked to (1) changes in the trapped droplet positions 

and (2) the pressure applied to the trapped droplets. These behaviours are linked to the compression 

and rarefaction of the droplet interface, which is linked to DIB stability issues [76]. 

In all droplet traps, droplet splitting at bypass channels was observed, which reduced the 

reproducibility of the trapping behaviour and resulted in unpredictable droplet volumes. A model 

developed by Liang et al. for an intentional droplet splitting device could describe the splitting 

behaviour observed in the tested droplet traps well [105]. This droplet splitting model was then 

incorporated into the droplet trap design process to design one final set of droplet traps. These 

droplet traps aimed to address issues with droplet splitting and droplet lifetime and will be 

described in Chapter 8. 
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Chapter 8  

Final Designs of Droplet Traps 

8.1 Introduction 

The droplet traps discussed in Chapter 7 showed several issues which prevented the successful 

trapping of droplets to form DIBs. The most prevalent issues included difficulties in ensuring that 

trapping channels were well defined and droplet splitting at bypass channel junctions. A final set 

of droplet trap designs were made to address these issues, improving the consistency of droplet 

trapping and reducing droplet splitting. Additionally, the final designs were made to implement 

additional functionalities in droplet trapping, specifically the formation of 1.5D to 2D arrays of 

droplets of specific sizes. 

8.2 Design Changes to Both Trap Designs 

Droplet splitting at bypass channel junctions was a significant problem in the preceding droplet 

trap designs. According to the droplet splitting model discussed in Sections 2.7 and 7.6, the 

splitting behaviour at bypass channel junctions was affected by the trapping pressure of the bypass 

channels. Therefore, efforts were made to increase the trapping pressure of the bypass channels, 

decreasing droplet splitting by preventing droplets from entering the bypass channels.  

Increasing the trapping pressure of the bypass channels was accomplished in many of the final 

designs described in this chapter by widening the unconstricted input channels to the droplet traps. 

Widening the unconstricted input channel served two purposes. A widened channel decreased the 

Laplace pressure of droplets in the unconstricted input channel, and it allowed droplets to expand 

and adopt more spherical shapes. Decreasing the Laplace pressure of droplets in the unconstricted 

input channel would increase the trapping pressures of both the trapping and bypass channels. 

Therefore, improving trapping consistency and reducing or preventing droplet splitting. Allowing 

droplets to expand and adopt more spherical shapes would enable more droplets to be packed into 

the droplet trap in a potentially ordered 1.5D or even 2D array if the droplets were small enough. 

Although widening laser-cut microfluidic channels is not common in the author’s experience, it 

was chosen over deepening the unconstricted input channel for a simple reason. Deepening the 

channel would have little impact on the Laplace pressure of droplets compared to widening the 

channel, as will be discussed.  

It should be noted that these widened channels would not have isosceles-triangular cross-sections 

and would not have perfectly rectangular cross-sections. For the initial design of these traps, it was 

assumed that the resistances of the widened channels could be calculated using Equation (3-6). In 

future work, the cross-section and resistances of these widened channels should be determined and 

used to verify that the designs presented here would function as intended.  

Increasing the trapping pressures of the bypass and trapping channels could also be accomplished 

by making shallower bypass and trapping channels. However, doing so would also increase the 

resistance of these channels. Increasing the resistances of these channels would increase the 
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pressure drop across the droplet trap and may limit any improvements to the trapping pressures. 

Increases in channel resistance could be limited by decreasing the length of the bypass and trapping 

channels. However, these channels were already at their minimum length to ensure well defined 

channel dimensions in the Alternate Droplet Trap design. Only the trapping channels were at their 

minimum length in the Primary Droplet Trap iteration 3 design. Therefore, widening the input 

channel to the droplet trap was a much more feasible means of increasing the trapping pressures 

of the bypass and trapping channels. 

8.2.1 Decreasing Laplace Pressure in Unconstricted Input Channel 

Considering the model of Musterd et al., droplets in the standard channels used for the Droplet 

Generator and the unconstricted input channels of the droplet traps are described by Equations 

(2-18) to (2-20) [106]. These equations calculate the top corner radius, rt, the cross-sectional area 

of the droplet body, Abd, and the length of the droplet end caps, Lcap. 

The top corner radius, rt, can be used to calculate the Laplace pressure of droplets in the 

unconstricted input channel if the droplets are longer than twice their end cap length (Lcap). 

Droplets considered in this project fit this criterion. The Laplace pressure (PLP) can be calculated 

with Equation (2-9) using rt considering the method described in Section 2.6.1. This method 

calculates the Laplace pressure of the droplet as PLP = γ/rt. 

From the above relationship between PLP and rt for droplets in the unconstricted input channels of 

droplet traps and Equation (2-18), it can be seen that PLP depends primarily on the channel width, 

W, and top corner angle, β. The channel depth affects the top corner angle, and therefore, Equation 

(2-18) could be rewritten in terms of the channel width and channel depth. However, it is important 

to realize that the rt is more strongly influenced by the channel width than the channel depth.  

For example, for an ideally isosceles-triangular laser-cut channel with a depth of 252 μm and a 

width of 163 μm, the top corner radius (rt) would be 28.0 μm. This radius would represent a 

Laplace pressure (PLP) of 178 Pa. Increasing the channel depth by 10 μm would result in an rt of 

28.4 μm and a PLP of 176 Pa, a decrease in PLP of ~1%. However, if the width were increased by 

10 μm, the rt would be 29.0 μm. This radius would result in a PLP of 172 Pa, representing a 3% 

decrease in PLP. The depth would need to be increased by 25 μm to achieve the same result. 

Therefore, increasing the channel width has a more significant effect on decreasing the Laplace 

pressure than increasing the channel depth. However, it is essential to note that this is an idealized 

scenario. In practice, the top corner angle β is largely independent of the channel width and depth 

due to the rounded bottom of the channels. Therefore, changing the depth may have even less 

effect on the top corner radius and Laplace pressure than in this idealized example.  

Increasing the width of the unconstricted input channel would be a much more effective means of 

increasing the top corner radius than increasing the channel depth. Increasing this radius would 

decrease the Laplace pressure of the droplets. Decreasing the Laplace pressure of the droplets in 

the unconstricted input channel would increase the trapping pressures of the trapping and bypass 

channels. This change would improve droplet trapping consistency and reduce or prevent droplet 

splitting. Additionally, once the channel is more rectangular in cross-section, changes in depth 

could be used more effectively to minimize the Laplace pressure further. However, it should be 
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noted that the method described above is only valid for droplets with sufficient length, droplets 

that are at least twice as long as their end cap length, Lcap. 

8.2.2 Reducing Droplet Length to Increase Droplet Packing 

Unless droplets are split at a bypass channel junction, they flow through the Droplet Generator 

channels and droplet trap with a constant volume. As droplets enter a widened channel, they can 

adopt a more spherical shape while maintaining that constant volume. If the channel walls still 

constrain the droplets in the widened channel, their new length (L) can be calculated according to 

Equation (8-1). Equation (8-1) uses the known droplet volume (V), the expected cross-sectional 

area of the droplet body (Abd) and the length of the droplet end caps (Lcap).  

𝐿 =
𝑉

𝐴𝑏𝑑
+

2

3
𝐿𝑐𝑎𝑝 (8-1) 

 

If the value of L calculated using Equation (8-1) is positive, then the droplet is still constrained by 

the channel walls, and its length can be determined. If the value of L calculated using Equation 

(8-1) is negative, the droplet is no longer constrained by the channel walls and would be expected 

to form an ellipsoid or sphere in the channel. Therefore, if droplets with sufficiently small volumes 

can be produced, they will no longer be bound by the channel walls as they enter the widened input 

channel of a droplet trap. They can then be positioned not only along the channel length but in one 

and a half or two dimensions in the droplet trap, depending on the width of the channel and volume 

of the droplets. In other words, when droplets with a sufficiently small volume enter a widened 

input channel to a droplet trap, they can be positioned beside one another and not only along the 

length of the channel but also across the channel. These small droplet volumes would allow for 

the formation of 1.5D or 2D arrays of trapped droplets similar to the work of Elani et al. (Figure 

1-7) [48]. 

Implementing such a system of packing droplets unconstrained by the channel walls may be 

challenging in a droplet trap. The droplets may be reduced to a volume where the trapping pressure 

of the droplet trap is significantly reduced and no longer effective. However, once the droplets 

form spheres in the widened input channel, their Laplace pressure becomes relatively easy to 

determine, and the operating conditions of the traps can be altered accordingly.  

8.2.3 Changes to Design Process 

The droplet traps described in this chapter followed the design processes outlined in Sections 5.3.1 

and 5.4.1 closely but with one change. The droplet traps were designed such that the ratio of the 

droplet flow rate through a bypass channel to the flow rate entering the bypass channel junction 

was less than zero. This requirement was used to prevent droplet splitting, according to the droplet 

splitting model outlined in Section 2.7. Other than this, there were no changes to the design process 

of the droplet traps. 
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8.3 Primary Droplet Trap Final Design 

The final Primary Droplet Trap Design used the channel layout shown in Figure 8-1. In Figure 

8-1, light green lines represent input/output channels that are part of Rs or RTu, and blue lines 

represent bypass channels (RB). Dark green (grass green) lines represent type 2 bypass channels 

(RB1), grey lines represent type three bypass channels (RB2), and cyan lines represent trapping 

channels that are part of RTc. The channel dimensions required for this droplet trap design are 

detailed in Table 8-1, labelled with their corresponding resistivities. Every line in Figure 8-1 has a 

proportional width to the targeted channel width.  

The input and output channels of the trap (rTu) were widened to be twice as wide as the standard 

main channel of the Droplet Generator (rs). Widening the channels was intended to be 

accomplished by cutting three parallel channels, each spaced apart by 80 μm. This method was 

expected to result in a channel with a similar depth to the standard main channel of the Droplet 

Generator but was twice as wide. This method has not been tested directly; however, preliminary 

testing with other laser settings indicated that channels with this width could be made by cutting 

multiple channels in parallel (data not shown).  

These dimensions resulted in the following trapping pressures: ΔPTrap = 228 Pa, ΔPvent = 151 Pa, 

ΔPvent,B1 = 162 Pa, ΔPvent,B2 = 171 Pa where ΔPVent refers to the trapping pressure of the RB channels, 

ΔPvent,B1 refers to the trapping pressure of the RB1 channels and ΔPvent,B2 refers to the trapping 

pressure of the RB2 channel. Compared to the third iteration of the Primary Droplet Trap, these 

trapping pressures increased by 24 Pa, 38 Pa, 37 Pa, and 33 Pa, respectively, because of the 

widened input channel.  

As with the earlier iterations of the Primary Droplet Trap, the final design of the Primary Droplet 

Trap was expected to function in the same way as the first iteration of the Primary Droplet Trap. 

Droplets were expected to be trapped following the process depicted in Figure 7-2. 

The main change to the design from the third iteration of the Primary Droplet Trap was the widened 

input and output channels for the droplet trap. The widened input and output channels increased 

the trapping pressures of each bypass and trapping channel and decreased the pressure drop across 

each channel, reducing the risk of droplet splitting. The trapping channels were also made more 

closely spaced to accommodate for droplets becoming shorter in the widened channels. The 

trapping channel spacing was decreased to 150 μm. It is thought that by including time delays 

between cutting each trapping channel, well-defined channel dimensions can be obtained, unlike 

in the first iteration of the Primary Droplet Trap (Section 7.2). 
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Figure 8-1 – The layout of the final design of the Primary Droplet Trap, blue, dark green (grass green) and grey lines represent 

bypass channels, light green lines represent input/output channels, and cyan lines represent the trapping channels. The lines in 

this layout are proportionally as wide as the expected bonded channel widths for each channel type specified in Table 8-1. 

Table 8-1 – The required channel types for use in the final design of the Primary Droplet Trap. The rTu channels are cut with the 

same laser settings at the rs channels but with three parallel lines spaced apart by 80 μm. Channel dimensions were based on 

previously collected data from channels cut with these laser settings. Additional laser parameters common to all channel types 

were that the cuts were performed at 1000 Hz and focused on the material surface (z = 0). 

Channel Type rTc rB1 rB2 rB3 rs rTu 

Laser Line 

Colour 
Cyan Blue Grass Green Grey Green Green 

Number of 

Passes 
2 Pass 2 Pass 2 Pass 2 Pass 2 Pass 2 Pass 

Cutting Order 6 3 4 5 2 2 

Laser Power 

[%] 
2.7 3.2 3.1 3 3.5 3.5 

Laser Speed [%] 1 1 1 1 0.5 0.5 

Unbonded 

Channel Depth 

[μm] 

84 ± 6.3 119 ± 9.3 112 ± 10.9 110 ± 9.1 265 ± 5.6 265 ± 5.6 

Unbonded 

Channel Width 

[μm] 

108 ± 7.3 135 ± 3.8 130.3 ± 6.3 126 ± 8.6 170 ± 0.5 334 

Bonded Channel 

Depth [μm] 
81 ± 6.0 114 ± 8.9 107 ± 10.5 105 ± 8.7 252 ± 14.4 252 ± 14.4 

Bonded Channel 

Width [μm] 
90 ± 6.1 112 ± 3.2 108 ± 5.2 104 ± 7.1 163 ± 14.0 334 

 

The droplet trap was designed to be operated at a pressure setting of Pd = 8.06 kPa and 

Pc = 8.38 kPa. At this setting, based on the results of testing Droplet Generators with the third 

iteration of the Primary Droplet Trap, droplets with lengths of ~342 ± 15 μm were expected to be 

produced. Once in the droplet trap, the droplets were expected to become spherical and have a 

radius of ~102 μm. Therefore, multiple droplets (more than three) could be trapped in the droplet 

trap at one time and begin to form an array of droplets. These spherical droplets are expected to 

have slightly lower trapping pressures, about 10 Pa lower than those detailed above. However, 

based on the modelling of the droplet trap, this is not expected to be an issue. Longer droplets 

confined by the channel walls can be made by simply increasing the dispersed phase input pressure 

to a point where droplets with lengths of ~480 μm in the main channel of the Droplet Generator 

are produced. 
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Eight parallel bypass channels made with three different types of bypass channels were used to 

maintain consistency with the third iteration of the Primary Droplet Trap design. Table 8-2 shows 

the pressure drop across each bypass channel, volumetric flow rate through each bypass channel 

and droplet flow rate ratio. Each value was calculated considering a continuous stream of droplets 

approaching an empty droplet trap. The values were calculated using pressures corresponding to 

82.5 cm of Dispersed Phase and 1 m of Continuous Phase (Pd = 8.06 kPa and Pc = 8.38 kPa). 

Under these conditions, an Rs value of 2.02 x 1014 Pa s m-3 is expected. As shown in Table 8-2, no 

droplet splitting is expected to occur at any bypass channel junction as the droplet flow rate ratio 

(QB,N/Qin) is less than zero at every bypass channel junction.  

Table 8-2 – The expected pressure drops across, flow rates through, and droplet flow rate ratios of each bypass channel in the 

final Primary Droplet Trap design. The values were calculated considering an empty droplet trap, and a continuous stream of 

droplets is produced with pressures corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase. 

Bypass Channel 

Number (N) 
Pressure Drop [Pa] Flow Rate [m3 s-1] QB,N/Qin 

Channel 8 128 2.76 x 10-12 -0.03 

Channel 7 126 3.12 x 10-12 -0.03 

Channel 6 123 3.12 x 10-12 -0.03 

Channel 5 121 3.14 x 10-12 -0.04 

Channel 4 119 3.17 x 10-12 -0.05 

Channel 3 118 3.93 x 10-12 -0.05 

Channel 2 117 3.89 x 10-12 -0.06 

Channel 1 116 3.85 x 10-12 -0.08 

 

The data presented in Table 8-2 assumes that the Droplet Generator would perform as if it was in 

a steady state, which may not reflect the actual performance of the droplet trap with respect to 

droplet splitting (see Section 7.6). Therefore, additional modeling was performed to determine 

whether droplet splitting would occur when a pair of isolated droplets were generated and sent to 

the droplet trap. An isolated pair of droplets represented a more stable Droplet Generator state 

which could be accurately modelled. While droplet splitting was expected to occur at the bypass 

channels when using pressure settings corresponding to 82.5 cm of Dispersed Phase and 1 m of 

Continuous Phase (data not shown), no droplet splitting was predicted when operating at slightly 

lower pressures. No droplet splitting was predicted when operating at pressures corresponding to 

~65 cm of Dispersed Phase and ~85 cm of Continuous Phase and sending only an isolated pair of 

droplets to the droplet trap as all values of QB,N/Qin are negative in Table 8-3. 

Therefore, based on the data shown in Table 8-2 and Table 8-3, the final iteration of the Primary 

Droplet Trap design was expected to be effective and capable of trapping two droplets at 

reasonable pressure settings. Additionally, should sufficiently small droplets be produced, it may 

be possible to trap more than two droplets in this droplet trap, leading to the development of traps 

that can produce arrays of DIBs. 
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Table 8-3 – The expected pressure drops across, flow rates through, and droplet flow rate ratios of each bypass channel in the 

final Primary Droplet Trap design. The values were calculated considering an empty droplet trap, and a pair of droplets is 

produced with pressures of ~65 cm of Dispersed Phase and ~85 cm of Continuous Phase. 

Bypass Channel 

Number (N) 
Pressure Drop [Pa] Flow Rate [m3 s-1] QB,N/Qin 

Channel 8 154 3.33 x 10-12 -0.01 

Channel 7 151 3.76 x 10-12 -0.008 

Channel 6 148 3.77 x 10-12 -0.01 

Channel 5 146 3.79 x 10-12 -0.01 

Channel 4 143 3.83 x 10-12 -0.02 

Channel 3 142 4.75 x 10-12 -0.01 

Channel 2 140 4.69 x 10-12 -0.02 

Channel 1 139 4.65 x 10-12 -0.02 

 

8.4 Alternate Droplet Trap Final Design – Version 1 

The first version of the final Alternate Droplet Trap designs used the channel layout shown in 

Figure 8-2. In Figure 8-2, green lines represent input/output channels that are part of Rs or RTu, 

grey lines represent bypass channels (RB), and cyan lines represent trapping channels that are part 

of RTc. The channel dimensions required for this droplet trap design are detailed in Table 8-4, 

labelled with their corresponding resistivities. Every line in Figure 8-2 has a proportional width to 

the targeted channel width. With the channel dimensions shown in Table 8-4, a ΔPTrap of 165 Pa 

and a ΔPvent of 108 Pa were expected. 

 
Figure 8-2 – The layout of the first version of the final Alternate Droplet Trap design. Grey lines represent bypass channels, 

green lines represent unconstricted channels, and cyan lines represent constricted trap channels. The lines in the layout are 

proportionally as wide as the expected bonded channel widths for each channel type as specified in Table 8-1. The layout is 

marked with relevant equivalent circuit element names. 

The first version of the final set of Alternate Droplet Trap designs included one extra bypass 

channel to minimize pressure spikes across the trapped droplets when a third droplet was 

temporarily trapped at a set of bypass channels. Otherwise, the design is the same as that presented 

in Section 7.5.1.  

The trap was designed following the model described in Section 5.4 but adapted to account for an 

additional bypass channel. The extra set of bypass channels would allow the temporarily trapped 

droplet to be displaced without blocking all bypass channels and causing a spike in the pressure 

across the trapped droplets. The performance of droplet traps with several additional bypass 
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channels was also modelled. However, it was found that performance gains were minimal beyond 

having three sets of bypass channels.  

Table 8-4 – The three required channel types for use in the first version of the final Alternate Droplet Trap design. Channel 

dimensions were based on previously collected data from channels cut with these laser settings. Additional laser parameters 

common to all channel types were that the cuts were performed at 1000 Hz and focused on the material surface (z = 0). 

Channel Type rTc rB rs and rTu 

Laser Line Colour Cyan Grey Green 

Number of Passes 2 Pass 2 Pass 2 Pass 

Cutting Order 6 5 2 

Laser Power [%] 2.7 3 3.5 

Laser Speed [%] 1 1 0.5 

Unbonded Channel Depth [μm] 84 ± 6.3 110 ± 9.1 265 ± 5.6 

Unbonded Channel Width [μm] 108 ± 7.3 126 ± 8.6 170 ± 0.5 

Bonded Channel Depth [μm] 81 ± 6.0 105 ± 8.7 252 ± 14.4 

Bonded Channel Width [μm] 90 ± 6.1 104 ± 7.1 163 ± 14.0 

 

The droplet trap was modelled considering the Droplet Generator operating at a pressure setting 

of Pd = 8.06 kPa and Pc = 8.38 kPa and producing droplets at a 14% volume ratio. The modelling 

results can be seen in Table 8-5. In Table 8-5, even-numbered flow rates correspond to the flow 

through a trapping or bypass channel. Odd-numbered flow rates correspond to the flows between 

trapping or bypass channel junctions, following the same numbering convention seen in Figure 

5-5. It can be seen in Table 8-5 that in all trapping states, No Trapped Droplets, One Trapped 

Droplet and Two Trapped Droplets, the ratios of Q2,droplet/Q3, Q4,droplet/Q5, Q6,droplet/Q7 and 

Q8,droplet/Q are negative. These results indicate that no splitting will occur at any bypass channels. 

Additionally, the flow rate towards the trapping channels is always the strongest at any bypass 

channel junction, guaranteeing resistive sorting.  

In all trapping states, the pressure across the trapping channels (PA - PB) and the pressure across 

the bypass channels (PA - PC) are lower than ΔPTrap and ΔPvent, respectively. Therefore, droplets 

will be successfully trapped at the constricted trapping channels though they will also be 

temporarily trapped at the bypass channels. However, it is expected that any droplets held up at 

the bypass channels will be ejected before any droplet would be ejected through a constricted 

trapping channel. This behaviour was observed in the previous iteration of the Alternate Droplet 

Trap. 

As with the final Primary Droplet Trap design, the data presented in Table 8-5 considers the 

Droplet Generator operating at a steady state which may not be the most accurate representation 

of the droplet splitting behaviour. Therefore, the droplet trap performance was also examined, 

considering an isolated pair of droplets approaching the trap.  
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Table 8-5 – The values of the parameters necessary to judge the droplet trap’s effectiveness. All values were calculated assuming 

the droplet trap only contained the continuous phase aside from droplets held in trapping positions. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Two Trapped 

Droplets 

Q1 [m
3 s-1] 4.69 x 10-12 - - 

Q2 [m
3 s-1] 2.04 x 10-12 2.66 x 10-12 - 

Q3 [m
3 s-1] 8.76 x 10-12 5.32 x 10-12 - 

Q4 [m
3 s-1] 4.19 x 10-12 5.19 x 10-12 6.01 x 10-12 

Q5 [m
3 s-1] 1.72 x 10-11 1.59 x 10-11 1.20 x 10-11 

Q6 [m
3 s-1] 4.59 x 10-12 5.37 x 10-12 5.96 x 10-12 

Q7 [m
3 s-1] 2.63 x 10-11 2.63 x 10-11 2.39 x 10-11 

Q8 [m
3 s-1] 5.78 x 10-12 6.52 x 10-12 6.94 x 10-12 

Q2,droplet/Q3 -0.75 N/A N/A 

Q4,droplet/Q5 -0.48 -0.46 N/A 

Q6,droplet/Q7 -0.30 -0.27 -0.27 

Q8,droplet/Q -0.18 -0.16 -0.12 

PA - PB [Pa] 45 61 71 

PA - PC [Pa] 36 45 52 

 

When producing an isolated pair of droplets at the pressure settings Pd = 8.06 kPa and 

Pc = 8.38 kPa, corresponding to 82.5 cm of the Dispersed Phase and 1 m of the Continuous Phase, 

droplet splitting might occur at the first bypass channel encountered by the droplets (see Table 

8-6). This splitting could be easily avoided by operating at a slightly lower pressure setting, like 

pressures corresponding to ~65 cm Dispersed Phase and ~85 cm Continuous Phase. Therefore, the 

first version of the final set of Alternate Droplet Trap designs was expected to be effective and trap 

two droplets at conditions close to those normally used to operate Droplet Generators.  

Table 8-6 – The predicted droplet splitting ratios for the first version of the Final Droplet Trap considering an isolated pair of 

droplets approaching the droplet trap, one of which is present in the first channel junction produced with pressures 

corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Q2,droplet/Q3 -0.24 N/A 

Q4,droplet/Q5 -0.08 -0.23 

Q6,droplet/Q7 -0.03 -0.02 

Q8,droplet/Q 0.01 0.03 

 

8.5 Alternate Droplet Trap Final Design – Version 2 

The second version of the final Alternate Droplet Trap design used the channel layout shown in 

Figure 8-3. In Figure 8-3, green lines represent input/output channels that are part of Rs or RTu, 

grey lines represent bypass channels (RB), and cyan lines represent trapping channels that are part 

of RTc. The channel dimensions required for this droplet trap design are detailed in Table 8-7, 

labelled with their corresponding resistivities. Every line in Figure 8-3 has a proportional width to 

the targeted channel width. 
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Figure 8-3 – The layout of the second version of the final Alternate Droplet Trap design, grey lines represent bypass channels, 

green lines represent unconstricted channels, and cyan lines represent constricted trap channels. The lines in the layout are 

proportionally as wide as the expected bonded channel widths for each channel type as specified in Table 8-7. The layout is 

marked with relevant equivalent circuit element names. 

The second version of the final set of Alternate Droplet Trap designs was identical to the Alternate 

Droplet Trap described in Section 7.5 but had a widened input channel and no dead-end channels 

at the trapping positions. The input channel was widened to increase the Laplace pressure 

differences of the bypass and trapping channels to prevent droplet splitting and improve trapping 

reproducibility. The dead-end channel was removed to prevent droplets from shifting their 

positions once trapped to improve the lifetime of trapped droplets. The trap was designed following 

the model described in Section 5.4 but adapted for a widened input channel. 

The input channel width was increased to 1.5 times the width of a standard channel by cutting two 

channels in parallel but separated by 80 μm. This method was expected to result in a channel width 

of 254 μm rather than 163 μm (Table 8-7). This widened input channel resulted in a ΔPTrap of 

212 Pa and a ΔPvent of 156 Pa, which were much higher than the trapping pressures in the version 

of the design with a regularly sized channel (Section 8.4). 

When operating the Droplet Generator at pressures of Pd = 8.06 kPa and Pc = 8.38 kPa, 

corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase, droplets were expected 

to have lengths of 342 ± 15 μm. As they entered the widened input channel of the droplet trap, 

they were expected to shrink slightly to a length of approximately 276 μm. The trapping channel 

spacing was kept constant at 300 μm. Therefore, droplets may or may not make contact depending 

on the final droplet positioning as they arrive in the trap. This spacing was not thought to be an 

issue, but if it is found to be, slightly larger droplets can be made by increasing the dispersed phase 

input pressure without compromising the trap performance.  
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Table 8-7 – The required channel types in the second version of the final Alternate Droplet Trap design. The rTu channels are cut 

with the same laser settings at the rs channels but with two parallel lines separated by 80 μm. Channel dimensions were based on 

previously collected data from channels cut with these laser settings. Additional laser parameters common to all channel types 

were that the cuts were performed at 1000 Hz and focused on the material surface (z = 0). 

Channel Type rTc rB rs and rTu rTu,wide 

Laser Line Colour Cyan Grey Green Green 

Number of Passes 2 Pass 2 Pass 2 Pass 2 Pass 

Cutting Order 6 5 2 2 

Laser Power [%] 2.7 3 3.5 3.5 

Laser Speed [%] 1 1 0.5 0.5 

Unbonded Channel Depth [μm] 84 ± 6.3 110 ± 9.1 265 ± 5.6 265 ± 5.6 

Unbonded Channel Width [μm] 108 ± 7.3 126 ± 8.6 170 ± 0.5 254 

Bonded Channel Depth [μm] 81 ± 6.0 105 ± 8.7 252 ± 14.4 252 ± 14.4 

Bonded Channel Width [μm] 90 ± 6.1 104 ± 7.1 163 ± 14.0 254 

 

As with the first version of the final set of Alternate Droplet Trap designs, the droplet trap was 

modelled considering a pressure setting of Pd = 8.06 kPa and Pc = 8.38 kPa and producing droplets 

at a 14% volume ratio. The results of this modelling can be seen in Table 8-8. It can be seen that 

in all trapping states, No Trapped Droplets, One Trapped Droplet and Two Trapped Droplets, the 

ratios of Q2,droplet/Q3, Q4,droplet/Q5 and Q6,droplet/Q are negative. Therefore, no splitting will occur at 

any bypass channels. As in Table 8-5, the even-numbered flow rates in Table 8-8 correspond to 

the flow through a trapping or bypass channel, and odd-numbered flow rates correspond to the 

flows between trapping or bypass channel junctions. The numbering followed the same numbering 

convention seen in Figure 5-5. In all trapping states, no droplet splitting is predicted as all the flow 

rate ratios are negative, and the flow rate towards the trapping channels is the strongest at every 

channel junction. 

In all trapping states, the pressure across the trapping channels (PA - PB) and the pressure across 

the bypass channels (PA - PC) are much lower than ΔPTrap and ΔPvent, respectively. Therefore, 

droplets will be successfully trapped at the constricted trapping channels, but another droplet will 

be temporarily trapped at the bypass channels. It is expected that any droplets held by the bypass 

channels will be ejected before any droplet would be ejected through a constricted trapping 

channel.  

As with the previous two designs discussed in this chapter, the data presented in Table 8-8 

considers the Droplet Generator operating at a steady state which may not be the most accurate 

representation of the droplet splitting behaviour. Therefore, the droplet trap performance when an 

isolated pair of droplets approached the trap was also examined.  
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Table 8-8 – The values of the parameters necessary to judge the second version of the final set of Alternate Droplet Trap’s 

effectiveness. All values were calculated assuming the droplet trap only contained the continuous phase aside from droplets held 

in trapping positions. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Two Trapped 

Droplets 

Q1 [m
3 s-1] 6.78 x 10-12 - - 

Q2 [m
3 s-1] 3.03 x 10-12 3.76 x 10-12 - 

Q3 [m
3 s-1] 1.28 x 10-11 7.53 x 10-12 - 

Q4 [m
3 s-1] 6.18 x 10-12 7.58 x 10-12 9.51 x 10-12 

Q5 [m
3 s-1] 2.52 x 10-11 2.27 x 10-11 1.90 x 10-11 

Q6 [m
3 s-1] 6.12 x 10-12 7.36 x 10-12 9.15 x 10-12 

Q2,droplet/Q3 -0.62 N/A N/A 

Q4,droplet/Q5 -0.47 -0.46 N/A 

Q6,droplet/Q -0.32 -0.25 -0.21 

PA - PB [Pa] 67 82 101 

PA - PC [Pa] 54 66 79 

 

When considering an isolated pair of droplets approaching the second version of the final set of 

Alternate Droplet Trap designs produced with pressure settings of Pd = 8.06 kPa and Pc = 8.38 kPa, 

no droplet splitting is predicted to occur at any bypass channels (Table 8-9). Therefore, the droplet 

trap is expected to perform well at these settings without splitting any droplets and trap two 

droplets at the trapping channels. Additionally, droplets with lengths of 242 μm are expected to 

take on nearly spherical shapes in the widened input channel, and arrays of droplets in the droplet 

trap may be produced with droplets of this length.  

Table 8-9 – The predicted droplet splitting ratios for the second version of the final set of Alternate Droplet Trap designs 

considering an isolated pair of droplets approaching the droplet trap, one of which is present in the first channel junction 

produced with pressures corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Q2,droplet/Q3 -0.31 N/A 

Q4,droplet/Q5 -0.20 -0.22 

Q6,droplet/Q -0.16 -0.11 

 

8.6 Alternate Droplet Trap Final Design – Version 3 

The third version of the final Alternate Droplet Trap design used the channel layout shown in 

Figure 8-4. In Figure 8-4, green lines represent input/output channels that are part of Rs or RTu, 

grey lines represent bypass channels (RB), and cyan lines represent trapping channels that are part 

of RTc. The channel dimensions required for this droplet trap design are detailed in Table 8-10, 

labelled with their corresponding resistivities. Every line in Figure 8-4 has a proportional width to 

the targeted channel width. 
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Figure 8-4 – The layout of the droplet trap design, grey lines represent bypass channels, green lines represent unconstricted 

channels, and cyan lines represent constricted trap channels. The lines in the layout are proportionally as wide as the expected 

bonded channel widths for each channel type, as specified in Table 8-10. The layout is marked with relevant equivalent circuit 

element names. 

The third version of the final set of Alternate Droplet Trap designs was identical to the second 

version of the final set of Alternate Droplet Traps described in Section 8.5 except for two changes. 

The input channel was made even wider, and a third trapping channel was added to the design.  

The input channel was made twice as wide as the standard channels by cutting three channels in 

parallel but separated by 80 μm. This method was expected to result in a channel width of 334 μm 

rather than 163 μm (Table 8-10). This wider input channel resulted in a ΔPTrap of 228 Pa and a 

ΔPvent of 171 Pa, which was much higher than the trapping pressures in the version of the design 

with a regularly sized channel (Section 8.4). 

With such a wide channel, droplets entering the input channel were expected to become 

dramatically shorter. Therefore, a third input channel was added to ensure contact between trapped 

droplets. The spacing between the trapping channels was also reduced to 150 μm. It is thought that 

by including time delays between cutting each trapping channel, well-defined channel dimensions 

can be obtained, unlike in the first iteration of the Primary Droplet Trap (Section 7.2). 

Droplets produced at Pd = 8.06 kPa and Pc = 8.38 kPa, corresponding to 82.5 cm of the Dispersed 

Phase and 1 m of the Continuous Phase, were expected to have lengths of 342 ± 15 μm before 

entering the widened input channel of the droplet trap. Once in the droplet trap, the droplets were 

expected to become spherical and have a radius of ~102 μm. Therefore, multiple droplets (more 

than three) could be trapped in the droplet trap at one time and begin to form an array of droplets. 

These spherical droplets are expected to have slightly lower trapping pressures, about 10 Pa lower 

than those detailed above. However, based on the modelling of the droplet trap, this is not expected 

to be an issue. Longer droplets confined by the channel walls can be made by simply increasing 

the dispersed phase input pressure to a point where droplets with lengths of ~480 μm in the main 

channel of the Droplet Generator are produced.  
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Table 8-10 – The required channel types in the third version of the final Alternate Droplet Trap design. The rTu channels are cut 

with the same laser settings at the rs channels but with three parallel lines separated by 80 μm. Channel dimensions were based 

on previously collected data from channels cut with these laser settings. Additional laser parameters common to all channel 

types were that the cuts were performed at 1000 Hz and focused on the material surface (z = 0). 

Channel Type rTc rB rs and rTu rTu,wide 

Laser Line Colour Cyan Grey Green Green 

Number of Passes 2 Pass 2 Pass 2 Pass 2 Pass 

Cutting Order 6 5 2 2 

Laser Power [%] 2.7 3 3.5 3.5 

Laser Speed [%] 1 1 0.5 0.5 

Unbonded Channel Depth [μm] 84 ± 6.3 110 ± 9.1 265 ± 5.6 265 ± 5.6 

Unbonded Channel Width [μm] 108 ± 7.3 126 ± 8.6 170 ± 0.5 334 

Bonded Channel Depth [μm] 81 ± 6.0 105 ± 8.7 252 ± 14.4 252 ± 14.4 

Bonded Channel Width [μm] 90 ± 6.1 104 ± 7.1 163 ± 14.0 334 

 

The behaviour of the droplet trap was modelled considering it to be integrated into the Droplet 

Generator producing a continuous stream of droplets at Pd = 8.06 kPa and Pc = 8.38 kPa 

(corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase) with a 14% relative 

volume ratio. The results of this modelling can be seen in Table 8-11. It can be seen that no droplet 

splitting is predicted to occur in any of the trapping states and that all PA – PB values are lower 

than ΔPTrap. Additionally, the PA – PC values are lower than the value of ΔPvent. These results 

indicate that droplets will be successfully trapped at the constricted trapping channels, although 

some will be temporarily trapped at the bypass channels. As with the previous versions of the 

Alternate Droplet Trap, this is not expected to be an issue. 

The data presented in Table 8-11 considers the droplet trap performance when the Droplet 

Generator operates at a steady state. As mentioned previously, this condition is not the most 

accurate predictor of droplet splitting behaviour. Therefore, the behaviour of the droplet trap when 

an isolated set of three droplets is made and sent to the droplet trap at Pd = 8.06 kPa and 

Pc = 8.38 kPa was also modelled. The results of this modelling can be seen in Table 8-12 and 

provide the same conclusions as stated regarding the data shown in Table 8-11. Therefore, the third 

version of the final set of Alternate Droplet Trap designs was expected to be successful and suitable 

for droplet trapping experiments. Additionally, this droplet trap design shows promise and 

progress towards generating an ordered array of trapped droplets and DIBs. 
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Table 8-11 – The values of the parameters necessary to judge the effectiveness of the third version of the final set of Alternate 

Droplet Trap designs. All values were calculated assuming the droplet trap only contained the continuous phase aside from 

droplets held in trapping positions. A continuous stream of droplets approached the droplet trap made with pressures 

corresponding to 82.5 cm of Dispersed and 1 m of Continuous Phase was also assumed. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Two Trapped 

Droplets 

Three 

Trapped 

Droplets 

Q1 [m
3 s-1] 5.95 x 10-12 - - - 

Q2 [m
3 s-1] 2.79 x 10-12 3.80 x 10-12 - - 

Q3 [m
3 s-1] 1.15 x 10-11 7.60 x 10-12 - - 

Q4 [m
3 s-1] 2.64 x 10-12 3.59 x 10-12 3.83 x 10-12 - 

Q5 [m
3 s-1] 1.68 x 10-11 1.48 x 10-11 7.67 x 10-12 - 

Q6 [m
3 s-1] 5.33 x 10-12 7.78 x 10-12 7.69 x 10-12 1.34 x 10-11 

Q7 [m
3 s-1] 2.74 x 10-12 3.14 x 10-11 2.31 x 10-11 2.68 x 10-11 

Q8 [m
3 s-1] 5.14 x 10-12 7.47 x 10-12 7.36 x 10-12 1.28 x 10-11 

Q2,droplet/Q3 -0.79 N/A N/A N/A 

Q4,droplet/Q5 -1.22 -1.24 N/A N/A 

Q6,droplet/Q7 -0.53 -0.38 -0.52 N/A 

Q8,droplet/Q -0.39 -0.32 -0.29 -0.11 

PA - PB [Pa] 57 78 83 141 

PA - PC [Pa] 46 67 67 116 

 

Table 8-12 – The predicted droplet splitting ratios for the third version of the final set of Alternate Droplet Trap designs 

considering an isolated set of three droplets approaching the droplet trap, one of which is present in the first channel junction 

produced with pressures corresponding to 82.5 cm of Dispersed Phase and 1 m of Continuous Phase. 

Parameter 
No Trapped 

Droplets 

One Trapped 

Droplet 

Two Trapped 

Droplets 

Q2,droplet/Q3 -0.48 - - 

Q4,droplet/Q5 -0.75 -0.79 - 

Q6,droplet/Q7 -0.31 -0.22 -0.30 

Q8,droplet/Q -0.24 -0.19 -0.16 

 

8.7 Summary 

Chapter 8 provides an overview of four droplet trap designs meant to address the issues 

encountered in the droplet trap designs tested as part of this project. The most common change 

was to widen the input channel of the droplet trap. This change increased the trapping pressures of 

the trapping and bypass channels which was predicted to prevent droplet splitting at bypass 

channel junctions.  

The final Primary Droplet Trap design was expected to be more effective than previous designs. 

However, it could not be operated at the standard pressure setting of Pd = 8.06 kPa and 

Pc = 8.38 kPa, but was expected to operate satisfactorily at a slightly lower pressure setting.  

Three versions of the Alternate Droplet Trap design were also discussed, each expected to be 

effective. The addition of an extra bypass channel to the Alternate Droplet Trap was expected to 

allow it to be operated effectively at a pressure setting just below Pd = 8.06 kPa and Pc = 8.38 kPa. 
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In contrast, the widening of the input channel was expected to allow the Alternate Droplet Trap to 

be operated effectively at this pressure setting and even allow the formation of arrays of trapped 

droplets. While these designs were never fabricated and tested, they represent a logical next step 

to create an ordered array of trapped DIBs. 
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Chapter 9  

Conclusions and Future Work 

9.1 Thesis Summary 

This thesis describes the development of T-junction droplet generators (Droplet Generators), 

which incorporated Primary Droplet Traps or Alternate Droplet Traps. These devices were 

designed for the automated formation of droplet interface bilayers. They can serve as a platform 

to study transmembrane proteins in conditions representative of their in vivo environments. 

Devices were constructed using low-cost materials and fabrication methods and can be operated 

with little specialized training. They have been designed to be simple, time-efficient and 

cost-effective alternatives to the traditionally-used methods of forming lipid bilayers, which can 

be time-consuming and require specialized equipment, extensive training and large quantities of 

reagents. Future development of these devices intends to add more functionality to these devices, 

including creating large ordered arrays of DIBs. 

The work began by establishing the fluid properties necessary to design and fabricate microfluidic 

devices (Chapter 2 and Chapter 3). Then models of (1) microfluidic droplet generators operated 

using pressure-driven fluid flows (Chapter 4) and (2) droplet trapping behaviours (Chapter 5) were 

developed. A Droplet Generator was then designed, tested and determined to be suitable for the 

formation of DIBs in a microfluidic droplet trap (Chapter 6). Several iterations of droplet traps 

were designed and tested in an iterative process. This process led to refinements in the model of 

droplet trapping behaviours to prevent the splitting of droplets entering the droplet traps (Chapter 

7). Final versions of the droplet traps were designed using these refinements. They were expected 

to address issues affecting previous droplet traps, namely droplet splitting and inconsistent DIB 

lifetimes (Chapter 8). Additionally, these final designs laid the groundwork for creating ordered 

arrays of DIBs in laser-cut microfluidic devices. Although not directly demonstrated in this project, 

these are thought to be capable of reliably producing DIBs for future use in the study of 

transmembrane proteins.  

In Chapter 2, the physics required to understand the behaviour of designed microfluidic devices 

was established. These physics included explanations of fluid flows through channel-based 

microfluidic devices, fluidic resistance of channels and the role of Laplace pressure. This analysis 

guided the materials and fabrication choices discussed in Chapter 3. It also determined which fluid 

and materials properties needed to be determined before device design.  

In this thesis, devices were fabricated by laser cutting channels into layers of PMMA using a CO2 

laser. Devices were designed to be operated using gravity to generate the necessary fluid flows 

and blue-dyed deionized water and mineral oil loaded with 2 wt% Span 80 to form droplets. The 

surface properties of PMMA, viscosities and densities of the fluids and fluidic resistances of the 

laser-cut channels were verified through testing. Verifying these properties allowed the behaviours 

of the designed devices to be accurately predicted. This testing required the development of a 

simple purpose-built viscometer and the adaptation of previously-made microfluidic devices to 
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determine the channel resistance of laser-cut microfluidic channels. No analytical solutions for the 

resistance of a laser-cut channel have been reported in the literature. Therefore, determining a 

method of predicting the resistance of these channels was particularly important. 

Chapter 4 introduced the refinements to the theoretical approach used to model the behaviours of 

microfluidic T-junction droplet generators, and Chapter 5 described the refinements to the theory 

of droplet traps. Droplet Generators in this project were based on a T-junction design because of 

the author’s familiarity with this design through their previous work [83]. A model of a T-junction 

droplet generator using pressure-driven fluid flow was developed based primarily on the work of 

Glawdel and Ren [85]. This model was used to ensure the reliable production of droplets suitable 

for droplet trapping applications. This design process required serious consideration as channel 

resistances in droplet generators inherently fluctuate as droplets are produced, which necessitated 

a balance of design parameters and input pressures.  

A Droplet Generator without an integrated droplet trap was then designed, fabricated and tested 

that was capable of reliably producing droplets that were (1) twice as long as they were wide and 

(2) varied in volume by no more than 10%. Droplet Generators reliably produced droplets that 

were 342 ± 15 μm long, ~106 μm wide and had volumes of 2.52 ± 0.24 nL. These droplets varied 

run to run by no more than 5% at a dispersed phase input pressure (Pd) of 8.06 kPa and a continuous 

phase input pressure (Pc) of 8.38 kPa. Droplet Generators with an integrated droplet trap reliably 

produced droplets that were 313 ± 28 μm long, ~97 μm wide and had volumes of 2.11 ± 0.21 nL. 

These droplet volumes varied between devices by no more than 10% at the pressure settings of 

Pd = 8.06 kPa and Pc = 8.38 kPa. Therefore, the designed Droplet Generators met the critical 

success criteria related to droplet length and droplet volume and were suitable for droplet trapping 

applications. 

During testing, the droplet generator model was refined based on the observed behaviour of the 

devices. Specifically, using a predictive model of droplet shape developed by Musterd et al., a new 

method was developed for approximating the effect a droplet has on channel resistance [106]. To 

the best of the author’s knowledge, a predictive method for the resistance effects of droplets in 

microfluidic channels based on their cross-sectional shape, like the one described in Chapter 6, has 

not been described previously in the literature. 

Once it was established that Droplet Generators reliably produced droplets suitable for droplet 

trapping applications, a series of droplet traps were designed and tested, as described in Chapter 

7. Several early design iterations suffered from unforeseen fabrication and design issues related to 

maintaining well-defined channels and unexpected operational issues. Operational issues were 

primarily droplets splitting as they entered the droplet traps and inconsistent DIB lifetimes.  

Droplet splitting behaviour is not often discussed in the literature in the context of droplet trapping. 

Models of intentional droplet splitting microfluidic devices were therefore adapted to predict 

droplet splitting behaviour in droplet traps. This adapted model was applied to new channel 

geometries and was validated using the observed behaviours of droplets in the designed droplet 

traps. While droplet splitting was frequently observed when droplets entered the droplet traps, 

reproducible trapping of two droplets in contact with each other was observed for the Alternate 
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Droplet Trap. Experimentation with various pressure settings resulted in identifying appropriate 

values for Pd and Pc to avoid droplet splitting and trap droplets. However, these pressure settings 

were much lower than the settings at which the droplet traps were designed to operate. The last 

iterations of the droplet traps described in Chapter 7 did have some measure of success in holding 

two droplets stationary and in contact with one another to form precursor DIB structures. 

Based on the observed behaviours and identified issues of the droplet traps described in Chapter 

7, a final set of droplet traps was designed and described in Chapter 8. In addition to addressing 

the issues identified in testing previous versions of the droplet trap, these droplet traps potentially 

incorporated additional functionality. These droplet traps might allow the formation of 1.5D or 2D 

ordered arrays of droplets of specific sizes and improve the lifetime of trapped droplets. 

This work demonstrated that the designed microfluidic platform could successfully generate DIBs 

for the study of transmembrane proteins. Improvements could still be made to result in more 

consistent device performance and progress towards creating an ordered array of DIBs and 

studying complex transmembrane proteins. This platform could be developed further in several 

exciting ways to improve its applicability and versatility in studying transmembrane proteins. The 

immediate next steps would be to test the final designs proposed in Chapter 8 and demonstrate the 

formation of actual DIBs using lipids. The only change necessary in the operating procedure to 

form actual DIBs would be to use an amphiphilic lipid instead of, or in addition to, the surfactant 

(Span 80) in the Continuous Phase. 

9.2 Contributions 

This thesis made several unique contributions to the field of microfluidics. 

This thesis relied on laser-cut microfluidic channels and required the determination of their fluidic 

resistance. No analytical solutions exist for the fluidic resistance for channels with the near 

isosceles-triangular geometry of laser-cut channels. Therefore, a method of calculating the fluidic 

resistance was determined based on existing standard approximations of fluidic resistance for 

channels with arbitrary geometries (Section 3.7). This work resulted in the development of 

Equation  (3-6). This method may be helpful to other researchers using microfluidic devices with 

laser-cut channels. Further work should be done to verify that Equation (3-6) is valid for a wide 

range of channel dimensions.  

Typically, Laplace pressure has been calculated for droplets in channels with standard 

cross-sections, most frequently rectangular cross-sections. The principal radii of curvature can 

therefore be analytically determined. Laser-cut channels do not have standard cross-sections. 

Consequently, a different approach was required to calculate Laplace pressure in laser-cut 

microfluidic channels. Specifically, a method was developed for calculating the Laplace pressure 

difference between two channels based on the change in surface energy of a droplet (Section 5.2). 

This method provided a more versatile means for calculating the trapping pressure, i.e., the Laplace 

pressure difference, of a droplet trap and accounted for the changes in channel wall contact.  

A droplet generating device was designed, mainly following the model of Glawdel and Ren, that 

could successfully produce droplets with volumes that varied by less than 5%. This performance 
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was not compromised when a droplet trap was incorporated into the droplet generator. The model 

of Musterd et al. for the cross-sectional shape of a droplet in a microfluidic channel was verified 

using this device and used to calculate droplet volume from top-down measurements [106]. That 

model was then applied to approximate the effects of droplets on the resistance of a microfluidic 

channel. The application of this model helped demonstrate that the droplet generator model agreed 

with the observed droplet generating behaviour (Section 6.3.3). To the best of the author’s 

knowledge, such an approximation of the resistive effects of droplets has not been reported in the 

literature. 

A model of droplet splitting at channel junctions with asymmetrical dimensions was verified by 

comparing its predictions to the behaviour of droplet traps in this thesis. This model, proposed by 

Liang et al., had not been verified previously with junctions of asymmetrical dimensions. It was 

subsequently adapted to improve the design of droplet traps to prevent droplet splitting [105].  

Droplet traps were designed with this model incorporated into the design process, which were 

expected to trap droplets and form preliminary arrays of droplets successfully; however, these 

designs were not tested. 

9.3 Future Work 

There are a number of ways that this work could be extended further to (1) further refine the new 

models of droplet behaviour proposed in this thesis or (2) be more applicable to the study of 

transmembrane proteins.  

A less complicated droplet generator could be designed and tested to focus solely on more accurate 

measurement of increases in channel resistance. Such a design would further refine the 

approximation of the droplet resistance increase factor discussed in Section 6.3.3. For example, a 

device with a main channel composed of one long straight channel with a constant orientation 

would allow the droplet resistance increase factor to be determined without considering the 

contributions of droplets in channels with different orientations and dimensions. The resistance 

behaviour of individual droplets could be studied by measuring the average flow rate through the 

device’s main channel containing only one droplet. This method would eliminate potential 

variations in the droplet resistance increase factor because of droplets with inconsistent sizes, 

although this was not a significant factor in this work. 

Further, a device with simpler channel geometries than the complex droplet trap geometries used 

in this project could be used to test the model of droplet splitting at channel junctions. Such a 

device would allow for more well-defined channel geometries and, therefore, better-defined 

droplet shapes to be considered, potentially increasing the model's accuracy.  

Most importantly, droplet generators with integrated droplet traps should be tested with lipids 

capable of forming DIBs. Doing so would verify that (1) DIBs are indeed formed by droplets in 

contact with one another within the droplet trap and (2) the lifespan of the DIBs is sufficiently long 

to allow the study of transmembrane proteins. Performing this experiment is the logical next step 

to test the fabricated devices, considering the targeted study of transmembrane proteins.  
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The most commonly used lipids in the study of DIBs are 1,2-dioleoyl-sn-glycero-3-

phosphocholine (“DOPC”) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (“DPhPC”), 

although, DPhPC is less biologically relevant than DOPC and other less commonly used lipids [6], 

[42], [46], [48], [58]. Either DOPC or DPhPC could be used with the Dispersed Phase and 

Continuous Phase used in this project and would be expected to form lipid bilayers. The lipids 

would displace the Span 80 in the Continuous Phase at the interface between two trapped droplets 

to form DIBs [40]. 

One of the advantages of using DIBs to create lipid bilayers to study transmembrane proteins is 

their ability to form asymmetrical lipid bilayers. Creating asymmetrical bilayers would be 

accomplished using the lipid-in technique of forming DIBs in microfluidic systems (see Section 

1.1.3). The lipid-in technique would require a droplet generator capable of creating two types of 

droplets, one containing each variety of lipid to be used [46], [47]. The existing Droplet Generators 

with their integrated droplet traps could easily be adapted to achieve this by arranging two Droplet 

Generators in parallel.  

Adapting the Droplet Generator to produce two types of droplets would involve a design where 

the output end of the main channels of each device are combined and flow into a third combined 

output channel. Preliminary modelling of this design (data not shown) suggests that the stability 

of the individual Droplet Generators would not be significantly affected as long as each device is 

designed using the methods described in Chapter 2 and Chapter 4 of this thesis. The only additional 

requirement would be that the resistance of the combined output channel is smaller than the 

resistance of the main channel of each device, respectively. A droplet trap could then be integrated 

into the combined output channel. Droplets produced by each device providing input into the 

combined output channel could be trapped to form DIBs. This design would also enable the 

creation of asymmetric DIBs or DIBs with a chemical stimulant for a transmembrane protein on 

only one side of the bilayer [34], [42], [44], [46]–[48], [50], [64]. This capability could be a 

valuable technique for the directional stimulation of transmembrane proteins in DIBs. 

Alternatively, on-chip valving could be included to simplify the process of making droplets of two 

types by simply switching specific dispersed phase input channels to generate and order droplets 

of different types. 

To provide more functionality to droplet generators with integrated droplet traps in studying 

transmembrane proteins, interaction with the formed DIBs would be beneficial. If 

electrophysiological responses of transmembrane proteins are of interest, then electrodes could be 

added to the device. These would allow for electrical signals to be sent to the DIBs. Electrodes 

could be incorporated using through-holes in the well layer of the droplet trapping devices. 

Agar-coated silver electrodes could be inserted into the through-holes to contact the droplets 

forming DIBs of interest [46], [47], [64]. Alternatively, if a suitable fabrication method is 

determined, planar electrodes could be incorporated onto the surface of the well layer of the droplet 

trapping devices. These would be able to contact droplets involved in forming DIBs [6], [60], [77], 

[88]. These are more difficult to use in the context of DIBs, as they require droplets to contact the 

channel wall. However, alternating current signals could be used to capacitively couple with 
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droplets across an insulating layer of the continuous phase. Hybrid bilayer structures could also be 

formed to allow direct contact of droplets with the planar electrodes [60], [139]–[141].  

An optical method of interrogating transmembrane proteins could also be used, either with or 

without an electrical interrogation method. There are a vast number of optical detection methods 

that have been used in microfluidic devices for a variety of applications. Part of the initial 

motivation for this thesis was to study heme-containing proteins related to mitochondrial functions 

(e.g., cytochromes) using Raman spectroscopy. Certain heme groups, like those in cytochrome 

bc1, exhibit Raman spectra related to the spin of the iron atoms in the hemes. When excited with 

a 532 nm laser, these related spectra have increased signal levels due to resonance effects [82], 

[142]–[144]. It is thought that these proteins could be studied with the equipment available in the 

Backhouse Lab, a Raman spectroscopy system with a 532 nm laser, at temperatures close to 

physiologically-relevant temperatures due to this increase in signal strength. One potential 

limitation of the current Droplet Generators is that they have been fabricated with PMMA, which 

has strong Raman signatures that could interfere with correct characterization. Similar 

polymer-based microfluidic devices have been shown to reduce Raman signals by about a factor 

of four [73]. However, this potential drawback of using a polymer device could be addressed by 

fabricating devices in glass or using glass instead of PMMA as the well layer of the devices. 

Alternatively, other signal-enhancing Raman techniques could be used, which would likely be 

necessary to study quantum biological effects.  

One such technique would be surface-enhanced Raman spectroscopy (“SERS”), which has been 

used previously in microfluidic devices [73], [139], [145]. The operating principle of SERS is 

relatively simple; molecules within ~15-25 nm of a nanostructured noble metal surface. Such a 

SERS active surface, typically gold or silver, enhances Raman signals with localized surface 

plasmon resonances created when an excitation laser strikes the SERS active surface [82], [139], 

[142]. This technique generally enhances the Raman signals by a factor of 104 – 108, allowing even 

minuscule Raman signals to be detected [139], [146]. While this technique requires close 

proximity with a nanostructured noble metal surface, this could be addressed by forming a hybrid 

bilayer system on an integrated noble metal electrode [60], [139]–[141]. However, this may impact 

the physiological relevance of the bilayer. Perhaps a better way of introducing a SERS active 

surface to a DIB would be to put a SERS active metal colloid into one of the droplets of an 

asymmetrical DIB. If the colloid has been functionalized to selectively bind to a lipid membrane 

or target protein, the surface of the interface might become decorated in colloid particles [73]. This 

coating on a bilayer would allow for the SERS active surface to be in close proximity to the target 

protein without compromising the integrity of the DIB or requiring the integration of electrodes 

into the device.  

Any of the above methods, integration of electrodes or optical detection systems, would allow for 

the practical study of the behaviour of transmembrane proteins. The integration of electrodes to 

measure electrophysiological behaviours of transmembrane proteins can be applied to discovering 

new drugs required to interact with transmembrane proteins or the selective mixing of droplets for 

chemical production [47], [60]. Raman spectroscopy could allow for the structure of 

transmembrane proteins to be better understood, aiding in developing novel drugs and 
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understanding unique protein functions. This knowledge could then be applied to other novel 

biomaterials and the development of novel diagnostic tools for disease detection [146]–[150]. 

Regardless of the method of interrogation used, it is clear that the microfluidic platform designed 

in this thesis has the potential for further exciting developments and future work for the study of 

transmembrane proteins. Eventually, even quantum biological effects of proteins may be studied 

with future versions of the device in a low-cost and automated manner in physiologically 

representative environments.  
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Appendix A 

Derivations of T-junction Generator Model 

 

This appendix aims to provide a somewhat detailed description of the math involved in deriving 

Equation (2-11), Equation (2-12), Equation (2-13), Equation (2-14), and Equation (4-1).  

 

A.1 Deriving Equation (2-11) 

Following electric circuit principles, analyzing the fluidic circuit presented in Figure 2-4 can be 

used to obtain Equation (2-11) by applying Ohm’s Law (Poiseuille’s Equation for fluidic analysis) 

to the Rd resistor. 

𝑄𝑑 =
𝑃𝑑 − 𝑃𝑗 − 𝑃𝐿𝑃

𝑅𝑑
 

A.2 Deriving Equation (2-12) 

A similar process to deriving Equation (2-11) can be applied to the circuit in Figure 2-4 to obtain 

an equation for the continuous fluid flow rate (Equation (2-12)).  

𝑄𝑐 =
𝑃𝑐 − 𝑃𝑗

𝑅𝑐
 

A.3 Deriving Equation (2-13) 

Using the Ohm’s Law fluidic analogy again provides an equation for Pj in terms of the main 

channel resistance and total fluid flow rate: 

𝑃𝑗 = 𝑄𝑚𝑅𝑚 

By applying Kirchoff’s current law to the fluidic circuit, it can be seen that Qm = Qd + Qc. This 

relationship can be used to derive Equation (2-13); see below. 

𝑃𝑗 = (𝑄𝑑 + 𝑄𝑐)𝑅𝑚 

𝑃𝑗 = (
𝑃𝑑 − 𝑃𝑗 − 𝑃𝐿𝑃

𝑅𝑑
+

𝑃𝑐 − 𝑃𝑗

𝑅𝑐
) 𝑅𝑚 

𝑃𝑗 (1 +
𝑅𝑚

𝑅𝑑
+

𝑅𝑚

𝑅𝑐
) = (

𝑃𝑑 − 𝑃𝐿𝑃

𝑅𝑑
) 𝑅𝑚 +

𝑃𝑐𝑅𝑚

𝑅𝑐
 

𝑃𝑗(𝑅𝑑𝑅𝑐 + 𝑅𝑚𝑅𝑐 + 𝑅𝑚𝑅𝑑) = (𝑃𝑑 − 𝑃𝐿𝑃)𝑅𝑚𝑅𝑐 + 𝑃𝑐𝑅𝑚𝑅𝑑 
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𝑃𝑗 =
(𝑃𝑑 − 𝑃𝐿𝑃)𝑅𝑚𝑅𝑐 + 𝑃𝑐𝑅𝑚𝑅𝑑

𝑅𝑑𝑅𝑐 + 𝑅𝑚𝑅𝑐 + 𝑅𝑚𝑅𝑑
 

A.4 Deriving Equation (2-14) 

Equation (2-14) is an inequality for Pd where the lower bound is defined by the case of Qd = 0, and 

the upper bound corresponds to the case of Qc = 0. First, the calculation of the lower bound will 

be performed.  

As discussed in the derivation of Equation (2-13), the following equation for the junction pressure 

can be written: 

𝑃𝑗 = (𝑄𝑑 + 𝑄𝑐)𝑅𝑚 

If Qd is equal to zero, Pj can be combined with Equation (2-12) to write Pj in terms of Pc, Rc, and 

Rm. 

𝑃𝑗 =
𝑃𝑐 − 𝑃𝑗

𝑅𝑐
𝑅𝑚 

𝑃𝑗 (1 +
𝑅𝑚

𝑅𝑐
) =

𝑅𝑚

𝑅𝑐
𝑃𝑐 

𝑃𝑗(𝑅𝑐 + 𝑅𝑚) = 𝑅𝑚𝑃𝑐 

𝑃𝑗 =
𝑅𝑚

𝑅𝑐 + 𝑅𝑚
𝑃𝑐 

If Qd = 0 for a long time and no backflow has occurred, then Rm equals the main channel resistance 

when filled only with the continuous phase (Rmcp). 

𝑃𝑗 =
𝑅𝑚𝑐𝑝

𝑅𝑐 + 𝑅𝑚𝑐𝑝
𝑃𝑐 

Using Pj as defined by Pc, Rmcp, and Rc, the required Pd to prevent backflow can be calculated by 

solving for Pd using Equation (2-11) and the requirement Qd > 0. 

𝑄𝑑 =
𝑃𝑑 − 𝑃𝑗 − 𝑃𝐿𝑃

𝑅𝑑
> 0 

𝑃𝑑 > 𝑃𝑗 + 𝑃𝐿𝑃 

𝑃𝑑 >
𝑅𝑚𝑐𝑝

𝑅𝑐 + 𝑅𝑚𝑐𝑝
𝑃𝑐 + 𝑃𝐿𝑃 

A similar procedure considering Qc = 0 can be used to determine the upper limit of the Pd operating 

range. 

𝑃𝑗 = (𝑄𝑑 + 𝑄𝑐)𝑅𝑚 
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𝑃𝑗 =
𝑃𝑑 − 𝑃𝑗 − 𝑃𝐿𝑃

𝑅𝑑
𝑅𝑚 

𝑃𝑗 (1 +
𝑅𝑚

𝑅𝑑
) =

𝑅𝑚

𝑅𝑑

(𝑃𝑑 − 𝑃𝐿𝑃) 

𝑃𝑗(𝑅𝑑 + 𝑅𝑚) = 𝑅𝑚(𝑃𝑑 − 𝑃𝐿𝑃) 

𝑃𝑗 =
𝑅𝑚

𝑅𝑚 + 𝑅𝑑

(𝑃𝑑 − 𝑃𝐿𝑃) 

In the case where Qc = 0 for a long period and no backflow has occurred, then Rm is equal to the 

main channel resistance when filled with the dispersed phase (Rmdp). 

𝑃𝑗 =
𝑅𝑚𝑑𝑝

𝑅𝑚𝑑𝑝 + 𝑅𝑑

(𝑃𝑑 − 𝑃𝐿𝑃) 

Using Pj as defined by Pd, PLP, Rmdp and Rd, the required Pd to not create backflow can be calculated 

by solving for Pd using Equation (2-12) and the requirement Qc > 0. 

𝑄𝑐 =
𝑃𝑐 − 𝑃𝑗

𝑅𝑐
> 0 

𝑃𝑐 > 𝑃𝑗  

𝑃𝑐 >  
𝑅𝑚𝑑𝑝

𝑅𝑚𝑑𝑝 + 𝑅𝑑

(𝑃𝑑 − 𝑃𝐿𝑃) 

𝑃𝑑 < (1 +
𝑅𝑚𝑑𝑝

𝑅𝑑
) 𝑃𝑐 + 𝑃𝐿𝑃 

Combining the inequalities derived for the cases of Qd = 0 and Qc = 0 with respect to Pd results in 

Equation (2-14). 

𝑃𝑐 (
𝑅𝑚𝑐𝑝

𝑅𝑐 + 𝑅𝑚𝑐𝑝
) + 𝑃𝐿𝑃 < 𝑃𝑑 < 𝑃𝑐 (1 +

𝑅𝑑

𝑅𝑚𝑑𝑝
) +  𝑃𝐿𝑃 

 

A.5 Deriving Equation (4-1) 

Equation (4-1) calculates the value of δQd/δRm by applying the Chain rule to Equation (2-13) and 

Equation (2-11). The derivatives involved in Equation (4-1) are presented here, but it is left to the 

reader to perform the derivatives themselves if desired. 

𝛿𝑄𝑑

𝛿𝑃𝑗
=  −

1

𝑅𝑑
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𝛿𝑃𝑗

𝛿𝑅𝑚
=  

((𝑃𝑑 − 𝑃𝐿𝑃)𝑅𝑐 + 𝑃𝑐𝑅𝑑)𝑅𝑑𝑅𝑐

[(𝑅𝑐 + 𝑅𝑑)𝑅𝑚 + 𝑅𝑑𝑅𝑐]2
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Appendix B 

Preliminary Gravity Fed Droplet Generator 

Before the design and fabrication of the devices discussed in the thesis above, a set of preliminary 

pressure-driven microfluidic droplet generators with integrated droplet traps was fabricated. These 

devices were not designed according to the method outlined in Section 2.5 and were operated with 

a slightly different operating procedure from that described in Section 4.4. However, these devices 

provided a baseline for the design of the Droplet Generator. Therefore, they are described in some 

detail here. 

B.1 Preliminary Test Device Fabrication 

The preliminary test devices were fabricated using the same method as all other devices in this 

thesis (Section 3.3) and consisted of two layers of PMMA. Two types of channels were used to 

design these devices, which are characterized by the colour of their lines in the Asymptote design 

files (Table B. 1). Green lines were used to cut most channels of the test droplet generators, and 

blue lines were used in parts of the integrated “droplet trap”. All channels were cut with two passes 

of the corresponding laser line. 

Table B. 1 - The targeted dimensions of the channel types intended for use in the preliminary test droplet generator devices. 

Asymptote Line Colour  Depth [µm] Width [µm] 

Blue 207 156 

Green 272 156 

Red Throughcut Throughcut 

Dark Green 

(Forest Green) 
Throughcut Throughcut 

 

B.2 Gravity Fed Device Design 

The preliminary droplet generator devices were designed using the resistive network shown in 

Figure 2-4 but without the accompanying model to predict operating range and droplet production 

stability. Instead, the layout of the device was based around the layout of droplet generators using 

the author’s previous work on micropump-based droplet generators [83]. The layout of the device 

can be seen in Figure B. 1, where the blue section represents an integrated droplet trap. 

The resistances of all channels involved in the T-junction droplet generator are detailed in Table 

B. 2. The resistance of each channel was calculated using Equation (2-7) and assuming the 

channels had an isosceles triangular cross-section. 
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Figure B. 1 - A microfluidic master chip design for fabrication in the Backhouse fabrication method. The designs for layers 1 and 

2 are stacked for convenience. The red circles represent well to connect brass fittings for syringes, the dark green lines are 

throughcuts to separate chips and examine channels and the green, and blue lines represent fluidic channels. 

Table B. 2 - The channel resistances for the droplet generator design are shown in Figure B. 1. All channels are considered to be 

filled with the Continuous Phase except for the Dispersed Phase Input Channel, which is considered filled with the Dispersed 

Phase. 

Channel Rfluidic [Pa s m-3] 

Dispersed Phase Input Channel 6.12 x 1011 

Continuous Phase Input Channel 9.79 x 1012 

Main Channel 6.78 x 1013 

 

B.3 Gravity Fed Device - Droplet Trap Design 

The droplet trap was designed to use intentionally overlapping channels to create a structure to 

hold droplets in place. This was similar to a rail-based trap and took advantage of the unique profile 

of laser-cut channels (Figure B. 2). Barriers were expected to be formed between the overlapping 

channels, which would hold droplets in place while allowing the continuous phase separating the 

droplets to flow around the trapped droplets. This trap is similar to the metering droplet trap 

designed by Korczyk et al. shown in Figure 1-10 but relies on two side channels to vent the oil 

between the droplets rather than a wide shallow region [69].  

 
Figure B. 2 - A rail-based droplet trap designed for fabrication by the in-house method and use in a gravity-fed microfluidic 

chip. 
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The droplet trap generated a Laplace pressure difference by varying the depth of the input and side 

channels of the trap. When this trap was designed, droplets were assumed to form cylindrical plugs 

in the laser-cut channels whose radii could be calculated according to Equation (7-1). Then, 

Equation (2-17) could calculate the Laplace pressure difference of the channel transitions. The 

droplet trap was fabricated such that the input channel to the trap was 272 μm deep. The 

surrounding shallow channels were 207 μm deep, resulting in a Laplace pressure difference of 

only 15 Pa. Based on the expected resistance of the trapping structure, the flow rate through the 

droplet trap could not exceed 16 nL s-1 without ejecting the trapped droplets. This flow rate was 

calculated using Equation (2-21), considering a known trapping pressure and trap resistance.  

B.4 Calculation of Operating Conditions 

As this was preliminary work performed before developing the droplet generator model, precise 

operating conditions were not predicted theoretically but rather determined through experiment. It 

was found through initial testing that droplets could be easily formed using this droplet generator 

as long as the ratio between the dispersed phase input pressure (Pd) and continuous phase input 

pressure (Pc), Pd/Pc was between 0.96 and 1.01. 

B.5 Initial Gravity Fed Device Testing and Results 

The goal of initial testing with gravity-fed microfluidic devices was to establish working 

procedures for pressure-driven microfluidic devices to form droplets and evaluate a basic droplet 

trapping structure. First, droplet trapping structures were evaluated using crack test chips (Section 

3.3.2) and then on-chip using droplets.  

Devices were operated according to the procedure described in Section 4.4 but with one change. 

Before priming the device with the Dispersed and Continuous Phases, the droplet generators were 

first manually flushed with a 70% ethanol solution introduced from the output of the device. This 

step was required to clear air bubbles from the channels and prevent air bubbles from becoming 

trapped in the droplet trap. 

B.6 Gravity Fed Device Initial Testing Results 

Initial examination of unbonded channels from a crack test chip showed that the two channel types 

had different dimensions than intended (Table B. 3). The channels cut with the blue laser line were 

much shallower than intended when unbonded and could not be measured accurately once bonded. 

The channels cut with the green laser line were much shallower and narrower than intended once 

bonded.  

Table B. 3 – The measured unbonded and bonded channel dimensions for the crack test chips produced with the preliminary test 

droplet generators. The bonded channel dimensions of channels cut with the blue laser line could not be measured. 

Asymptote 

Channel Colour 

Unbonded 

Channel Depth 

[μm] 

Unbonded 

Channel Width 

[μm] 

Bonded 

Channel Depth 

[μm] 

Bonded 

Channel Width 

[μm] 

Blue 162 ± 18 166 ± 14 - - 

Green 291 ± 58 150 ± 6 181 ± 13 118 ± 9 
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The bonded channels had cross-sections similar to those discussed in Section 3.3.3, but the 

orientational dependence of the channel dimensions was not discovered at this time in the project. 

The more interesting discovery was related to the droplet trap itself. The unbonded droplet trap 

had a cross-section close to what was intended (i.e., depicted in Figure B. 2) with well-defined 

barriers between the central and side channels of the droplet trap (Figure B. 3).  However, after 

thermal bonding, the roof of the top layer of PMMA sags into the droplet trap, and the barriers 

between the central and side channels became far less distinct (Figure B. 4). This was thought to 

be caused by the reflow of PMMA during thermal bonding and the lack of droplet trap roof support. 

The droplet trap had a total width of ~500 μm, and therefore, channels that are this wide may 

experience significant changes in dimensions due to the roof “sagging” during thermal bonding. 

 

Figure B. 3 - A perpendicular cross-section of the droplet trap geometry on the crack test chip whose channel dimensions are 

shown in Table B. 3. The channels were made with two passes of the green laser line along the central channel and the side 

channels separated from the central channel at 0.2 mm. 

 
Figure B. 4 - A cross-section of a bonded droplet trap structure at 10x magnification from the same bonded chip as the channels 

shown in Figure B. 3. 
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Following examinations of the crack test chips, the preliminary test droplet generators were tested 

for their droplet generating capabilities. Due to the timing of the testing, which was immediately 

before the Covid-19 lockdown, the droplet trapping capabilities of these devices could not be 

tested. However, the droplet generating capabilities were tested at a total of 6 pressure 

combinations, three with Pc = 8.76 kPa and three with Pc = 9.89 kPa. The dispersed phase input 

pressure was set to Pd = 8.38 kPa, 8.53 kPa and 8.82 kPa for the former and Pd = 9.46 kPa, 9.56 kPa 

and 9.68 kPa. The flow rate ratios (Qd/Qc) at these settings were expected to range from 0.154 to 

0.162 at these settings.  

At the tested pressure settings, it was found that droplets could be produced with lengths ranging 

from ~280 μm to ~1628 μm, corresponding to droplet volumes of 3.22 ± 0.36 nL to 

18.20 ± 1.47 nL. This range of produced droplets included those considered suitable for droplet 

trapping applications as they were about twice as long as they were wide. However, an 

unacceptable level of variation in the droplet volume was found. In most tested cases, the variation 

in droplet volume exceeded 10%. Therefore, a droplet generator model was developed to improve 

the design of the droplet generator to maintain a suitable level of variability in the droplet volume. 

When the droplet generator model described in Section 2.5 was applied to this droplet generator 

design, it was found that there was only one way for the model to describe the observed behaviour 

accurately. This required that the droplets increased the resistance of the microfluidic channels by 

a factor of four compared to when they were just filled with the Continuous Phase. 

These preliminary test droplet generators served as a means to investigate both the basic operating 

procedures of pressure-driven droplet generators and the fabrication method used to make them. 

The work described in the thesis used these preliminary test devices as a starting point from which 

to design improved devices and droplet traps. 
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Appendix C 

Surface Energy Approach to Laplace 

Pressure 

 

Trapping droplets based on the transition between two channels with different dimensions requires 

the accurate prediction of the energy cost of the droplet making that transition. This energy cost 

can be determined by considering a droplet partway through the transition between two channels 

of arbitrary dimensions, Channel 1 and Channel 2. This approach will consider a droplet made of 

water and a continuous phase of oil; both are assumed to be incompressible. The change in energy 

required to push a droplet through an arbitrary channel transition based on the dimensions of the 

two channels involved in the transition will be determined and converted into the pressure required 

to push the droplet through the transition. 

The surface energy of a droplet in a microfluidic channel can be described by Equation (C-1), 

where Γ is the surface energy, γ is the surface tension, and SA is the surface area of the droplet. 

𝛤 [𝐽] =  𝛾 [
𝐽

𝑚2
] ∗ S𝐴 [𝑚2] (C-1) 

 

As the surface tension for a given fluidic system is constant (ignoring fast surfactant dynamics), 

the change in surface energy, or energy cost of a transition, can be described by Equation (C-2). 

𝛥𝛤 = 𝛾ΔS𝐴 (C-2) 

 

The surface area of the dx length of a droplet in Channel 1 (SAc1) is simply SAc1 = Uc1*dx, where 

Uc1 is the perimeter of the droplet in Channel 1. On moving length dx into Channel 2, due to the 

incompressible nature of the droplet, the length of the transitioning segment will be extended. As 

the volume of the droplet must remain constant, it can be determined that a length dx in Channel 1 

will be equivalent to a length of (Acs1/Acs2)dx in Channel 2, where Acs1 and Acs2 represent the cross-

sectional area of the droplet in Channel 1 and Channel 2, respectively. This means that the surface 

area of the droplet section entering Channel 2 (SAc2) becomes SAc2 = Uc2*(Acs1/Acs2)*dx. The 

change in surface area can be described by Equation (C-3). 

𝛥𝑆𝐴 = 𝑑𝑥 (𝑈𝑐2 (
𝐴𝑐𝑠1

𝐴𝑐𝑠2
) − 𝑈𝑐1) (C-3) 

 

Equation (C-3) can be substituted into Equation (C-2) to write Equation (C-4). In Equation (C-4), 

γc1 and γc2 are the interfacial tensions of the fluid front in Channel 1 and Channel 2, respectively. 
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𝛥𝛤 = 𝑑𝑥 (𝛾𝑐2𝑈𝑐2 (
𝐴𝑐𝑠1

𝐴𝑐𝑠2
) − 𝛾𝑐1𝑈𝑐1) (C-4) 

 

Equation (C-4) can then be converted into pressure by dividing by the length the droplet moves 

(dx) and the area to which the resulting force is applied. In this scenario, the force would be being 

applied to the back end of the droplet still in Channel 1. Therefore the cross-sectional area of the 

droplet still in Channel 1 (Acs1) will be used. The required pressure to push a droplet through a 

transition from Channel 1 to Channel 2 can be written as Equation (C-5). This pressure is 

equivalent to the trapping pressure preventing a droplet from entering a constricted channel when 

coming from a non-constricted channel. 

𝛥𝑃𝑡𝑟𝑎𝑝 =
ΔΓ

𝑑𝑥𝐴𝑐𝑠1
=

(𝛾𝑐2𝑈𝑐2 (
𝐴𝑐𝑠1

𝐴𝑐𝑠2
) − 𝛾𝑐1𝑈𝑐1)

𝐴𝑐𝑠1
= (

𝛾𝑐2𝑈𝑐2

𝐴𝑐𝑠2
−

𝛾𝑐1𝑈𝑐1

𝐴𝑐𝑠1
) 

(C-5) 

 

C.1 Verifying Surface Energy Approach to Trapping Pressure 

The surface energy approach to determining the trapping pressure resulted in Equation (C-5), 

which depends entirely on the channel dimensions rather than the principal radii of a fluid front. 

Solutions for the Laplace pressure difference method of determining the trapping pressure of a 

channel transition have been reported in the literature for both circular and rectangular channels. 

A channel transition in a circular channel has a Laplace pressure difference that can be described 

by Equation (2-9). In contrast, a rectangular channel transition has a Laplace pressure difference 

that can be described by Equation (C-6) [6], [70]. In Equation (C-6), w2 and h2 are the width and 

height of Channel 2, respectively, and w1 and h1 are the width and height of Channel 1, 

respectively. Equation (C-6) assumes a constant interfacial tension throughout the transition and 

that the droplet fully fills the channel. 

𝛥𝑃𝐿𝑃,𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 2𝛾 [(
1

𝑤2
+

1

ℎ2
) − (

1

𝑤1
+

1

ℎ1
)] (C-6) 

 

The generalized equation for the required pressure to push a droplet through a channel transition 

with arbitrarily shaped channels described above (Equation (C-5)) can be used to arrive at the same 

final equation as the Laplace pressure approach for both circular and rectangular channels.  

For a circular channel, the cross-sectional droplet area is A = πr2, and the droplet perimeter is 

U = 2πr, where r is the radius of the droplet. Assuming the droplet in Channel 2 has a radius of r2 

and the droplet in Channel 1 has a radius of r1, values for Uc1, Uc2, Acs1 and Acs2 can be substituted 

into Equation (C-5) to generate Equation (C-7). This assumes a constant interfacial tension of 

γ = γc1 = γc2. It can be seen that Equation (C-7) matches Equation (2-9), and therefore the surface 

energy approach detailed above matches the Laplace pressure difference approach for circular 

channels. 
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𝛥𝑃𝑡𝑟𝑎𝑝,𝑐𝑖𝑟𝑢𝑐𝑙𝑎𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 =

𝛾 (2𝜋𝑟2 (
𝑟1

2

𝑟2
2) − 2𝜋𝑟1)

𝜋𝑟1
2 = 2𝛾 (

1

𝑟2
−

1

𝑟1
) 

(C-7) 

 

For a rectangular channel, the cross-sectional area is A = wh, and the channel perimeter is 

U = 2w + 2h, where w and h are the width and height of the channel, respectively. Assuming 

Channel 2 has a width of w2 and a height of h2 and Channel 1 has a width of w1 and a height of h1. 

If the droplet completely fills the channel, values for Uc1, Uc2, Acs1 and Acs2 can be substituted into 

Equation (C-5) to generate Equation (C-8) and Equation (C-9), assuming a constant interfacial 

tension of γ = γc1 = γc2. It can easily be seen that Equation (C-9) matches Equation (C-6). Therefore, 

the surface energy approach detailed above matches the Laplace pressure difference approach for 

rectangular channels. 

𝛥𝑃𝑡𝑟𝑎𝑝,𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 =

𝛾 ((2𝑤2 + 2ℎ2) (
𝑤1ℎ1

𝑤2ℎ2
) − (2𝑤1 + 2ℎ1))

𝑤1ℎ1
 

 

(C-8) 

 

𝛥𝑃𝑡𝑟𝑎𝑝,𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 = 2𝛾 ((
1

ℎ2
+

1

𝑤2
) − (

1

ℎ1
+

1

𝑤1
)) 

 

(C-9) 

 

For both cases, the surface energy approach to calculating the trapping pressure of a channel 

transition agrees with the Laplace pressure difference method. Therefore, the surface energy 

approach described above can be used to determine the trapping pressure of a channel transition 

for droplets of an arbitrary shape. 
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Appendix D 

Video of Droplet Generation 

 

This appendix is a video file of droplets being produced with a Droplet Generator at pressure 

settings of Pd = 8.06 kPa and Pc = 8.38 kPa. The video is a five-minute test run to determine if 

droplets could be reproducibly made with these settings. The Droplet Generator used has no 

integrated droplet trap in its main channel. Before testing, the main channel of the Droplet 

Generator was completely filled with the Continuous Phase. 

The droplet generation process begins 10 seconds into the video. The video is focused on the T-

junction of the droplet generator, with the dispersed phase input channel coming up from the 

bottom of the screen, the continuous phase input channel coming from the left of the screen and 

the main channel proceeding to the right of the screen. The channels have a speckled appearance, 

as explained in Section 3.3.3, and did not affect device performance. The droplets produced in this 

video had an average length of 342 ± 15 μm and were ~106 μm wide. 

 

The file name of this video file is “DropletGenerationPd806kPaPc838kPa.mp4”.   

 

If you accessed this thesis from a source other than the University of Waterloo, you might not have 

access to this file. You may access it by searching for this thesis at http://uwspace.uwaterloo.ca. 

 

  

http://uwspace.uwaterloo.ca/
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Appendix E 

Video of Droplet Trapping 

 

This appendix is a video file of an isolated pair of droplets approaching and trapped by the 

Alternate Droplet Trap. This work aimed to observe the production and behaviour of an isolated 

pair of droplets in the Alternate Droplet Trap. The droplets were produced at pressure settings of 

Pd = 7.83 kPa and Pc = 8.38 kPa. The droplets in the video both have lengths of 400 μm. Before 

testing, the Droplet Generator and Alternate Droplet Trap were completely filled with the 

Continuous Phase except for droplets in the dead-end channels of the droplet trap. 

The video is initially focused on the T-junction of the Droplet Generator to observe the production 

of the droplets. The droplets are produced after 24 seconds. The focus is then shifted onto the 

droplets as they flow through the main channel of the Droplet Generator and enter the droplet trap 

(timestamp ~1:02). The droplets are successfully trapped and held in the droplet trap for the 

remainder of the video. The droplets were observed after the video ended; they did not merge until 

they had been held in the trap for 17 minutes. 

The channels have a speckled appearance explained in Section 3.3.3 and did not affect device 

performance. It should also be noted that there are some droplets in the dead-end channels of the 

droplet trap. These could not be cleared when the trap was purged and did not affect the 

performance of the droplet trap. 

 

The file name of this video file is “AltTrapIsolatedPairPd783kPaPc838kPa.mp4”.   

 

If you accessed this thesis from a source other than the University of Waterloo, you might not have 

access to this file. You may access it by searching for this thesis at http://uwspace.uwaterloo.ca. 

 

http://uwspace.uwaterloo.ca/

