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Abstract 

Droplet microfluidics has been extensively studied in last two decades and 

found various applications in diverse research fields. In this thesis, we focused on the 

development of planar microfluidic devices, and explored their utility for the 

formation of multiple emulsions and microparticle fabrication. Here, a geometry 

variant flow-focusing junction was exhibited to control the location position of 

droplet breakup, and eliminate the satellite droplets. Then, this junction was tested to 

form monodispersed, multi-cored, double-emulsion droplets with controllable core 

numbers (up to 35) in a stepwise emulsification mechanism.  

Based on the above device, three diverse applications of droplet microfluidics 

have been conducted: (1) the mass fabrication of polymeric microcapsules with high 

sphericity and concentricity for inertial confinement fusion (ICF) target fabrication; 

(2) the production of microgels to encapsulate mouse neuron stem cells for stem cell 

therapy in the treatment of spinal cord injury; and (3) the formation of squalene 

droplets with motility and encapsulated droplet interface bilayers for the ultimate 

creation of artificial cells.  

Through the above, the following was achieved: (1) Single-core 

water/polymer/oil double emulsion droplets, as ICF target shells (for which sphericity 

and concentricity are paramount), were produced at tunable rates up to 20Hz. The 

polymeric microcapsules were solidified by using photopolymerization (minimum 

ultra violet exposure duration is 30ms) with an average 98.43±0.68% sphericity (best 

99.69%), an average 98.44±0.62% concentricity (best 99.72%) and 100% yield rate; 

(2) Mouse neuron stem cells were encapsulated in alginate microspheres at 1 million 

cells/mL alginate. MTT assays were conducted to provide evidence that the cells 

survived the encapsulation process with continuous proliferation in vitro; and (3) 
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Various arrangements of encapsulated droplet interface bilayer network were 

observed, and the motility of double emulsion droplets was realized by continuous 

interfacial reactions, through which the expulsion and capture actions of squalene 

droplets were identified.  
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1.1 Introduction  

Microfluidic technology was developed in order to explore fluidic applications 

in micro scale [1-3]. Known as the ‘lab-on-a-chip’ or the micro total analysis system, 

it was originally designed to replicate most major chemical and biological laboratory 

experiments, but with reduced the reagent and energy consumption and with high 

feasibility and rapid response [4, 5]. Within this miniaturized apparatus, the fluid 

delivery is constrained in the laminar flow regime and dominated by surface forces. 

This offers several unparalleled advantages, such as short molecular diffusion 

distances and precise fluid delivery manipulation, as well as improvement to 

functional elements, including mixers [6], heaters [7], valves [8], and sensors [9,10]. 

Nowadays, microfluidics is a multidisciplinary field intersecting soft matter physics 

[11], analytical chemistry [12], engineering, and biotechnology [13], whereby low 

volume fluids are utilized to achieve multiplexing, automation and high-throughput 

screening [14] (Figure 1.1). 

Figure 1.1 Demonstrations of microfluidics. A. A multi-inlet microfluidic chips for bio-
application. B. Typical laminar flow in a microfluidic channel. C. A coin-size microfluidic 
device runs thousands of experiments at once. D. Photograph of a multiplexed latching 
valve test microfluidic device [15]. 
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Droplet-based microfluidic technology, a subcategory of the microfluidics, 

involves the investigation of droplet formation, migration, and processing in laminar 

flow regimes [16,17]. As shown in Figure 1.2, it provides an efficient approach for 

producing monodispersed droplets at a high production rate and allows precise control 

of droplet size and morphology [18-21]. In a droplet microfluidic system, these 

microdroplets can be manipulated individually, and this offers the feasibility of 

conducting a large number of parallel reactions for high throughput experiments [22]. 

In the past decade, interest in droplet-based microfluidics systems has been growing 

substantially, and a diverse group of researchers are seeking novel solutions for 

chemical and biological applications that are superior to conventional techniques [23]. 

To devise an applicable droplet microfluidic device, it is necessary to have a 

clear understanding of the hydrodynamics and fluid behaviors in the laminar flow 

regime [25-27]. Three factors, including the channel geometry, the fluid properties 

and the inflow conditions, contribute to the multiphase flow that can be explained 

using dimensionless numbers [28]. 

Figure 1.2 Droplet-based microfluidics. A. The generation of monodispersed 30µm 
diameter oil-in-water droplets on a planar microfluidic chip. B. Bifurcation channels for 
breakup of droplets into small volumes. The scale bar is 200 microns  [24]. 
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1.2 Dimensionless numbers 

In comparison to macro-hydromechanics, fluid delivery in multiphase 

microfluidics mainly depends on viscous, inertial, and interfacial forces. The 

Reynolds number (𝑅𝑒) is the most important dimensionless number in fluid dynamics 

to describe the ratio of inertial force to viscous force-， 

𝑅𝑒 = !"  !
!

 , 

whereby, 𝜌 is fluid density, 𝑙 is characteristic length scale (the dimension to define the 

scale of the fluidic system), 𝑢  is velocity characteristic, and 𝜇  is fluid dynamic 

viscosity. In microfluidics, the value of Reynolds number is normally less than 10 due 

to the low velocity and miniature scale, and the fluid flow appears as typical parallel 

layers, namely laminar flow.  

Another important dimensionless number in multiphase flow is the Bond 

number, which indicates the ratio of gravitational forces to interfacial forces- 

𝐵𝑜 = !!!!  !
!

 , 

whereby, Δ𝜌 is the density difference of the fluid, 𝑔 is gravitational acceleration and 𝛾 

is the interfacial tension. The value of Bond number is also small, since as in the 

laminar flow regime, the volume force is dominated by the surface force.  

The Capillary number describes the relationship between viscous force and 

interfacial tension: 

𝐶𝑎 = !"
!

 , 

When the value of Capillary number is small, the effect of interfacial tension is 

greater than that of viscous force, and the droplet assumes a spherical form with a 

minimum surface area to volume ratio. With a high Capillary number, the viscous 
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force is dominated by the fluid delivery and it is difficult for droplets to maintain a 

spherical shape. 

Other dimensionless numbers such as the Weber number (𝑊𝑒) and Ohnesorge 

(𝑂ℎ) number are used to describe the importance of the forces impacting on the 

hydrodynamics of multiphase microfluidics: 

𝑊𝑒 = 𝑅𝑒 ∙   𝐶𝑎 = !!!  !
!

,    𝑂ℎ = (!"
!"
)!/! =   !

(!"#)!/!
 

1.3 Phase parameters 

As described above, the surface forces dominate the fluid delivery in 

microfluidic system due to the downscaling of the fluidic devices and channel 

configurations [29]. The impact of gravity and inertial forces on multiphase flow 

rheology are negligible, while the shear and stress forces play important roles on 

dispersed phase breakup, and droplet movement. Several properties of fluidics are 

important for determining the droplet behavior in microfluidic systems, including 

interfacial tension and viscosity. 

1.3.1 Interfacial tension 

Interfacial tension is the elastic tendency that forces the liquids to acquire the 

least surface area possible. Due to the large surface-to-volume ratio of the droplets in 

microfluidics, the control of interfacial effects is essential for achieving replicated 

droplet formation. The addition of surfactants in the dispersed phase and continuous 

phase, are common methods for modifying interfacial tension [30,31], and their 

concentrations directly influence the droplet size formed in different droplet 

formation regimes of both T-shaped junctions and flow focusing junctions. The 

effects of the surfactant on the droplet formation process are complicated, in that the 

presence of surfactants not only reduces the equilibrium interfacial tension between 
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the immiscible fluids, but also induces an interfacial tension gradient in the dynamic 

droplet breakup. 

1.3.2 Viscosity 

The viscosity of a fluid is the parameter that describes its resistance to shape 

deformation, due to the velocity differences of the neighboring particles in fluids, by 

applied forces such as tensile stress and shear stress. In droplet microfluidics, the 

viscosities of both the dispersed phase and continuous phase influence the droplet size, 

depending on the microchannel properties and geometries.  For instance, in straight-

through microchannels, the droplet size is related more with dispersed phase viscosity 

rather than continuous phase viscosity [32]. To simplify the measurement of droplet 

formation physics, the viscous effect on droplet morphology is generally described 

using the dimensionless number 𝐶𝑎. 

1.4 Fluid actuation 

Two common methods are used to drive fluids in microchannels. One is 

pressure driven flow, whereby the fluid is pumped via positive displacement pumps 

such as syringe pumps [33]. An important phenomenon in pressure driven laminar 

flow is that the fluid velocity near the channel wall is extremely slow. This can be 

depicted using a parabolic velocity profile, which indicates the distribution of 

molecules transported within a channel (Figure 1.3A). Pressure driven flow can be a 

relatively simple and reproducible approach for delivering solvents to micro devices. 

With the development of the functional micro pumps, pressure driven flow is also 

amenable to miniaturization. 
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Another common method for pumping fluids in microfluidic systems is 

electroosmotic flow [34]. This is achieved by applying an electric field across open 

microchannels, where there exists a highly charged surface, such as on silica, that 

force the ions in the electric double layer, and along the channel surface, to move 

towards the electrode of opposite polarity. This creates movement of the fluid near the 

walls, which translates via viscous forces into convective motion of the bulk fluid 

(Figure 1.3B). In comparison with pressure driven flow, the velocity profile of 

electroosmotic flow is uniform across the width of the channel, which prevents many 

diffusion non-uniformities. However, this manner often requires relatively high 

voltages, frequently of several kilovolts, dependent upon the capillary length, making 

it a difficult technology to miniaturize without off-chip power supplies. 

1.5 Droplet-forming junctions and regime 

A comprehensive microfluidic system contains several functional modules. 

Each module performs a specific operation on the passing fluids. The droplet-forming 

devices are the most important modules of the droplet-based microfluidics. They are 

utilized to disperse discrete droplets in an immiscible phase. Their structures play an 

important role on influencing dispersed phase breakup and attained droplet 

morphology [35]. At least three types of droplet forming devices have been developed: 

Figure 1.3 A. Parabolic-shaped velocity profile in a microchannel under conditions of 
pressure driven flow. B. Schematic drawing of electroosmotic flow, which is governed by 
the applied voltage, channel dimension, surface charge density, and the pH of the fluid.    
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the T-shape junction [36], flow focusing junction [37] and co-flow junction [38] 

(Figure 1.4). Their configurations, droplet breakup mechanisms, and droplet forming 

regimes are described in the following sub-sections. 

1.5.1 T-shaped junction 

The T-shaped junction is the most common droplet-forming junction used to 

generate droplets in microfluidics [39-42]. It generally appears as a T-shaped 

intersection of two perpendicular channels, which are the meeting point of the 

dispersed phase and the continuous phase [36, 43]. The ratio of the channels widths 

(or 𝜔, defined as 𝑊!"#$%&'(/𝑊!!"#$%&'%(), affects the performance of a T-junction. As 

shown in Figure 1.5B, when the dispersed phase is introduced from the perpendicular 

channel, different regimes of droplet formation arise (which are affected by the 

Capillary number value) [44, 45]. Since 𝜔 < 1 and 𝐶𝑎 is large (~ > 2.2×10!!), the 

dispersed phase is more likely to intrude into the horizontal channel, forming a long 

neck in the continuous phase flow. The droplet is ruptured off when the interfacial 

tension, holding the dispersed phase neck, is disrupted by the shear force of the 

continuous phase flow. This mechanism of droplet formation is defined as the 

dripping regime [36, 42]. In another scenario, whereby 𝜔~1 and the value of 𝐶𝑎 is 

small (~ < 7.6×10!!), the dispersed phase fills the horizontal channel and blocks 

the continuous phase flow. The increase in pressure difference across the dispersed 

Figure 1.4 Schematic drawings of main droplet forming junctions for microfluidics. 
The black lines indicate the layout of junctions. The blue shapes indicate the dispersed 
phase. The white shapes indicate the continuous phase. A. T-shaped junction. B. Flow 
focusing junction. C. Co-flowing junction. 
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phase finger induces droplet breakup. This mechanism is called the squeezing regime. 

On some occasions, the two channels of the T-junction connect at an acute angle 

rather than at a right angle, so that the local flow pattern, pressure distribution and 

droplet formation can be modified [41]. 

1.5.2 Flow focusing junction  

The flow focusing junction is another popular droplet forming junction that 

has been described in several previous studies [47, 48]. It normally has a cross-shaped 

layout, wherein the dispersed phase is injected from the middle channel and pitched 

by the continuous phase from the sides. During droplet breakup, the 𝑅𝑒 value is 

normally very small (~ 0.01 to 1), and the viscous force dominates dynamic flow. The 

droplet is sheared off from its stream due to the capillary instability induced by the 

spatial constraints. Jetting [49], dripping, and squeezing droplet formation regimes 

have been observed, which are regulated by input flow rate and inlet pressure [50]. 

Figure 1.5 T-shaped droplet forming junction. A. Top view of a T-shaped junction 
fabricated on a PMMA substrate [46]. B. Three regimes of droplet formation in a T-
shaped junction as a function of flow velocity (U) and capillary number (Ca) [45]. 

Figure 1.6 Schematic drawing of droplet formation regime in a flow focusing 
junction. A. Squeezing regime. B. Dripping regime. C. Threading regime. D. Jetting 
regime [51]. 
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Compared with the T-junction, the flow focusing junction exhibits better control over 

the attained droplet size and monodispersity, resulting in increased productivity.  

1.5.3 Co-flow junction 

Co-flow junctions are also widely applied in droplet microfluidics [52, 53]. As 

shown in Figure 1.4, the dispersed phase is introduced in the middle of a continuous 

phase stream through a capillary [53, 54]. A sheath flow is formed as the dispersed 

phase is completely surrounded by the continuous phase. The level of Kelvin-

Helmholtz instability induces droplet breakup when a linear velocity difference 

(> 0.1𝑚/𝑠) exists between the two involved phases. As in the case with flow 

focusing devices, three co-flow junction droplet formation regimes have been devised. 

The advantage of this type of junctions is that channel wetting issues can be avoided 

due to the dispersed phase does not contact with the wall during the droplet formation, 

thus preventing the failure of droplet formation. 

Other droplet forming junctions, such as Y-shaped junctions and terrace-like 

junctions [55] have also been developed to fulfill specific requirements. In spite of the 

diversity of these layouts, droplet-forming junctions can be fabricated only from a 

limited range of materials. For capillary-based microfluidics, borosilicate glass is 

machined to form nozzles using a laser capillary puller [56], and precise alignments 

are required for the capillaries’ interconnections [57, 58]. Metal needles and plastic 

tubes are inserted into the assembly, and epoxy glue is utilized to fix and seal the 

equipment. For a planar microfluidic system, a range of plastic materials (e.g. PDMS 

[59], PMMA, PTFE, PEEK) can be used as substrates. Lithographical methods [60, 

61], etching techniques [62] and micromilling are used in the manufacture of 

functional modules on the planar chips.  
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1.6 Droplet processing 

In additional to the droplet forming junctions, other functional modules have 

been developed. These modules either have fixed channel geometries, or they contain 

embedded MEMS elements that manipulate fluid delivery and sample processing [63]. 

Several examples of microfluidic modules that have been devised for specific 

objectives are shown in Figure 1.7, including detection and sorting, coalescence [64] 

and splitting [65, 66], and cooling and heating [67]. By integrating more microfluidic 

modules, a complex droplet based microfluidic system can be established to achieve 

specific biological or chemical functionalities, such as enzyme kinetic analysis [68] 

and molecule extraction [69].   

 

Figure 1.7 Microfluidic devices for droplet processing. A. Rapid mixing of fluids inside 
droplets by chaotic advection via the winding channel. [70] B. Time sequence images for 
droplet coalescence in a symmetrical chamber. [71] C. ESPCI LBC droplet sorting device. 
D. Droplet trapping and parking in a microfluidic array device. E. Inertial spiral-shaped 
microparticles separator [72]. 
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1.7 Applications of droplet based microfluidics  

As described above, droplet based microfluidic technology provides a 

platform on which to produce monodispersed droplets and to conduct high-level 

operations on them. This is a significant contribution to the synthesis of colloidal 

materials and analysis of the biological samples, in which high-throughput 

experimental results are difficult to attain using conventional methods. Several 

examples are shown in Figure 1.8. In this section, the current progress of droplet 

microfluidics in diverse fields has been reviewed.  

 

1.7.1 Synthesis of microparticles  

An important application of droplet based microfluidics is the fabrication of 

highly uniform microparticles. Monodispersed emulsion droplets formed at 

microfluidic junctions are ideal templates for microparticles. Their size and 

morphology are determined by the channel configuration and the inflow parameters  

[79, 80]. Phase solidification can be completed in an on-chip microreactor via suitable 

Figure 1.8 Applications of droplet microfluidics. A. Highly uniform porous alginate 
scaffold generated by microfluidics devices. [73] B. Non-spherical microparticles with 
high aspect ratio. [74] C. High order multiple emulsions droplets. [75] D. Confocal 
images of triple polymersomes. [76] E. Microreactors for synthesis nanoparticles. [77] F. 
Polymeric microcapsules with a dimpled surface. [78] 
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consolidation mechanisms, such as phase evaporation [81] or the free radical 

polymerization [82-84]. In this section, several types of microparticles that can be 

produced in microfluidic devices are described, and applications covering a diverse 

range of fields are listed.  

1.7.1.1 Spherical shape microparticles 

In microfluidics, spherically shaped microparticles are produced from single 

emulsion droplets, provided that the dispersed phase is curable or contains curable 

reagents (Figure 1.9) [85]. Depending on the precursors, the generation processes of 

the droplets can be intricate, and they can produce particles of a wide variation in 

properties such as the porosity [86]. Spherical shape microparticles have been widely 

employed in the drug delivery research [87]. Drug ingredients are confined in the 

discrete droplets and are immobilized inside the solid matrix. The ingredients can be 

released consistently into circulation due to the high uniformity and narrow size 

distribution of the microparticles. With polymeric microparticles (e.g. PLGA [87, 88], 

PLA [89, 90], PCL [91]), the encapsulated drugs are released passively by diffusion 

or via degradation of the polymer. Microgels, which are composed of microparticles 

made from hydrogels, serve as smart drug couriers [92], in that the release of 

ingredients can be actively controlled. This is realized by the shrinking or swelling of 

the microgels in response to stimuli from the environment, such as a change in the pH, 

or in temperature. For instance, poly(N-isopropylacrylamide) (PNIPAm) is a common 

thermo responsive hydrogel material utilized to produce drug-encapsulated 

microparticles [93]. It shrinks dramatically, and releases the water (which contains the 

dissolved molecules) when the ambient temperature exceeds the volume phase 

transition temperature. In addition, the microgels can be functionalized by surface 
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treatment with antibodies or proteins, which performs advanced drug-targeting via the 

cell recognition and binding [94]. 

 

1.7.1.2 Janus microparticles 

Multiphase anisotropic microparticles can be produced from droplets 

composed of several distinct phases [97]. In droplet based microfluidics, these 

droplets can be formed by injecting multiple dispersed phases into a single droplet 

generator, or by inserting capillary arrays inside the channel. Since the Reynolds 

numbers is always small, the stream remains parallel with negligible mixing between 

the fluid layers. Circulatory flow appears in each dispersed phase of the droplets and 

is confined in its own domain until the external stimuli disrupts it. As shown in Figure 

1.10A, Janus microparticles are anisotropic microparticles fabricated from biphasic 

droplets [98-102]. The shape and surface properties of the two poles can be tuned by 

modifying the generation process [98]. These microparticles can gain multiple 

functionalities based on the ingredients, for instance, amphiphilic polymer 

microparticles [103]. In addition, advanced Janus colloidal microparticles can be 

produced by adding chemicals to one of the two phases  (Figures 1.10B and 1.10C). 

Figure 1.9 Spherical microparticles produced via droplet microfluidics for drug 
delivery. A. High rate formation of Dex-HEMA microdroplets in a flow focusing 
junction. The scale bar represents 100 microns. [95] B. Monodispersed alginate beads 
produced via commercial microfluidic droplet generation system DG-200. The scale bar 
represent 200 microns. C. Monodispersed PLA microparticles for drug loading, produced 
via a capillary device [96]. 
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Solid/porous structure Janus microparticles are fabricated with the presence of a 

porogen in one of the monomers. Magnetic/non-magnetic Janus microparticles are 

produced by mixing magnetic nanoparticles with a precursor solution [104], and they 

can response to a magnetic field with outputting diverse signals [100, 105]. 

 

1.7.1.3 Non-spherically shaped microparticles  

For droplet based microfluidics, the non-spherically shaped microparticles can 

be fabricated using a variety of methods [107]. The most directly approach is to 

utilize the spatial constraints of the channel to shape the emulsion droplets [108-110]. 

As the droplets moves through a capillary, (which is smaller than the droplets in at 

least one dimension), the dispersed phase will form slugs, or non-spherically shaped 

Figure 1.10 Janus microparticles. A. Schematic drawing of Janus droplet formation in a 
flow focusing device [100]. B. Black-red photonic ETPTA Janus balls. Red hemispheres 
contain 198nm silica particles [106]. C. DIC and corresponding fluorescent (insert) images of 
magnetic Janus particles, one containing magnetic nanoparticles, and the other containing 
rhodamine [105]. 
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droplets in the continuous phase. In this way, disc-shaped [111], rod-shaped [112], 

and wire-shaped [113-115] microparticles can be yielded with the assistance of in-situ 

solidification (Figure 1.11A). Another approach is to produce non-spherical 

microparticles from multiphasic droplets [116]. Hemispherically shaped or dumbbell-

shaped microparticles (Figure 1.11B) are yielded via a partial or full solidification 

process. An interesting method has been reported, whereby doughnut-shaped 

microparticles (Figure 1.11C) can be generated by an anisotropic dispersed phase 

diffusion and shrinkage within a dynamic continuous phase flow. [117, 118] The 

morphologies of these microparticles can be controlled since the flow rates affect the 

solvent diffusion rate.  

1.7.1.4 Microcapsules  

Uniform multiple emulsions droplets can be produced from serially connected 

droplet generators in multiphase microfluidic systems [119, 120]. The simplest 

multiple emulsions, double emulsions, consist of three phases: the inner phase, the 

shell phase and the continuous phase. The appearance of droplets is determined by the 

spreading parameter  𝑆, expressed as  

𝑆 = 𝛾!"#$%&$"#'  !!!"#,!""#$  !!!"# − (𝛾!"#$%&$"#'  !!!"#,!!!""  !!!"# + 𝛾!""#$  !!!"#,!!!""  !!!"# ), 

whereby 𝛾!,! is the interfacial tension between the x and y fluids. Since the value of 𝑆 

is positive, intact core-shell shaped double emulsion droplets are formed, whereby the 

Figure 1.11 Non-spherically shaped microparticles produced via droplet 
microfluidics. A. Micro fiber attained by the polymerization of a flowing polymer 
filament [115]. B. Dumbbell-shaped microparticles produced from hybrid Janus droplets. 
The scale bar represents 100 microns [116]. C. Monodispersed doughnut-shaped silica 
microparticles [117]. 
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inner phase is fully encapsulated in the shell phase. On the other hand, when 𝑆  has a 

negative value, the inner phase is only partially engulfed by the shell phase, and the 

double emulsion droplets form an acorn shape. The core-shell shaped multiple 

emulsions droplets are used as templates for which the microcapsules are fabricated. 

The encapsulated inner phase provides a solvent medium for storing the reagents that 

enable further droplet processing. The shell phase serves as a barrier that physically 

separates the inner phase from the external environment. Selective mass transfers can 

be feasible, depending on the porosity of the hardened shell. Droplet based 

microfluidic systems enable the precise fabrication of microcapsules from customized 

multiple emulsions [121-123] with specific properties. For instance, gas permeable 

microcapsules made from Semicosil (a commercial silicon polymer) were fabricated 

via capillary microfluidic devices for carbon capture and storage (Figure 1.12). [124] 

The encapsulated inner phase contained saturated carbonates, solvent and a catalyst, 

whereby the solvent reacts with the carbon dioxide (𝐶𝑂! ) in the air to form 

bicarbonate. The captured carbon can be released by heating the microcapsules to 100 

degree Celsius to reverse the reaction. Compared with other approaches, the method 

of encapsulating carbonates principally  involves a much higher surface area of 

solvent in contact with the air, and thus allows for a significantly higher CO2 

absorbance rate. The microcapsules can be reused for more than 80 cycles of the CO2 

sorption and desorption, and have been explored for use in the purification of flue gas 

emissions in power stations. 

Furthermore, multiple emulsions with complex inner morphologies can be 

formed in microfluidic devices. [125] This enables the fabrication of microcapsules 

containing multiple components that encapsulate various interacting materials [126, 

127]. The microcapsule properties (such as shell thickness and reagent concentration) 
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are easy to adjust by tuning the flow rates. Their high uniformity allows for consistent 

microcapsule performance. It is not difficult to think of a microcapsule-based network 

that can be established to perform serial activities with high accuracy, for instance, 

chain chemical reactions, and sequential ingredients ejection. With the development 

of robust and easy-to-use devices, droplet based microfluidics will become more 

prominent in chemical and biological research.  

 

1.7.2 Biomicrofluidics 

The development of microfluidics has significant implications for biology 

research. It not only allows for reduced consumption of reagents and samples [128, 

129], but also allows for reduced experimental time, and increases the reliability and 

reproducibility of experimental results. In comparison with conventional buck 

Figure 1.12 Microcapsules for carbon capture and storage [124]. A. 
Carbonate/Semicoil double emulsion droplets formation in a capillary-based flow-
focusing device. B. Cured Semicoil microcapsules on a microscope slide. C, D. Before 
and after the semicoil microcapsules have absorbed CO2 within a continuous CO2/N2 
flow up to 100 Celsius degrees.   
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methods, droplet based microfluidics works as an efficient tool to supply large, 

samples-based throughput. The attained monodispersed microdroplets, which are 

ideal vessels for biological applications, provides thousands of parallel individual 

reactions with the economical usage of ingredients. The miniaturized fluid 

environment has specific heat and mass transfer, due to the laminar flow, that 

increases the reaction kinetics, as well as sample processing accuracy. The 

hydrodynamic flows enable the precise manipulation of each droplet, and thousands 

of samples can be analyzed in only a few seconds in functional microfluidic modules 

such as microarrays. For these reasons, droplet microfluidics has been employed in a 

variety of biological studies such as the enzymatic kinetics [130, 131], protein & 

DNA recognition [132], and cells behavior [133].  

One significant application of droplet microfluidic technology in biological 

research is the encapsulation of living cells in monodispersed microgels made from 

biocompatible and biodegradable materials such as alginate [134] and PEGDA [135] 

(Figure 1.13). [136] As described previously, the droplet size, nutrient concentration 

and the samples’ mechanical properties [137] are regulated by the fabrication process. 

The encapsulation of cells in microgels can protect them from the adverse external 

factors, such as a host’s immune system, while allowing for selective molecular 

transfer to support the cells in-vivo [140-143]. This method has benefitted stem cell 

Figure 1.13 Cell encapsulation via droplet microfluidics. A. A single cell encapsulation 
into a picolitre droplet [138]. B. Immortalized human cells encapsulated in alginate beads. 
C. Confocal images of cell-containing microgels stained with live/dead stains (24 hrs 
post-encapsulation) [139]. 
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therapy, whereby encapsulated living cells are injected in an effort to treat diseases 

such as Type I diabetes [144].  

Another successful application of droplet microfluidics in biological research 

is the droplet digital polymerase chain reaction (ddPCR) [145, 146]. Polymerase chain 

reaction (PCR) assays have been developed to detect the presence and absence of 

specific DNA sequences in a sample through the enzymatic amplification of the target 

DNA sequence in a repeating thermocycling process. In comparison with traditional 

bulk PCR, ddPCR assays are composed of monodispersed droplets, and have the 

advantage of faster reaction kinetics, as well as accommodating a large number of 

samples for data collection (Figures 1.14 and 1.15). The produced droplets are 

collected off-chip in Eppendorf tubes, and then undergo thermocycling, or are 

transferred into a cytometer chip for data acquisition and analysis.  

Figure 1.14 Free interface diffusion in a Slipchip [147, 148]. a. A schematic of the 
SlipChip. Multiple precipitants, as well as multiple diffusion times for mixing the protein 
with each precipitant, can be applied on the same SlipChip. b-e. Schematic drawings of 
the protein (yellow) and precipitant mixing through sliding of the two chip panels. f. The 
effect of diffusion time on the crystallization of the reaction centre of Blastochloris viridis. 
From left to right, the diffusion time is increases and more crystals are obtained.  
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With further development of microfluidic technology, the next generation of 

ddPCR is expected to perform a multistep process on a modulus-based microfluidic 

system. Droplet generation, thermocycling and the data generation will all be 

performed using the same substrate. This requires on-line droplet docking modules 

[149-155] that immobilize the samples for the chemical reactions and data read-out, 

and a feedback circuit for controlling the experimental parameters (e.g. temperature, 

pH, residence time). Based on this strategy, two ddPCRs have been designed, 

including the so-called SlipChip [148-150] and the self-digitalized chip (SD) [157, 

158], both of which possess unique droplet formation and digitalization features. 

Nowadays, more biology researchers are embracing the application of droplet 

microfluidics, including uses for single-cell screening, protein-crystal growth, and 

enzyme kinetic analysis [159-162]. The progress of new research fields such as 

synthetic biology require advanced tools to precisely manipulate miniaturized liquid 

samples for biological molecule recognition and modification [163]. On the other 

hand, the development of microfluidic technology is shifting from the design of 

individual functional elements to the building of comprehensive fluidic analysis 

Figure 1.15 Self-digitalized chip (SD). [156, 157] A. Schematic drawings of the circuit 
configuration and sequence images of sample digitalization procedure. B. An array 
contains 810 digitalized aqueous samples in immiscible oil phase. The scale bar represents 
600 microns. C. Digital loop-mediated DNA amplification in a SD chip, which is used to 
quantify the relative and absolute changes in DNA concentration. 
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systems. This will be largely driven by multidisciplinary work, and should enabled by 

future breakthroughs in integrated engineering. 

1.8 Conclusion and scope of the thesis 

Given the extensive evidence in recent literatures, it cannot be denied that the 

droplet microfluidics is a powerful tool for customized droplet synthesis and 

processing. Compared with conventional methods, droplet microfluidics provides an 

efficient solvent emulsification process, whereby a high standard in production 

properties can be attained. Indeed, this technology offers much to a wide range of 

research disciplines, but challenges also remain, especially the need for the 

development of robust, easy-to-use microfluidic devices for routine utilization.  

This thesis concerns the design of planar microfluidic devices and the 

production of microparticles from selected emulsions templates for (1) inertial 

confinement target shell fabrication, (2) mouse neuron stem cell encapsulation, and (3) 

encapsulated droplet interface bilayers. The influence of channel configuration on the 

control of droplet formation, migration, and collection is investigated. On-chip droplet 

processing is also conducted, including phase consolidation and interfacial reactions, 

and several consequent phenomena are reported.  

In Chapter II, a novel flow focusing junction called the bat-wing junction is 

detailed, and the droplet formation process in both computational fluidic dynamic 

simulations and laboratory experiments is described. The bat-wing junction is utilized 

for multiphase emulsification, and the generation of monodispersed multicore 

polymeric capsules with controllable morphologies. 

In Chapter III, the mass production of single-core TMPTA polymeric capsules 

via the PTFE microfluidic devices for inertial confinement fusion (ICF) target 

fabrication is described. A water/TMPTA/oil double emulsion was employed as the 
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template, and formed in a two-step mechanism. The double emulsion droplets were 

consolidated by on-chip photoinitiated free radical polymerization, and the factors 

influencing the sphericity and concentricity of the solid shells have been studied. The 

incorporation of multiwall carbon nanotubes within the polymer matrix was also 

applied in order to enhance the mechanical property of the shells.   

Chapter IV contains a method for the encapsulation of mouse neuron stem 

cells in the hydrogel microparticles in planar microfluidic devices. A detailed process 

for the encapsulation is provided, and the cell viability is briefly investigated. The 

ultimate objective of these microhydrogels is their use in stem cell therapy for the 

treatment of spinal cord injury. 

In chapter V, the production of the encapsulated droplet interface bilayers on a 

planar PMMA microfluidic chip is exhibited. The functionalization of the attained 

droplets for the inducement of motility and for mimicking simple metabolisms by 

chain interfacial reactions are discussed. These are integral to the creation of an 

artificial biological membrane system, the purpose of which is to produce proto-cells 

for synthetic biology research.  

The main conclusions of this thesis and suggestions for future research are 

prescribed in Chapter VI.  
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A Novel Microfluidic Flow-Focusing Junction for the 
Generation of Multiple Emulsions Droplets and 

Microcapsules 
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2.1 Basic principles of multiple emulsions 

A simple emulsion contains two immiscible fluids, whereby one fluid (the 

dispersed phase) is immersed into the other (the continuous phase). Solvent 

emulsification, the mixing process, is the breakdown of large dispersed phase 

globules into small droplets via shaking, stirring, dispersing, homogenizing, or 

exposure to ultrasound [1]. As shown in Figure 2.1, there are two simple emulsions 

formed by water and oil: one is the water-in-oil emulsion (W/O), wherein the oil is 

the dispersed phase and the water is the continuous phase; and the oil-in-water 

emulsion as the opposite form [2]. The boundary between the water phase and oil 

phase is the interface, and interfacial tension tends to reduce the interface area in 

order to minimize the potential energy. Since emulsification is unspontaneous, a 

simple emulsion can be unstable [3]. The collapse of its geometric structure is 

induced by many factors such as external forces, the change in hydrophilic-lipophilic 

balance parameters (HLB), and the migration of droplets through the medium. Six 

types of emulsion breakdown have been identified: which are creaming, 

sedimentation, flocculation, phase inversion, coalescence, and Ostwald ripening [4, 

5]. To extend the life of an emulsion, surfactants are added to the fluids to reduce the 

interfacial tension, and stabilize the droplet suspension by increasing the system’s 

kinetic stability. 
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Multiple emulsions, also known as ‘emulsion of emulsion’, are complicated 

fluid systems, in which more than three phases exist simultaneously. Multiple 

emulsion systems are highly metastable due to the presence of several simple 

emulsions with thermodynamically unstable interfaces. One common method of 

stabilizing multiple emulsions is to add a group of surfactants with diverse 

hydrophilic-lipophilic balance (HLB) values, which are the parameters to degree the 

hydrophobicity of the surfactants. (HLB=20*Mh/M, which Mh is the molecular mass 

of the hydrophilic portion of the molecule and M is the whole molecular mass of 

whole molecule) For instance, Span 80 (HLB=4) and Tween 20 (HLB=16) are widely 

used surfactants in the W/O/W (or O/W/O) double emulsion system to stabilize the 

W/O and O/W interface, respectively. The concentration ratio of the surfactants is 

important in stabilizing the multiple emulsions. In addition, amphiphilic polymeric 

stabilizers can also be used to improve the stability of double emulsions [6,7], and to 

impede molecule diffusion through fluid interfaces by forming thick films [8, 9].  

Multiple emulsions have a wide range of applications in various fields as a 

means of encapsulation and controlled release of functional ingredients, for instance, 

in chemistry [10], pharmaceuticals [11-13], cosmetics [14-16], and food [17]. 

Figure 2.1 Schematic drawings of single emulsions and double emulsions. 



 44 

Droplets of multiple emulsions are also used as the template for the fabrication of new 

materials such as vesicles [18], nanoparticles [19] and microbeads [20-22]. In general, 

multiple emulsions can be formed by conventional bulk methods in stepwise 

mechanisms with the use of rotor-stator or high-pressure valve homogenizers [23]. 

For instance, to form w/o/w double emulsions, the first step is to prepare a primary 

w/o emulsion. Once the single emulsion is stable, another water phase is carefully 

added without rupturing the oil membranes. However, the double emulsion droplets 

that are produced using bulk methods are highly polydispersed due to the large size 

distribution of the oil droplets. In addition, the encapsulation efficiency is low as the 

second emulsification is a difficult procedure [24].  

Since the properties and quality of multiple emulsions depend upon the size 

and the distribution of the droplets, alternative fabrication methods have been devised 

to generate uniform multiple emulsions [25, 26]. The membrane technique was 

developed to produce multiple emulsions by forcing a primary emulsion through 

microporous membranes in a continuous carrier phase flow [27-29]. Due to the 

geometric confinement, less shear force is required to conduct the second 

emulsification, compared with bulk methods. This reduces the rupturing of the 

droplets, and uniform double emulsions are thus obtained. 

2.2 Droplet microfluidics for solvent emulsification 

Droplet microfluidics is used to generate consistent multiple emulsions. The 

formation process can be completed either by a one-step or a multiple-step method, 

depending on the droplet forming devices. As shown in Figure 2.2A, for the two-step 

mechanism, the first and second emulsifications are carried out successively to shape 

the double emulsions via serially connected T-shaped junctions [30]. In other layouts, 

as shown in Figure 2.2 B&C, the double emulsion is formed in a one-step or two-step 
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using microcapillary devices with parallel flow streams [31]. Despite the diversity of 

the fabrication mechanisms, a high monodispersity of the attained multiple emulsion 

droplets can be achieved, as each dispersed phase droplet is formed individually in the 

same situation. In addition, the morphology and production rate of multiple emulsions 

are controlled by the incorporation of channel geometry and inflow parameters.  

Several types of droplet forming junctions can be used in droplet microfluidics. 

The flow focusing device (MFFD), first proposed by Anna, exhibits excellent abilities 

in terms of controlling droplet size and increasing the productivity [32-34]. 

Depending on the channel dimension, the diameter of droplets/bubbles can be tuned 

from hundreds of nanometers to several millimeters [35, 36] and the yield rate can 

reach 670k per second [37]. This advantage makes the MFFD a powerful 

emulsification tool, [38, 39] which is now utilized in many major chemical and 

biological studies of droplet technologies [40-42]. 

In a comprehensive multiphase microfluidic system, an ideal MFFD is 

expected to achieve highly replicated droplet formation with a wide range of droplet 

diameters at required frequencies [43]. However, in reality, the dynamic droplet 

breakup is constrained by many factors such as microchannel material [44, 45], input 

flow rate [46], fluid viscosity [47], and interfacial tension [48]. The control of droplet 

Figure 2.2 Schematic drawings of double emulsion formations via diverse layouts of 
microfluidic channels. A. Double emulsion droplets are formed in two-step method via 
serially connected double T-shaped junctions [30]. B. Double emulsion droplets are 
formed in one-step method via counter flow capillary devices. C. Double emulsion droplet 
are formed in two-step method via serially connect capillary devices [31]. 
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breakup is always necessary and two types of methods have been documented. The 

first method is an active one, which interferes with the droplet breakup process by 

introducing additional energy from mechanical [49, 50], thermal [51, 52], or electrical 

[53-55] sources. These approaches have been enabled by rapid development of 

microelectromechnanical systems and novel manufacturing technologies in recent 

years [56, 57]. The second method is passive and uses a fixed configuration 

microchannel to influence droplet dispersion by (i) guiding the fluid delivery (ii) 

shaping the flow pattern, and  (iii) focusing or dissipating the hydrodynamic forces. 

Previous studies indicate that the architectures of flow focusing junctions [58] and 

their dimensional parameters [59] determine the attained droplet size and yield 

frequency. In addition, several flow focusing junctions can be formed within an 

integrated droplet maker to generate multiple emulsions with certain morphologies 

[60-62]. 

In the study reported here, a geometric variant is proposed and demonstrated. 

This flow focusing junction, also known as the bat-wing junction, combines several 

individual design features (Figure 2.3a). In this junction, fluid delivery is guided by 

spatial constraints, and the droplet formation has been tested using laboratory 

experiments and 3D computational fluid dynamics simulations. It was found that the 

location of the dispersed phase breakup point and the attained droplet size are 

regulated by the continuous phase input parameters. This junction was further tested 

for solvent emulsification, in a stepwise mechanism using other additional droplet-

forming junctions. Consistent water/polymer/oil double emulsions are produced using 

a passive satellite droplet removal approach. Monodispersed, core-shell shaped, 

polymeric capsules, with controllable morphologies, are obtained using a rapid on-

chip photopolymerization. 
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2.3 The experiment  

2.3.1 Chemicals and materials 

Trimethylolpropane triacrylate (TMPTA, 246808), photoinitiator 2-hydroxy-

2-methylpropiophenone (405655), glycerol (G5516), mineral oil (M8410), oil red O 

(O9755), thymol blue (32728), and potassium carbonate (P1472) were purchased 

from the Sigma-Aldrich Corporation. The optical polymer, norland optical adhesive 

61 (NOA 61), was purchased from Tech Optics Ltd.  

2.3.2 Microfluidic chip manufacture  

The 2D configurations of the microfluidic circuit was devised using 

SolidWorks CAD software, and the files were saved as “.dxf” format files. These files 

were exported to the computer-aided manufacturing software (CircuitCAM) to 

contour the milling routing and to optimize the tool-path for the CNC machine (LPKF, 

C30), for which files were compiled as “.job” format files. The “.job” files were 

opened using BoardMaster control software, which in turn was used to process the 

plotting data and directly control the milling process. The circular polymer disks were 

attached to the board of the milling machine, and the tools were assigned manually to 

the milling head.  Before milling the circuit configuration, the whole area of the 

polymer disk was milled twice to produce a plain top surface, in order to obtain 

uniform channel depth. Thereafter, the microfluidic channels were milled layer by 

layer on the disk using the depth control. In order to avoid breaking the tool, each 

milled depth did not excess 10% of the milled tool diameter. For PTFE disks, the 

rotating speed of the milling tools was set to 30,000 rpm, and the linear movement 

velocity of the pen head was set up to 8mm per second to achieve a surface roughness 

of ~2𝜇m as measured with a VEECO NT3300 white-light interferometer. To 
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manufacture a microfluidic circuit with a variety of channel depths, the milling 

process was begun with the deepest channel and finished with the shallowest one, so 

that clean structures were obtained. The last layer was milled twice without changing 

the depth in order to attain a smooth bottom surface.  All channels were purposefully 

milled 100 microns deeper than those specified in the design. Surface polishing was 

then carried out manually with the SiC grinding papers (BUEHLER, Grit P320, P800, 

P1200 to P2500) in order to produce a smooth, plain top surface, and to remove the 

redundant polymer layer. (Channel depths were measured with a Nikon QUADRA-

CHEK 200 microscope accesory.) This process is necessary for preventing fluid 

leakage from the microfluidic circuits, as any scratch deeper than 6 microns will split 

the flow. Any PTFE residue remaining in the channel was removed carefully with a 

toothbrush. Finally, the chip was cleaned with acetone three times and dried overnight, 

in a vacuum oven at 50 degrees Celsius.  

2.3.3 Microfluidic device setup 

A 10mm-thick ground glass disc coated with a 100 𝜇m-thick perfluoroalkoxy 

(Goodfellows, UK) film was placed over the PTFE disc so as to provide both (i) a 

continuous duct geometry with a water contact angle of ~108º, and (ii) a robust 

viewing window when mechanically compressed within a stainless steel integration 

and fluidic interface manifold. FEP tubing was used for the fluid delivery, whereby 

the tubes were inserted into the holes from the back of the microfluidic chip. The 

connection part was sealed with rubber O-rings and M6 flangeless nuts (SUPELCO 

55064). The other end was connected with the PEEK female to female Luers 

(SUPELCO 55076), and connected using SGE 10 ml gas-tight glass syringes. All the 

inlet tubing had a length of 30cm with a 0.8mm inner diameter and a 1.5 mm outer 

diameter. The dimension of the outlet FEP tubing, was determined by the size of the 
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outputted droplets. Two kinds of tube were used in this project, which are (1) a 

3.2mm outer diameter and 1.50mm inner diameter tube; and, (2) a 1.58mm outer 

diameter and 0.8mm inner diameter tube. A hollow metal cylinder was used to level 

up the whole apparatus. Syringe displacement pumps (KD Scientific model 789200L) 

were used to deliver fluids into the microfluidic chip. The system was cleaned by 

pumping acetone, and dried with continuous airflow before the experiment. 

2.3.4 Experiment and measurement  

In this experiment water/polymer/oil (W/P/O) was used as the template of 

double emulsion droplets, and was formed by a two-step emulsification method on the 

PTFE microfluidic chip without any surface treatment. The morphology of the double 

emulsion was controlled by adjusting the input flow rates without adding any 

surfactant (due to the high surface energy of hydrophobic PTFE walls). The precursor 

was cured using a UV light source (5W 365nm-wavelength UV LED) whilst the 

droplets were flowing through the PTFE outlet tubing. The attained solid 

microcapsules were collected in a beaker, which was prefilled with the continuous 

phase. Real-time video clips of the droplet formation regime were generated using a 

high-speed camera (Mega-speed) mounted on a Nikon AZ100 microscope. 

Dimensional images of solid capsules were taken using a Nikon MM-800 measuring 

microscope, and analyzed using Nikon NIS-elements D 3.2 software.  

2.3.5 Computational fluid dynamic simulation  

Time-transient 3D computational fluid dynamics simulations were developed 

to study the droplet formation regimes of the bat-wing junction using COMSOL 

Multiphysics 4.4 software (COMSOL Inc., Burlington, MA). The models were 

defined as follows: The geometry of the bat-wing junction was extruded using a 3D 

model with a rectangular cross section (height = 600 microns). The dispersed phase 
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injects through the middle channel, and the continuous phase entered from the sides. 

The “Laminar Two-Phase Flow, Level Set (tpf)”, included in the COMSOL 

microfluidic module, was utilized for droplet breakup. The level set variables are 

described in a momentum transport equation, a continuity equation, and a level set 

equation. (These are not discussed in this thesis, but can be found in the related 

literatures.) [63]. For the setting of boundary conditions, laminar inflow conditions 

were applied to all three inlets. Pressure with no viscous stress condition was the 

outlet boundary condition. Wetted wall conditions were assumed for all duct surfaces 

with a 108° contact angle. The slip length was set as at half the value of the mesh size 

parameter. Other parameters are showed in Table 2.1. The mesh quality was selected 

as a “finer” resolution, which creates 522922 degrees of freedom in the geometry. To 

optimize the performance and accuracy of the simulations, the solver sequence was 

modified manually via the instructions obtained from the COMSOL. One simulation 

normally lasted 7~8 hours. The isosurface, volume arrow, velocity magnitude, and 

pressure distribution were plotted on geometric median surfaces to demonstrate the 

droplet breakup process.  Numerical data was obtained for further analysis of the flow 

profile. 

Table 1. Parameters of the droplet breakup models in COMSOL Multiphysics 
Parameters Value 

Times 5 [s] 

Reinitialization parameter 𝜸 =0.15 [m/s] 

Parameter controlling interface thickness 𝒍𝒔 =tpf.hmax/2 [m] 

Temperature T=293.15[K] 

Contact Angle 𝜽𝝎=5*pi/6 [rad] 

Dispersed phase flow rate 2.00 [ml/hr] 
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Continuous phase flow rate range 0.56 ~ 40 [ml/hr] 

2.4 Result and discussion 

2.4.1 Cross-shaped flow focusing junction  

Conventional cross-shaped flow focusing junctions show the ability to form 

monodispersed single emulsion droplets in the dripping regime. In planar microfluidic 

devices, flow focusing junctions are sequentially connected and used to generate 

multiple emulsions droplets through a stepwise emulsification mechanism. However, 

compared to the one-step method to form such droplets, where only one dripping 

instability (dispersed phase break-up) exists during the droplet formation, the two-step 

method has two dripping instabilities, that can lead to output inconsistences. In my 

previous work before this PhD, I found that it is difficult to produce monodispersed 

water/TMPTA/mineral oil double emulsion droplets on PTFE microfluidic chips, 

using two sequentially connected cross-shaped flow focusing junctions. The input 

flow rates of the three phases are limited in a narrow range in order to operate each 

junction in its dripping regime for the monodispersed droplet formation. As the 

location of the droplet breakup point is fixed in the cross-shaped flow-focusing 

junction in the dripping regime, the double emulsion droplets are always difficult to 

obtain with defined volume ratios between the inner phase and the middle phase. 

Also, previous literature points out that the two-step method has less control on the 

double emulsion morphologies than the one-step method, in terms of forming a thin 

layer of middle phase around the encapsulated droplet. These issues gave rise to the 

idea of devising a new type flow-focusing fluidic junction, which had the means to 

regulate the droplet breakup location, and finely tune the size of the dispersed phase. 

By changing the continuous phase input flow rates, to form consistent double 
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emulsion droplets, this was subsequently shown to be achievable by the bat-wing 

junction, especially for droplets with highly compartmentalized internal structures 

using the two-step method. 

2.4.2 Description of bat-wing junction geometry  

The complication of the MFFD geometry increases the influence of spatial 

constraints on the droplet formation [64]. The bat-wing junction was designed to 

comprise two cross-shape intersections, aligned end-to-end, and sharing the side inlets 

with bifurcations as shown in Figure 2.3a. The two intersections were linked by an 

expansion zone and end with an expansion outlet. These width-expanding structures 

are utilized to focus and dissipate the flows, and create local maximum velocity 

magnitude points where the highest shear force was incurred [65]. The upstream and 

downstream bifurcations couple the pressures of the two intersections and form a 

uniform pressure gradient in the expanding zone (Figure 2.3b). The widths of the 

bifurcations are narrower than the middle channel so as to be easily obstructed by the 

middle flow, thus form stable, sequential and discrete droplets [66]. The staggered 

geometry serves as a fluid shunt and directs the fluid delivery either upwards or 

downwards according to the local dynamic pressure distribution.  
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2.4.3 Study of droplet formation in the bat-wing junction	  

Like other flow focusing junctions, different regimes [67, 68] of droplet 

formation are identified in the bat-wing junction (Figure 2.3c). Partly dyed, laminar 

continuous phase flow (formed using an additional upstream Y-junction) illustrates 

the dynamic flow pattern during the droplet breakup process. In the dripping regime, 

the droplet is pinched off at the upstream intersection. The downstream bifurcations 

provide extra pathways for continuous phase, in order to avoid droplet coalescence in 

Figure 2.4 Continuous phase flow oscillation at bi-furcate geometry. a, Time sequence 
images of droplet formation in sub squeezing regime 1. Water (blue) phase blocks the 
upstream bifurcations and the oil phase (clear and red) flows to the downstream 
bifurcations. The blue/clear/red phases flow rate are 2/8/8 ml/hr. b, Time sequence images 
of droplet formation in sub squeezing regime 2. Dispersed phase blocks all the bifurcations 
and continuous phase flows into the expansion zone from two directions. The 
blue/clear/red phases flow rates are 2/2.4/2.4 ml/hr. c, Time sequence images of two-phase 
droplet breakup simulation in sub squeezing regime 2. The arrows show the local flow 
direction. Eddy flow appears where the blockage happening (the expansion zone and the 
bifurcations) and the size change by time. Colour gradient shows the pressure distribution. 
The top inlet is 1ml/hour and the side inlets are both 0.5ml/hour. d, Average continuous 
flow rates in the bifurcations in different droplet formation regimes. Numerical data was 
obtained from the CFD simulations result. The average flow rate at downstream 
bifurcation is measured at the cross section at the short white line shown in Figure 2.4c. 
The average continuous phase flow rate through the upstream bifurcation to the joint area 
was obtained by the total input (long white line) minus average bottom flow rate. 
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the width-expanding channel. The continuous phase was split at the bi-furcate 

structure and forms a double-layer sheath flow in the outlet channel (Figure 2.3d left 

and middle). Compared with other works, [69, 70] the MFFD provides a geometry-

induced “shielding flow” to protect the droplet formation from contacting the outer 

layer fluid, where additives can be added to trigger any subsequent droplet processing 

operations, such as interfacial polymerization or lipid assembly [71-74]. 

In the squeezing regime, fluid flow is dominated by the viscous effects, and 

interfacial stress performs an important role in the droplet breakup [75]. With the bat-

wing junction, the dispersed phase perturbs the continuous flow in the bifurcations, 

when in the squeezing regime. Eddy flows appear in pairs with the local pressure 

growth at the positions of the blockage. The continuous phase squeezes against the 

immiscible interfaces and slowly flows into the expansion zone. The flow direction 

and rate of continuous phase in the bifurcations change periodically, and are regulated 

by the dynamic pressure distribution, which is confined by the geometry during the 

droplet formation (Figure 2.4). Two sub-regimes are identified by the movement of 

the dispersed phase in the expansion zone (Figure 2.4a and Figure 2.4b). In the first 

Figure 2.5 Control of droplet breakup location at bat-wing junction. a, coupled CFD 
simulations and laboratory experiments illustrate the different water droplet breakup 
location in oil at bat-wing junction. All dispersed phases input rate are 2ml/hr. The 
continuous phase flow rate, from left to right, are 0.28ml/hour, 0.52ml/hour, 0.64ml/hour 
and 1.60ml/hour, respectively. b, The relationship between the continuous phase flow rate 
with droplet breakup point and droplet size. When the continuous phase flow rate is 
increased, the droplet breakup location moves upward with droplet size reduction. 
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sub regime (single blockage), the dispersed phase only obstructs the upstream 

bifurcations. The droplet is formed at the upstream intersection, in the dripping 

regime. In the second sub regime (double blockages), the dispersed phase flows 

further downward and obstructs the downstream bifurcations. The accumulated 

continuous phase in the expanding zone (injected from both the bifurcations) squeezes 

the dispersed phase into an hourglass form, which is stabilized by the channel walls, 

and eventually caused to break off. It is found that the location point of droplet 

breakup, as well as the attained droplet size, is related to the continuous phase flow 

rate. As shown as Figure 2.5, when the continuous phase flow rate is increased, the 

droplet break-off point moves upwards to the upstream intersection and the droplet 

size is reduced. This is due to that under different input situations, the volumes of the 

continuous phase from the upstream bifurcations and from the downstream 

bifurcations into the expansion zone are different, which in turn induces different 

pressure gradients during the droplet formation. Hence, the meeting point of the 

opposite flows is adjustable by changing the continuous phase input rates so that the 

shear force is applied to the dispersed phase stream at various locations.  

 

2.4.4 Study of double emulsion droplets formation in the bat-wing junction 

In further experiments, core-shell shaped W/P/O double emulsions droplets 

were formed by a stepwise emulsification method in serially connected droplet 

forming junctions (Figure 2.6a). The W/P emulsion was prepared at the first droplet 

forming junction with the desired volume ratio and droplet assignment in carrier 

phase. The bat-wing junction was employed as the second droplet forming junction to 

shear off the emulsion at the required break-off point to repeatedly obtain certain 

length W/P segments. Also, no satellite polymer droplets were obtained in the final 
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product while the shear off point location is controlled in the expansion zone. 

(Satellite droplets are common by-products in droplet formation, due to Rayleigh 

breakup and considerable effort is required for their separation from the primary 

droplets in most scenarios [76].) This is due to that after droplet break-off, the eddy 

flows in the expansion zone always acts in a countercurrent manner to the direction of 

flow in the middle channel, causing the satellite droplets to retain a stationary position 

within the joint area, to be eventually merged with the next packet of incoming 

dispersed phase (Figure 2.6b). These attributes are necessary to generate consistent 

double emulsions and reduce the volume variation of the attained segments when 

using stepwise emulsification methods. Once formed, the double emulsion is 

stabilized in the MFFD due to the high surface energy of the hydrophobic PTFE 

substrate. After the segments assume a spherical form with minimal surface area to 

volume ratio in the outlet tubing, the polymeric phase is photo-cured by ultraviolet 

irradiation, thus forming the solid polymeric matrix, which incorporates the internal 

aqueous water compartments.	   

Firstly, we presented the production of single core polymeric capsules in a T-

junction/bat-wing junction microfluidic device by a two-step method. Different W/P 

volume ratios were prepared at the T-junction and their correlated oil phase flow rates 

at the bat-wing junction are shown in Figure 2.6c.  The production frequency of W/P 

segments reaches up to 20Hz by changing the inflow parameters while the W/P flow 

rate ratio was set at a constant value (Figure 2.6d). When the W/P/O input parameters 

are 0.4ml/hour, 0.2ml/hour and 1.2ml/hour, the average size of solid capsules was 

∅892.5um±7.52um with a 65.2um±4.42um shell thickness. (Data was obtained from a 

random picked sample, which contains 50 solid capsules).  
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Secondly, asymmetric dual-core double emulsions were produced with a 

hybrid stepwise method. Water droplets were dispersed into the polymer phase as the 

first procedure of the two-step method and then the W/P emulsion was broken up at 

the bat-wing junction as one-step method, which according to previous work [77] is 

only available in jetting regime of a common geometry MFFD. This phenomenon also 

contributed to the control of droplet breakup point by the continuous phase flow rate. 

For instance when the W/P input rates are both 0.2ml/hour, single core segments are 

Figure 2.6 Multiple emulsions preparations at bat-wing junction. a, Schematic 
drawing of water/polymer/oil double emulsion formation in a stepwise mechanisms. b, 
Passive satellite droplet extinction. The time sequence images are showing the formation 
of satellite droplet, the stationary position of satellite droplet, and the coalescence of 
satellite droplet with incoming dispersed phase, respectively. c, Different volume ratios of  
W/P emulsion, from left to right, 0.03, 1, 1 and 2.33, respectively. The difference of the 
second and third images is the oil phase input flow rates, which are 1.8ml/hour and 2.2 
ml/hour. The emulsion shear-off point is changed, and a secondary water droplet is 
produced and allocated in the following polymer segment. d, Single core water/TMPTA 
segment production frequency. Each point was measured from 30 sequenced produced 
segments recorded by high-speed camera. The average error is 0.78%. e, Size control of 
the asymmetric water cores. The water and the polymer phase flow rates are 0.25 ml/hour 
and 0.12 ml/hour for all the images and the oil phase flow rates are 1.24, 1.38, 1.65 and 
1.80 ml/hour, respectively. f, Multicore double emulsion formation. From left to right, the 
core number is 7 (W/P volume ratio=0.5), 7 (W/P volume ratio=1.5), 15 and 30, 
respectively. g, Various size water droplets with different dyes encapsulated in the 
polymer segments. 
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generated at the oil phase flow rate from 1.2ml/hour to 2.1ml/hr. If the oil input flow 

rate is increased to 2.2ml/hour, the water droplet is broken into two droplets and 

assigned to the adjacent polymer segments respectively (Figure 2.6c). The division is 

highly repeatable and the volume ratio between the two water droplets is also 

regulated by the continuous phase flow rate (Figure 2.6e). When the W/P/O input 

parameters are 0.3ml/hour, 0.6ml/hour and 2.4ml/hour, the average size of attained 

segments is ∅935um±10um with an original water droplets ∅ 748um±9.5um before 

shear-off, and a secondary droplet ∅ 301um ±23.1um after dispersion (data were 

obtained from 50 segments, which were sequentially generated).	   

Multicore polymeric capsules were fabricated with various core numbers in a 

cross-junction/bat-wing junction microfluidic device. To load more cores in one 

polymer segment, optimal input parameters need to be identified to produce small 

water droplets with a compact assignment at high W/P input flow rate ratio. The 

volume of the capsule was determined at the bat-wing junction and the core number 

increased while the continuous phase flow rate was decreased. This provided the 

principle control feature. In the experiments, up to 30 cores were precisely loaded in 

one polymer segment (with only an occasional ~1 in 30 wrong assignment) at 

0.1ml/hour, 0.2ml/hour and 0.6ml/hour input flow rate for water, polymer and oil 

phase, respectively (Figure 2.6f). Repeatable geometric organizations of cores, within 

a solid capsule, were evident and which depended upon their number (Figure 2.7a-q). 

In addition, multiple emulsions with various core sizes, reagents and assignments 

were produced in the MFFD. The W/P emulsion was prepared at the first droplet 

forming junction, using additional inlets channels. The bat-wing junction was used to 

shear off the dispersed phases precisely to attain discrete segments with constant size 
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(Figure 2.6g). Later work focused on the production of solid microcapsules (Figure 

2.7r-t) with diversified morphologies from designed multiple emulsions.  

 

2.4.5 Further disscusion 

The bat-wing junction demonstrated in this work exhibits the art of using fixed 

channel geometry to manipulate droplet breakup in planar microfluidics. By simply 

tuning the inflow parameters, the droplet shear-off location, the droplet morphology 

and the production rate are finely regulated with a wide range of choices. In addition, 

the bat-wing junction has a built-in satellite droplet removal feature, which reduces 

the system instability and improves the production purity without any extra effort. In 

Figure 2.7 Solid polymeric capsules with various morphologies produced by our 
MFFD. All the scale bars indicate 500 microns. a, thin shell thickness, single core TMPTA 
capsule (water/polymer input ratio =3). b-o, Multicore NOA 61 capsules with controllable 
core number, produced by the same microfluidic system with the bat-wing junction. The 
water and polymer input rates are both 0.1ml/hr. The core numbers increase from 2 to 15 
by changing oil phase flow rate gradually which are 4.5, 3, 2.4, 2, 1.8, 1.4, 1.3, 1.2, 1.1, 
1.08, 1.02, 0.97, 0.48 and 0.31 (ml/hr), respectively. r-t, Polymeric capsules with multiple 
reagents water droplets inside. 
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multiphase emulsification process, the bat-wing junction tailors the incoming 

emulsion and forms monodispersed multiple emulsion droplets with desired volume. 

These characterizations increase the variety of productions from an individual 

microfluidic system and give more flexibility in experimental work.  

Furthermore, the bat-wing junction geometry can be machined on microfluidic 

chips made from diverse substrates, and produce multiple emulsions from different 

templates in the same formation mechanism. For instance, on the PTFE microfluidic 

chips, water/ polymer/oil double emulsions have been well exploited to fabricate 

microcapsules with hardened polymeric shell, via the free radical polymerizations. 

The polymer phase can be replaced by the hydrogel solution, such as BSA or alginate 

solution, to produce soft microgels with tunable water content. On PMMA 

microfluidic chips, monodispersed water/oil/polymer double emulsion droplets can be 

generated and their morphologies can be controlled via the bat-wing junction. The 

related applications will be described in details in the later chapters. 

 

2.5 Conclusion 

In summary, it has been demonstrated that double emulsion droplets can be 

formed in a novel planar flow-focusing microfluidic junction with devised geometric 

constraints. The dynamic droplet breakup process inside this MFFD was investigated 

both in the experimental work and CFD simulations. The results indicate that by 

modifying the continuous phase flow rates, the droplet breakup point can be 

controlled as well as the droplet size. Furthermore, this MFFD has been utilized to 

generate consistent multiple emulsions and fabricate monodispersed micro-

/millimeter size polymeric capsules with controllable morphologies (single core, dual 

asymmetric cores, multiple cores and multiple reagents) at controllable production 
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rate. The bat-wing junction is a facile, yet efficient tool for multiphase fluid 

emulsification in planar droplet microfluidics and shows the capability to be 

incorporated within microfluidic devices, to provide an on-demand, high throughput 

microfluidic system, for the precision fabrication of bespoken microdroplets and 

microcapsules. These might find many future applications such as in ICF target 

fabrication, stem cell encapsulation and protocell formation, which will be described 

later in this thesis. 
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3.1 A brief overview of controllable nuclear fusion  

Nuclear fusion, the fundamental reaction of which is shown in Figure 3.1, is 

an alternative energy source that may help satisfy the increasing global demand for 

energy consumption. In comparison with traditional combustion energies, fusion 

energy has several significant advantages: it is relatively clean, potentially produces a 

vast energy output, whilst generating limited waste (including radioactive waste) [1-

6]. However, this energy resource is still not exploited today due to the fact that a 

fusion reaction is extremely difficult to maintain and control beyond a fractional 

moment, compared with nuclear fission reactions. One of the challenges in 

developing controllable fusion is the need to confine the hot deuterium and tritium 

plasma, which in turn is essential for collision of the atomic nuclei to occur and to 

generate energy.  

 

 

 

 

 

Figure 3.1 Schematic drawing of the nuclear fusion of a deuterium molecule and a tritium 
molecule. The fusion creates a helium molecule, a free neutron, and releases 17.59 MeV 
energy. The temperature of the Sun’s core where the fusion reaction takes place is 
15,000,000C, whereas on Earth the temperature in a fusion reactor needs to reach 
150,000,000C [1]. 
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3.1.1 Magnetic confinement fusion 

Extensive research has been conducted into developing methods for 

controlling the fusion reaction. To date, the most reachable method is magnetic 

confinement fusion (MCF), whereby magnetic fields are used to confine and heat the 

deuterium and tritium plasma. Based on this concept, the Tokamak device was 

developed to stabilize the plasma in a torus-shaped furnace, wherein high magnetic 

fields, whose field lines moving in a helical fashion, are applied (Figure 3.2A). The 

advantage of this method is the total confinement of the fuel plasma, although energy 

density is low whilst the fuel is being heated. The world’s first Tokamak device, 

called “T-1 Tokamak”, was built at the Kurchatov Institute in Moscow in 1950 [7]. In 

another MCF milestone, the Joint European Torus (JET) (Figure 3.2B) was built in 

Culham in the UK, and was the first Tokamak device to achieve controllable fusion 

energy release (~70% input energy) [8]. The latest one, the International 

Thermonuclear Experimental Reactor (ITER), is under construction near the 

Cadarache facility in the south of France, and is expected to generate 500MW fusion 

power from 50MW input power as a prototype of a future MCF power plant [9].  

 

Figure 3.2 Magnetic confinement fusion. A. Schematic drawing of a Tokamak device 
and the principle of plasma confinement with magnetic fields. B. Photographs of JET’s 
internal structure. The attached image on the right shows its working condition, and the 
bright zone indicates where the fuel plasma has a lower temperature. 
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3.1.2 Magnetized target fusion 

Another approach, magnetized target fusion (MTF), uses a magnetic field to 

confine the plasma for controllable fusion energy [10]. The principle of MTF is to 

mechanically compress the magnetized fuel plasma by an imploding conductive shell, 

through heating the plasma to fusion conditions. LINUS, the first full MTF-based 

power plant was proposed at the Naval Research Laboratory in the US in the 1970s. 

However, back then it was impossible to build such a plant due to technical reasons. 

More recently, a Canadian company called General Fusion invented the spherical 

MTF reactors (Figure 3.3). During its operation, the reactor is filled with a molten 

lead-lithium vortex driven by an external pumping system.  On each pulse of the 

reactor, magnetized plasma is injected into the centre of the plasma vortex. Around 

the reactor, an array of pistons impact and drive a pressure wave into the centre, 

which compresses the plasma towards the right conditions for fusion to occur.  

3.1.3 Inertial confinement fusion 

An alternative plasma confinement method for controllable fusion energy is 

called inertial confinement fusion (ICF) (Figure 3.4) [11, 12]. In a directive drive ICF, 

iced deuterium and tritium are sealed in a millimeter-sized fuel cell with an ablation 

Figure 3.3 Magnetized target fusion. A. Schematic drawing of a magnetized target 
fusion reactor. B. Photograph of a MTF reactor developed by General Fusion. (Images 
source: http://www.generalfusion.com/) 
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layer. The cell, the ICF target, is sent to the center of the reactor [13, 14]. Meanwhile, 

high power laser facilities deliver the energy required for the ignition. When the laser 

beams uniformly hit the ICF target, the ablation layer is heated up rapidly and forms a 

plasma envelope. The deuterium and tritium is compressed by the blow-off of the hot 

surface material. As a consequence, the fuel density reaches up to 47 times that of 

lead, and the temperature is heated up to 100 million degrees Celsuis, which enables 

fusion to occur [15]. The thermonuclear burn spreads rapidly through the compressed 

fuel and releases energy, which is many times that of the input energy. The whole 

process is completed in a few nanoseconds so that the hot fuel plasma does not leave 

the original place – hence the term “inertial confinement”. Compared with the other 

two methods, inertial confinement fusion has the highest energy density, and involves 

full compression of the fuel.  

Figure 3.4 Inertial fusion reaction. A. Schematic drawing of the directive drive laser 
ICF that high power laser beams deliver energy to the center of the reactor where B. a 
fusion target is sent to. C. Schematic drawing of the indirect drive laser ICF that a fusion 
target is placed in a ‘hohlraum’ and high intensity X-rays are used to trigger the fusion 
reaction. D. Schematic drawing of ICF target ignition.   
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The physical properties of the ICF targets are highly critical [16-18] and 

completely determine the fusion process, as shown in Table 2. Among them, the high 

sphericity and concentricity of the ICF target reduces Rayleigh-Taylor instability, 

which in turn results in a low fuel plasma temperature, and ignition failure [14, 19]. 

Those conditions increase the difficulty of ICF target fabrication. Conventional bulk 

methods have a very low yield rate and a relatively long manufacture period. The cost 

reaches ~$2000 per capsule due to high material and energy consumption, whereas 

the economical cost of the ICF target is $0.6 per capsule. For a commercial ICF 

power plant, ICF targets need to be shot into the reactor at ~15Hz [20, 21]. Advanced 

manufacturing methods are required to produce the ICF targets that are more efficient, 

both for research projects and in future power plant applications. 

Table 2. Specifications of ICF targets.   
Composition Diameter Wall thickness Density Sphericity Concentricity Porosity Roughness 

C, H, O or C, H 
0.5-4.0 

𝑚m 
100 𝜇m 

<250 

𝑚𝑔/𝑐𝑚!! 
>99.9% >99% <1𝜇m <50nm 

3.1.4 Current progress of ICF target fabrication 

The fabrication of ICF targets has progressed by various developments over 

the last few decades. Generally, the procedures for fabricating ICF targets have  

included (1) shaping the hollow spherical outer shell, (2) coating, (3) fuel injection, 

and (4) sealing and surface smoothing. The materials of the target shells (Figure 3.5) 

can be categorized to three groups: metals, glass, and plastics; and diverse target shell 

manufacturing methods have been developed. The metals used to shape the 

microcapsules include lithium and beryllium, and their compounds. These light 

elements exhibit high plasma stability, hot plasma burning, and reduce the mixing of 

shell material with the fuel. However, the main drawback of light elements and their 

hydrides is their relatively low initial ion concentration, which inhibits progression 
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towards the necessary compression degree and DT density. In addition, large sized 

targets are hard to synthesize from the metal materials. Glass, as an alternative 

material for ICF target fabrication, offers excellent sphericity, surface finish, high 

strength and proper DT fuel gas permeability [22]. Various approaches have been 

developed to produce hollow spherical glass capsules such as the liquid droplet 

method [23], the sputtering deposition technique [24], the Hoppe method [25], and the 

dried gel method [26].  However, glass materials also have several drawbacks as the 

candidate material. For instance, it is difficult to embed other elements (e.g. Al, Mg, 

Ca.) in glass to increase the shell strength. The processing parameters for glass shell 

formation are hard to optimize (e.g. size of feeding particles, furnace gas pressure, 

and hot zone dimension). In addition, it is also hard to obtain large (>400 microns) 

spherical glass targets with a uniform shell thickness.  

Nowadays, the most adaptable materials for ICF target fabrication are plastics. 

There exists a well range of polymers composed by low atomic number elements (low 

Z), with low density and atomic weight, which can be used to form discrete layers of 

Figure 3.5 Inertial confinement fusion targets. A. Schematic drawing of ICF targets. B-
H. Solid shells from diverse materials for ICF target fabrication. B. Beryllium [27]. C. 
Glass [23]. D. Silicone aerogel. [28] E. Diamond [29]. F. RF foam [30]. G. DVB foam 
[44]. H.TMPTA foam [33]. 
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the ICF targets. The typical diameter of a polymeric shell is ~870𝜇m, with a surface 

roughness of ~60nm rms. In addition, highly porous materials can be synthesized by 

adding porogens to the polymer precursors. The attained foam shells have several 

advantages that make them suitable for ICF target fabrication, including (1) extremely 

low density, and (2) high fuel absorbance and storage; furthermore and (3) they are 

not dependent on drill-based fuel injection [31, 32]. Finish over-coating is required to 

seal the open cells on the outer surface following fuel injection. Furthermore, the 

functional groups on the polymer molecule chains can be incorporated with other 

molecules, which allows the physical and chemical properties to be modified [33].  

Many approaches have been developed to fabricate polymeric ICF targets, 

including drop-tower [34], micro-emulsion [30], mandrel dissolving [35], and 

interfacial polymerization techniques [36]. Among them, the micro-emulsion method 

is considered the most simple and feasible method for mass production. Double 

emulsion droplets are produced in sequential solvent emulsifications, and are utilized 

as the template for the polymeric microcapsules. The polymer precursors are 

consolidated into a shell via phase solidifications such as free radical polymerization 

or solvent evaporation. The encapsulated phase is dried out and the shells are finished 

with a CH permeation overcoat for fuel diffusion. The hollow microcapsules are then 

soaked in liquid deuterium and tritium, and a layer of full density, single crystal DT 

ice is formed by a slow cryogenic procedure (14h). After a low IR surface smoothing 

process, the fabrications of ready-to-use ICF targets are completed. The whole 

procedure normally takes several weeks and the yield rate is largely limited by the 

bulk emulsification method due to the large size distribution of the primary shell. 

Hence, droplet microfluidics, which can be used to produce monodispersed multiple 

emulsion droplets, have replaced the conventional method of ICF target fabrication.   
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3.1.5 Droplet microfluidic for ICF target formation 

In last five years, increased efforts have been conducted in fabricating 

polymeric microcapsules via droplet microfluidics. Cécile Lattaud managed to 

produce low-density TMPTA foam shells by using capillary microfluidic devices 

(Figure 3.6) [37]. Discrete polymer segments encapsulating water droplets were 

produced from W/O/W double emulsions by a one-step emulsification method via a 

tripled orifice droplet generator. The double emulsion droplets were stabilized by 

adding surfactants into the inner and continuous phases. After formation, the core-

shell shaped droplets flowed into a long wound tubing (patented by CEA), wherein 

which the movement of microcapsule was subject to the velocity gradient and gravity. 

[38] The TMPTA shell phase was then thermopolymerized, a process that lasted 

between several minutes and a few hours, depending on the temperature. The solid 

shells were collected and stored in a rotating flask, which was filled prior to the next 

procedure of drying the foam shell. Lattaud aimed to improve microcapsule 

concentricity and sphericity by tuning experimental parameters such as the density 

gaps between the inner phase and the organic phase [39], the alignment of the 

capillaries, the interfacial tension [40], the type of outlet tubing, and the temperature 

of thermopolymerization. As for the product characteristics, the attained foam shells 

had a 2.4% average non-concentricity and 99.86% sphericity with a 58% yield rate; 

the density gap was 0.078 𝑔/𝑐𝑚!  (dWater-dOrganic=0.078 𝑔/𝑐𝑚! ) and the 

thermopolymerization was undertaken at 60 Celsius degrees. In terms of microfluidics, 

this approach has several advantages in the production of monodispersed double 

emulsion droplets. The layout of the triple orifice droplet generator prevents wetting 

issues, and also prevents the encapsulated water droplets from moving out of the 

organic phase. The one-step emulsification method enables thin layer shell phase 
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formation, which is normally impossible through the two-step method [41]. 

Furthermore, the thermal polymerization process is highly reproducible, and both 

high concentricity and high sphericity of polymeric foam shells are obtainable. 

However, a few limitations have been reported by Cécile Lattaud:  

(1) A form of shell train was seen to be flowing in the tube where the 

polymerization occurred. This may have resulted from the size variation of the 

double emulsion droplets since different size droplets and particles travel at 

diverse linear velocities in the Poiseuille flow. Two factors can lead to the size 

variation in the droplets that are formed: imperfection of the microfluidic 

device, and the presence of satellite droplets. As is expected during viscosity 

break-up, satellite droplets are byproducts of the primary droplets. Failure to 

remove the satellite droplets from the main flow will induce unexpected 

coalescence, which leads to size variation.  

(2) Thermal polymerization limits the yield rate of the foam shells. The activity of 

the thermal initiator is highly dependent on the system temperature. The 

number of free radicals in the precursor is limited by the low solubility of the 

thermal initiator.  The duration of thermal polymerization is relatively long 

(>20mins). The yield rate of the shell drops dramatically, as do concentricity 

and sphericity, whenever the temperature is raised to shorten the 

polymerization period [42].  

Despite these limitations, Cécile Lattaud’s work is a great example of the 

production of TMPTA microcapsules via droplet microfluidics ICF target 

fabrication, which supplies the target fabrication for the CEA Valduc LMJ 

Simulation program. 
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Another study was conducted by Matthew Moynihan from the University of 

Rochester to produce oil/water/oil double emulsion droplets via planar microfluidic 

devices. In the first stage of their ICF target fabrication process, they generated 

droplets with on-chip droplet volume calibration [43]. The droplets were then sent to 

a fluid processor for double emulsion droplets centering through a dielectrophoretic 

method prior to shell phase solidification. The gelled microcapsules then underwent 

solvent exchange under pressurized flow. The last stage included heating and critical 

point drying of the foam shells for fuel injection [44]. This fabrication system is still 

being developed, although initial progress has been reported. Planar microfluidic 

devices with double T-junctions were used to form double emulsions through a two-

step emulsification method (Figure 3.7A). Oil droplets were dispersed in the water 

phase to form the first emulsion, and were then sheared off by another oil phase so 

that the RF double emulsion droplets could be isolated. The channel wettability was 

Figure 3.6 The procedure of TMPTA shell fabrication via capillary microfluidic devices. 
From top to bottom, the double emulsion droplets were formed using a triple orifice 
droplet generator, thermopolymerized in long tubing, and collected in a rotating flask. 
[ref5]  
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changed from being hydrophilic to being hydrophobic, with the employment of a 

glass-plastic bonded microfluidic chip (which was of a glass into plastic junction 

design, wherein the glass was sealed by hydroxide-catalyzed bonding). This 

microfluidic device was found to produce a 2.5mm diameter segment with a 0.77mm 

shell thickness at 1.9Hz. However, it has been reported that the size distribution of 

double emulsion droplets is wide, and only one out of three droplets can be used for 

the next step.  

An alternative microfluidic method was developed by Weiqiang Wang (at the 

University of Rochester), whereby an electrowetting-on-dielectric (EWOD) process 

and dielectrophoresis were used to produce double emulsion droplets (Figure 3.7B). 

[45] In this method, water droplets and oil droplets were dispersed in air separately on 

an aluminum plate, and were driven to the same place by an AC electrical field (from 

an embedded waffle-like electrode array). When the water droplets and oil droplets 

made contact, spontaneous emulsification combined them within the open section to 

form either an O/W/A or a W/O/A double emulsion droplet in the presence of 

surfactants. The obtained droplets were collected in a container filled with inner phase 

solution by tilting the substrate.  

This digital microfluidics method offers a flexible and scalable system to 

manipulate each phase individually during the formation of double emulsions. It also 

helps to reduce interactions between the adjacent droplets (in contrast with continuous 

droplet microfluidics), and avoid unexpected coalescence.  

Furthermore, the researches at the University of Rochester developed an active 

method to center the double emulsion droplets in a density gradient suspension by 

applying a uniform AC-electric field (>10!VRMS*m-1) [46]. Three criteria were 
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identified to achieve this centering process: (1) the dielectric constant of the shell 

phase must higher than the dielectric constant of the suspending liquid; (2) the AC 

electric field frequency must overcome electrostatic shielding; and (3) the liquid 

densities must be matched within a margin of ~0.1% (Figure 3.7 C, D). The 

performance of this centering approach exhibits oblate distortion of <2% for the shell, 

and a prolate distortion of <1% for the inner droplet, with a <5% drops in center 

offset in a ~60s time period. The centralized double emulsion droplets were then 

photopolymerized by the UV irradiation for about 25s.  

 

Figure 3.7 The reported work on RF foam shells for ICF target fabrication in 
University of Rochester, America. A. A planar microfluidic chip with double T-
junctions for the oil/water/oil double emulsion droplets formation. B. Sequence images of 
EWOD process for the formation of oil/water/air double emulsion droplets. C, D. 
Centering of double emulsion droplets suspended in a density gradient by applying an AC 
electric field. 
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In terms of microfluidics, a double T-junctions layout on a millimeter scale 

exerts less control on double emulsion droplets formation. An obvious volume 

variation of attained droplets has been observed, which induces the coalescence. 

Hence, the production rate is far below that required in a single ICF reactor. 

Meanwhile, there is also an issue of droplet volume variation in the EWOD method. 

The minimum volume variation is 3% in a very specific operating condition, and this 

value increases dramatically to 40% when a large cutting electrode is used to produce 

large droplets. Although the concentricity and sphericity of double emulsion droplets 

can be improved to the point where they match the ICF target specifications by 

applying an AC electric field, the photopolymerization leads to deformation of the 

shape of the solid shells. Shape deformation might result from uneven polymer 

shrinkage during rapid consolidation, which induces destabilization of the centralized 

core-shell shape double emulsions droplet. The best sample shells they have 

fabricated possess a 7.85% non-concentricity, which is achieved by occasional UV 

light source adjustment.  

There has been similar research into ICF target fabrication via droplet 

microfluidics technology. Bo Li and Sufen Chen utilized double T-junctions 

microfluidic devices to fabricate polyacrylonitrile (PAN) microcapsules. [47] An 

O/W/O density-matched double emulsion was applied as the template, and the shell 

phase was consolidated by using a rotary evaporator to drive off the dissolving PAN. 

The attained PAN microcapsules ranged diameter from 100 to 1000 microns, and the 

thickness ranged from 30 to 300 microns. Paguio and Takagi reported on the 

fabrication of divinylbenzene (DVB) foam shells via a triple orifice droplet generator. 

[48] Two thermal initiators, the 2, 2’-azobisisobutyronitrile and the azo-type initiator 

V-70, were used to improve the yield rate of the intact shell, and to improve the 



 85 

shell’s mechanical properties. The obtained microcapsules were 800 to 3500 𝜇m in 

diameter, and the shell thickness was 7% to 10% of the diameter. Yi Cheng and Shao 

Ting produced hollow polymer capsules made of polystyrene (PS) (that has been 

dissolved in fluorobenzene) by using a dual-coaxial capillaries device [49]. This work 

focused on the control of W/O/W double emulsions generation with both the one-step 

and two-step method.  

In this chapter, an approach for the mass fabrication of monodispersed 

TMPTA microcapsules using planar PTFE microfluidics devices is demonstrated. The 

W/P/O double emulsion droplets were generated using the two-step emulsification 

method, and solidified by photoinitiated free radical polymerization. Two aspects 

were considered: (1) miniaturize variations in the volume of double emulsion droplets, 

and avoid unexpected coalescence; and, (2) reduce polymerization kinetics-induced 

shell deformation, and improve the sphericity and concentricity of attained polymeric 

microcapsules. The next section is a brief introduction of photoinitiated free radical 

polymerization, and includes an overview of the factors that influence the shape of the 

shells. 

3.2 Free radical polymerization 

Free radical polymerization is a technology used for polymerizing globules 

containing an organic monomer and an organosoluble initiator. It is one type of chain 

growth polymerization, whereby initiating free radicals react with the monomer units 

to generate successive building blocks of growing polymer chains. More than 50% of 

commercial polymers and material composite are synthesized using this method 

including polyvinyl chloride (PVC), polyethylene (PE), polystyrene (PS), 

polytetrafluoroethylene (PTFE) and poly(methyl methacrylate) (PMMA).  
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3.2.1 Thermal-initiated free radical polymerization 

The polymerization reaction can be triggered in the presence of thermal 

initiators in the monomer phase at moderate temperature (normally between 40 and 

150 Celsius degrees). The thermal initiators are activated, and they supply free 

radicals in specific temperature intervals, according to the decomposition kinetics. 

Only part of the yield radicals contribute to the growth of polymeric chains and others 

are lost in side reactions. The thermal polymerization process can last from several 

minutes to a number of hours, and it requires accurate control of the system 

temperature, which dramatically affects the cost of fabrication. 

3.2.2 Photoinitiated free radical polymerization 

Photopolymerization is a chain-growth polymerization that is initiated by the 

absorption of ultraviolet or visible light. The light energy is absorbed by the reactant 

monomers, which release free radicals and crosslink with polymer molecules. The 

photopolymerization rate is decided by the concentration of the reactant monomers 

and the path length of light. Additives, fillers or other monomers in the polymer 

composite system, which absorb similar wavelength light, will influence 

polymerization efficiency.  

3.2.2.1 Photoinitiators 

Photoinitiators are chemical compounds used in photo-polymerization 

reactions, and can be found both in nature and within industry. Two types of 

photoinitiator homolysis processes have been found. In the type I process (Norrish 

type I reaction), the initiators decompose into two free radicals when exposed to UV 

light of a sensitizing wavelength. In the type II reaction, the initiators decompose via 

intermolecular hydrogen abstraction in the presence of a hydrogen donor molecule 
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under the UV irradiation, for example a photosensitizer. For an efficient 

polymerization, the photoinitiator should satisfy three criteria [50]: (1) there should be 

high absorption within the emission spectrum; (2) the singlet and triplet excited states 

should have a short lifetime to avoid being quenched by the monomer and oxygen; 

and, (3) there must be a high yield of free radicals which are active with the monomer 

molecules.  

3.2.2.2 Photoinitiated free radical polymerization process 

Three kinetics steps have been identified in the free radical polymerization 

processes: initiation, propagation, and termination [51-53]. These three steps take 

place when polymerization begins, and when the monomers, the growing polymeric 

chain and the dead chain are coexisted in the solvent.  

Initiation step 

Two reactions happen during the initiation step. One is the decomposition of 

the initiators through photochemical reactions, which yields free radicals. The other is 

the reaction between the primary radicals and the monomer molecule to form chain-

initiating radicals: 

𝑃𝐼
!"
  2 ∗ 𝑅 ∙ 

𝑅 ∙   +𝑀   →   𝑀! ∙ 

Propagation step 

The chain-initiating radicals then successively react with other monomer 

molecules to form an initiating polymeric chain. The reactivity remains the same for 

the initiating polymeric chains that contain a diverse number of monomer units. The 

reaction progresses quickly and the high molecular weight chain is normally formed 

under one second.  
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𝑀! ∙   +𝑀   →   𝑀! ∙ 

𝑀! ∙   +𝑀   →   𝑀!!! ∙ 

Termination step 

Once the radical units of an initiating polymeric chain are annihilated, the 

polymerization of the chain is terminated. Two types of bimolecular free radical 

reactions occur at the termination of polymerization. One is the combination of two 

initiating polymer chains to produce one dead polymeric chain of an additional length. 

The other one is the disproportionation of two initiating chains, which results in the 

formation of two dead polymeric chains. The hydrogen abstraction results in the 

formation of one chain with saturated extremity, and another chain with unsaturated 

extremity: 

𝑀! ∙+𝑀! ∙  → 𝑀!!! 

𝑀! ∙+𝑀! ∙  →   𝑀! +𝑀! 

3.2.2.3 Crosslinking 

The crosslinking of mono-functional monomers only forms linear networks, 

whereas multi-functional monomers such as di- or tri-vinyl monomers can build 

three-dimensional cross-linked networks. The monomer functionalities increase with 

increasing crosslinking density and polymerization rate, although a high conversion is 

difficult to achieve.  

3.2.2.4 Free radical polymerization kinetics 

The rate of photoinitiated polymerization is measured by the rate of monomer 

consumption. As the concentration of free radicals is very low (~10!! M) in the 

solution, it is difficult to accurately measure them [51]. A steady state assumption is 

made that the radical production rate is equal to its consumption rate, and hence the 
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concentration of free radicals remains the same in the polymerization process. With 

this assumption, the rate of photopolymerization at any depth across a specimen can 

be calculated by the equation shown below, provided that the molar absorptivity, light 

intensity, and the distance from the surface to the depth are known: 

𝑅! = 𝑘! 𝑀 (
𝜙𝐼! 1− 𝑒!!.!! ! !

𝑘!
)!/! 

-whereby  𝑘! is the rate constant of the propagation step, 𝑀  is the concentration of 

double bonds, 𝜙 is the photoinitiator efficiency,  𝐼! is the incident light intensity, 𝜀 is 

the molar absorptivity of the photoinitiator,   𝐴  is the concentration of absorbing 

species, 𝐷 is the distance, and 𝑘! is the constant rate of the termination step.  

The above equation has been obtained from substitution of a few primary 

equations [51, 54]. Photo-differential scanning calorimetry (photo-DSC) and real time 

Fourier transform infrared spectroscopy (FTIR) can be used to measure the rate of 

bulk photoinitiated free radical polymerization.  

3.2.2.5 Advantages and disadvantages of photoinitiated polymerization 

Compared with the thermal polymerization, photoinitiated polymerization has 

several advantages: (1) most of photopolymerization can be conducted at an ambient 

temperature; (2) photopolymerization can be spatially directed by the placement of 

light sources; (3) the starting point of photopolymerization is controlled by the 

switching of the light source, which is programmable with electronic circuits; (4) 

photopolymerization is solvent-free, and the use of volatile organic compounds as 

solvent intermediates can be avoided (and thus 100% solid content can be obtained); 

and, (5) the rate of photopolymerization is much faster than thermal polymerization, 

which allows for greatly reduced energy consumption.  
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Two main disadvantages of photopolymerization are as follows: (1) the light 

intensity is attenuated in the thick polymer film, especially films with fillers or light-

absorbing additives in the polymer composites. This low energy penetration leads to a 

significant decrease in both the reaction and conversion rates; (2) to solve the issue of 

disadvantage (1), the photopolymerization system needs to be modified, which will 

change the original properties of the materials, and increase cost. 

3.2.2.5 Factors affecting photopolymerization 

Gel effect 

The gel effect (Figure 3.8A), also known as the Trommsdorff effect, is the 

auto-acceleration of the polymerization rate that has been observed in many free 

radical polymerizations when a certain conversion is reached [52]. This phenomenon 

is induced by an increase in system viscosity during the formation of large molecule 

chains in the bulk polymer solution during the polymerization process. The diffusion 

rate of chain-initiating radicals slows down, and so the termination rate decreases 

rapidly. As a consequence, the polymerization rate is suddenly raised which will lead 

to variations in the features of the polymers produced [55].  

Oxygen inhibition 

The presence of oxygen in the specimen leads to the inhibition of free radical 

polymerization by quenching of the excited initiator or by transfer reactions with 

Figure 3.8 Factors influenced the performance of photopolymerization. A. Gel effect. 
B. Volume shrinkage and related internal stress during the photopolymerization.  
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initiator. The resulting peroxide radicals posses a low activity, and cannot trigger 

propagation. A procedure of degasification is always required to remove the dissolved 

oxygen from the solvent system, and the polymerization should be conducted in an 

inert atmosphere. 

Polymer shrinkage 

When polymerization occurs, monomer molecules move closer and crosslink 

with each other. The polymeric molecular network is formed through intense covalent 

bonds formation, which induces bulk contraction [56]. This volumetric shrinkage 

normally takes place prior to specimen solidification. High polymer shrinkage and its 

subsequent stress are widely found in multifunctional (meth) acrylate systems, and is 

the subject of much research, namely in dental composites (Figure 3.8B) [57]. The 

polymerization shrinkage has been measured to range from 0.2% to 2% linearly, and 

1.5% to 6% volumetrically, and the stress can vary from 5MPa to 17MPa [58]. To 

overcome this drawback, several methods have been developed, including thiol-ene 

photopolymerization, and inorganic nanofillers incorporation [59-61]. 

3.3 Experiment  

3.3.1 Material and chemicals  

Trimethylolpropane triacrylate (TMPTA), inhibitor remover, glycerol, mineral 

oil, sudan red, oil red O, oil blue N, photoinitiator, acetone, IPA, chloroform, toluene, 

hydrogen chloride, trition X-100, vinyl terimethoxy saline, multi-walled carbon 

nanotubes (MWCNT), and multi-walled carbon nanotubes with carboxylic acid 

functional groups were all purchased from Sigma Aldrich.  
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3.3.2 Solvent preparation 

The purchased TMPTA solution contained solubilized inhibitor to prevent 

degradation and polymerization. To remove the inhibitor, the TMPTA solution was 

filtered with a glass column filled with inhibitor remover, and collected in a dark 

brown glass container. The process was conducted in an amber chamber to prevent 

any UV irradiation from daylight. Following inhibitor removal, 5% v/v photoinitiator 

was added into the filtered TMPTA solution, and the mixture was homogenized via a 

10-minute sonication. The density of the polymer composite was then measured at 

ambient temperature. The aqueous phase was prepared with glycerol, and deionized 

water (which was density-matched with the polymer phase). Mineral oil was used 

directly, and stored in a clean glass container. All the solvent transfers and 

preparations were performed in a fume cupboard. Prior to their use, the solvents were 

degasified in a vacuum oven at 25 degree Celsius for one hour.  

3.3.3 Photopolymerization of double emulsion droplets 

In this experiment, 5W 365nm wavelength UV LEDs were used to 

photopolymerize the TMPTA monomers. Initially, the double emulsion droplets were 

cured with a single UV LED placed on top of the microfluidic devices, and flowed in 

a square section channel. An additional FEP film, which had been pre-coated using a 

gold sputter machine to form a devised pattern on the surface was attached to the 

glass window as a mask to confine the UV illuminated area, and prevent unexpected 

polymerization. A PTFE O-ring shaped attachment was aligned with the circular chip 

to collect the cured samples from the side of the microfluidic device. In so doing, the 

clogging issue that occurs within right angle bottom outlets was avoided. 

In the next stage, the double emulsion droplets were photopolymerized as they 

flowed in the PTFE tubing that was linked with the microfluidic chip outlet. The 
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tubing was held by utility clamps on a ring stand, and kept straight with the use of 

weights. The UV LEDs were also held in the same manner, and placed against the 

tubing at the desired point. The attained microcapsules were collected in groups of 50 

in glass containers, which were prefilled with mineral oil. The sphericity and 

concentricity of the microcapsules were calculated using the equation below: 

𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 = 1− !!"#!!!"#
!!"#

,  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 1− !
!!"#

 

-whereby 𝐷!"# is the maximum diameter, 𝐷!"# is the minimum diameter, 𝑑 is the 

distance between the inner circle centre and the outer circle centre of the 

microcapsule, and 𝐷!"# is the average diameter. 

3.3.4 MWCNT-TMPTA polymer nanocomposite preparation (MWCNT) 

Carbon nanotube (CNT) material is one of the nanofillers utilized in the 

polymer composite systems. It exhibits extraordinary physical properties such as high 

stiffness, excellent thermal and electrical conductivity, and low density. However, due 

to the hydrophobic nature of CNTs, they tends to agglomerate in polymer solution. 

This phenomenon reduces the performance of CNT dramatically. The main challenge 

of applying CNT in polymer composites is finding a way to achieve a fine dispersion. 

In this study, MCNTs with carboxylic acid functional groups were finely dispersed in 

TMPTA solution in the following procedure: 

Initially, the MCNTs were reacted with vinyl terimethoxy saline in an acid 

reflux procedure for 4 hours. The mixture was then poured into a Buchner funnel with 

filter papers (Whatman, mesh size = 1𝜇m*10nm) to filter out the solid particles. The 

attained MWCNTs were washed three times with toluene, acetone and methanol, 

(respectively), and left to air-dry. During the preparation of the TMPTA 

nanocomposite, the functionalized MWCNTs were physically mixed with TMPTA 
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solution using a homogenizer (Hielscher 1KW sonicator). When polymerizations 

commenced, the functionalized MCNTs should cross-link with the TMPTA 

monomers via a covalent reaction between double vinyl bonds. The dispersion of 

MWCNT in bulk TMPTA was measured with an HRTEM (JEM-2100 LaB6). The 

mechanical properties of cured MWCNT-TMPTA composite was tested using a TA-

Q800 fiber mechanical testing machine at the Waterford Institute of Technology in 

Ireland. 

3.4 Results and discussion 

The synthesis of polymeric shells for the ICF targets fabrication included (1) 

consistent double emulsion droplets formation via droplet microfluidics, (2) rapid on-

chip photopolymerization, and (3) MCNT-TMPTA nanocomposite fabrication. This 

combination of droplet microfluidics and photopolymerization in fabricated 

polymeric microcapsules has the advantages of high throughput and production 

uniformity, low reagent and energy consumption, and a shorter fabrication period. In 

this experiment, the formation rate of monodispersed double emulsion droplets 

reached up to 20Hz without coalescence. Both the concentricity and sphericity of 

attained solid shells were above 98% with controlled photopolymerization. The 

presence of functionalized MCNT improved the strength of solid TMPTA sample by 

50%. Although further tests need to be completed for the development of ready-to-use 

ICF targets (such as the fabrication of high porosity materials and the development of 

online fuel injection microfluidic modules), this experiment offers a promising 

approach for mass production of ICF targets in future applications. 

3.4.1 Double emulsion formation 
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A high rate of replicate droplet generations is essential for precise fabrication 

of microcapsules. During the formation of double emulsions, the size variation of 

droplets should be miniaturized as much as possible. This not only increases the 

system stability, but also reduces the efforts expended in droplet volume calibration 

and sorting. In addition, for on-chip ICF target fabrication, the spherical shape of the 

double emulsion droplets in the flow must be maintained until polymerization is 

completed. Hence, the diameter of double emulsion droplets should be controlled in 

the (0.5~1) channel dimension, so as to ensure that the movements of droplets are 

close to the centerline. In this study, monodispersed single-core water/TMPTA/oil 

double emulsion droplets of a controllable size were produced, as described in the 

previous chapter (Figure 3.9 A-D). 

 

 

Control of droplet coalescence 

Figure 3.9 Formation of monodispersed water/TMPTA/mineral oil double emulsion 
droplets via a planar PTFE microfluidic chip. A. The double emulsion droplets were 
formed in a bat-wing junction without satellite droplets. The channel dimension is same as 
the ones demonstrated in Chapter 2. B-D. Double emulsion droplets flowed in the channel 
without coalescence. E. Primary droplets and satellite droplets. The large droplet tended to 
stay in the centerline while the small ones flowed near the wall [65].  
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Droplet merging is one main issue that constrains the production rate of 

double emulsion droplets, and this has been widely reported in previous studies into 

ICF target fabrication via a microfluidic approach. The unexpected coalescence, 

either in a duct or a piece of tubing, leads to an irreversible change to the droplet 

morphology and increased polydispersity. During the polymerization, droplet 

coalescence leads to the formation of “train shells” of several microcapsules packed 

one on top of another, which clog the microfluidic system.  

The coalescence of droplets in microfluidics is mainly induced by the size 

variation of the droplets. In pressure driven microfluidic flow, namely Poiseuille flow, 

the size of a droplet determines its route and swimming velocity. Compared with 

small droplets, large droplets tend to flow closer to the centerline, and travel faster 

due to the large area section and pressure difference (Figure 3.9E) [62, 63]. When a 

large droplet flows behind a small droplet (both the droplet diameters are smaller than 

the channel width), the distance between them decreases continuously as the large 

droplet catches up with the small droplet, before eventually absorbing the small 

droplet. If the two droplets merge together, the resulting droplet will have a higher 

linear velocity than both parent droplets, and will chase any other small droplets in 

front of it. This ‘Nibbles game’-like phenomena is terminated when all the spherical 

droplets in the system coalesce into large fluid segments, whose cross-sectional area 

is the same as the channel dimension.  

To avoid droplet merging in a microfluidic channel, one can increase the 

distance between adjacent droplets and improve the droplets’ monodispersity. The 

distance can be increased easily by injecting an extra continuous phase into the double 

emulsion system. For this study, an additional mineral oil inlet was placed beyond the 

droplet-forming junctions. The mineral oil input from this inlet not only increases the 
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distance between the adjacent droplets, but also provides a method for controlling the 

linear velocity of double emulsion droplets in the continuous flow.  

In microfluidics, the monodispersity of the double emulsion droplets is 

affected by many factors including the solvent property, the type of droplet generator, 

and the accuracy of chip fabrication. Satellite droplets are the byproducts of viscosity 

droplet breakup, which contribute to droplet size variation as they randomly merge 

with the primary droplets [64]. The removal of satellite droplets requires extra efforts 

such as the use of droplet sorting channels [65]. In this study, the satellite droplets 

were eliminated by regulating droplet merging using the bat-wing junction. When the 

double emulsion droplets were sheared off, the attained satellite droplets stayed in a 

stationary position and merged with the incoming dispersed phase, and did not escape 

from the droplet-forming junctions to the collection channels. This was due to the 

presence of eddy flows at the bat-wing junction during droplet formation, which 

required droplet breakup point control in the expansion zone by tuning the continuous 

phase input flow rate. 

Control of droplet formation frequency 

By tuning the W/P/O input parameters, it was possible to increase the shear 

rate of TMPTA double emulsion droplets up to 20Hz in this experiment (Figure 2.6 

d). With the additional mineral oil to increase the distance, no coalescence occurred in 

the polymerization process. The maximum flow rate of the additional oil inlet was 80 

ml/hour. Beyond this value, the double emulsion droplets were ripped up by the 

violent flow.  

3.4.2 Photoinitiated polymerization of double emulsion droplets 

As described above, in contrast with thermal-initiated polymerization, 

photoinitiated polymerization has the advantages of easy manipulation, fast reaction 
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rate, and low energy consumption. In this study, the main concerns when using 

photopolymerization to produce polymeric shells via droplet microfluidics included 

(1) droplet shape deformation in dynamic flow [66, 67] and (2) volume shrinkage and 

related stress during polymerization. These issues have been reported to influence the 

quality of the sample. 

3.4.2.1 Photopolymerization in the microfluidic channel 

In the first attempt, the TMPTA phase was cured when the double emulsion 

droplets flowed in the square section channel on the microfluidic chip. It was 

observed that the linear velocity of droplets decreased when the droplets flowed into 

the UV-illuminated area once the phase conversion has started. Once the 

microcapsules no longer exposed to the UV irradiation, they no longer coalesced with 

one other, and even flowed in a wolf pack fashion. The solid samples attained from 

this experiment had several defects (Figure 3.10) that can be categorized to two 

groups: 

Shell disruption   

Two types of shell disruptions were found in the solid samples. One type of 

disruption appeared as a circular window on the shell surface, which had been 

induced by the offsetting of the water core during TMPTA solidification. The water 

core inside the double emulsion droplets leaked out from the polymer envelope, and 

the solid shell was warped into a bucket shape (Figure 3.10 A-C). The other shell 

disruption appeared as an axe-cleavage-like defect on the shell surface (Figure 3.10 

D, E). These two defects of the microcapsules were induced by volumetric shrinkage 

and internal stress of the polymer during the photopolymerization process, which 

were also observed in the bulk system. 

Shape deformation  



 99 

The resulting solid particles appeared to be irregularly shaped rather than 

spherical or elliptical (Figure 3.10 G). The water core was offset from the center of 

the microcapsule (Figure 3.10 F). The polymer phase accumulated at one side of the 

microcapsule, and did not form a shell of uniform thickness. These characteristics of 

the microcapsules resulted from the parabolic shaped velocity profile of the Poiseuille 

flow that deformed the spherical shape of the double emulsion droplets into a bullet 

shape in the square section channel. 

Figure 3.10 Defects of solid TMPTA microcapsules. A-C. Photographs of solid 
TMPTA microcapsules with open windows on the surface. A. Water core leaks out from 
the open window. D, E. Photographs of solid TMPTA microcapsules with an axe-
cleavage-like defect on the surface. F. Core offset of the solid TMPTA microcapsule. G. 
Photographs of non-spherical intact TMPTA microcapsules. All the scale bars are 250 
microns except the one in G. 
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In summary, problems were observed with the method of photopolymerizing 

TMPTA double emulsion droplets with only external UV irradiation striking the top 

of the droplets when they flow in a square section channel. Many factors affect the 

shape of double emulsion droplets in pressure-driven microfluidic flow, including 

channel geometry, the inner and outer droplet diameter ratio, the viscosity ratio of 

involved phases, and the capillary number of the system [68]. Although the sphericity 

and concentricity of droplets can be improved by tuning the input parameters to 

specific values, shape deformation still persists due to the density mismatch of water 

and oil, which causes the droplets to sink to the bottom of the flow by gravity. In 

addition, UV irradiation is difficult to regulate, and so the drawbacks of 

photopolymerization cannot be avoided. Both the yield rate and the monodispersity of 

intact capsules can be very low. An alternative experiment setup was therefore 

proposed in an effort to improve photopolymerization performance. 

3.4.2.2 Photopolymerization in straight circular section tubing  

The double emulsion droplets were photopolymerized when flowing in 

circular section tubing (Figure 3.11). This method provides several flexibilities in 

relation to (1) the flowing direction of double emulsion droplets, (2) the number and 

arrangement of the UV LEDs, and (3) the exposure time of TMPTA segments to UV 

irradiation.  

Flow direction 

The photopolymerization of double emulsion droplets in straight circular 

section tubing with a single UV LED was tested. The double emulsion droplets were 

sent to the UV irradiation area from different directions by changing the tubing 

position (horizontal, vertical upward and vertical downward). When the droplets 

flowed in the vertical direction, they moved along the centerline of the tubing without 
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touching the wall, in contrast with the droplets moving in the horizontal direction. 

This solved the density mismatch issues of the water/TMPTA/oil double emulsions. 

Furthermore, the additional mineral oil through the bottom inlet was injected into the 

main flow at different flow rates (from 10ml/hour to 80ml/hour) for each flow 

direction. The results indicate that when the double emulsion droplets flowed 

vertically upward at a moderate continuous phase flow rate (from 30ml/hour to 

50ml/hour), the attained microcapsules assumed a spherical shape with relatively 

good monodispersity (Figure 3.11 C, D, E). The sphericity of the TMPTA 

microcapsules can reach up to 99%, which is close to the ICF target specification 

Figure 3.11 Photopolymerization of water/TMPTA/mineral oil double emulsion 
droplets in straight tubing with single UV LED. A. Photograph of the experimental 
setup. B. Solid TMPTA microcapsules were collected in a glass beaker filled with mineral 
oil. C, D. Monodispersed TMPTA microcapsules. Scale bars are 1 mm. E. Photograph of 
water core offsetting in spherical TMPTA microcapsules. Scale bar is 500 microns. F-H. 
X-ray tomography scans of a TMPTA microcapsule. F, G. Fitpoint deviation 
measurement of sample target showing deviation (+/- 7𝜇𝑚) around mean diameter of 
1.44mm, equating to ~99% sphericity. H. X-ray tomography scan of water core offset. I, 
J. SEM images of a sample TMPTA microcapsule. I. Cracked TMPTA microcapsule. J. 
Surface of the shell.  
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(Figure 3.11 F, G). The yield rate of intact microcapsules from this group reached 

100%, whereas the yields for the other groups are failed, even with the same input 

parameters. However, the offsetting of water core still occurred (Figure 3.11 H) [69]. 

This disadvantage limits the formation of thin-shell microcapsules with uniform shell 

thickness. If the W/P input ratio is increased, double emulsion droplets with a 

relatively large water core are formed, and the cured microcapsules undergo the 

“circular window” shell disruption as a consequence. 

Arrangement of UV LEDs and the UV curing chambers 

To attain a uniform, thin shell thickness, the double emulsion droplets were 

photopolymerized with uniform UV irradiation, which is achieved by the geometrical 

arrangement of LEDs, when they flowed in the straight tubing in the vertical upward 

direction. This was achieved by the arrangement of several UV LEDs around the 

tubing (Figure 3.12 A-C). UV curing chambers were manufactured to hold the LEDs 

at fixed positions. Control experiments were conducted to investigate the influences 

of different UV irradiation methods on the shape of the microcapsules. The results 

indicate that with evenly distributed UV irradiation, the concentricity of the solid 

TMPTA shells can be improved (Figure 3.12 D-L). Spherical shell deformation was 

found in the microcapsules cured with three UV LEDs placed in an equilateral 

triangle layout. This deformation can be reduced to some extent by polymerizing the 

droplets with four UV LEDs placed in a square layout (Figure 3.13). The water core 

did not leak out from the TMPTA phase during photopolymerization, and so the 

formation of bucket-shaped microparticles (which can arise in the previously 

mentioned methods) was prevented, even if the average shell thickness for intact 

TMPTA microcapsules was reduced to 60 microns (Figure 3.13 E and F). Figure 3.14 

shows the concentricity and sphericity of 50 solid TMPTA microcapsules, which 
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were randomly picked from a group of samples that had been polymerized with four 

UV LEDs.   

 

Figure 3.12 Photopolymerization of water/TMPTA/mineral oil double emulsion 
droplets in straight tubing with multiple UV LEDs. A-C. Photographs of the 
experimental setup. In A, the black arrow shows the straight outlet tubing in which the 
solid microcapsules flowed upwards. The chamber can hold up to four UV LEDs. In C, 
white plasticine was used to confine the UV irradiation area. D-L. Photographs of cured 
TMPTA microparticles with different number and arrangement of UV LEDs. All the other 
experiment setups were same. D, E. Photopolymerization via one UV LED. D. Small 
water core. The white circle indicated that the stress of polymerization broke up the water 
core. E. Large water core. The water leaked out from the microcapsule as the open 
window on the surface. F, G. Photopolymerization with two UV LEDs. F. The two LEDs 
were placed in the opposite position. White circles indicated the leakage of water core. G. 
The two LEDs were placed in the neighbor position with right angle. H. 
Photopolymerization with three UV LEDs. I-L. Photopolymerization with four UV LEDs. 
The results indicated that evenly UV irradiation improved the quality of microcapsules. 
Scale bar: D, 150 micron. E-L, 1mm.  
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Figure 3.13 Photographs of solid TMPTA microcapsules produced by 
photopolymerization with four UV LEDs placed in the devised UV LED chamber. A-
D are from the same experiment when the flow rates combination was 0.6/0.4/2.0/50.0 
ml/hour for water phase/TMPTA phase/mineral oil phase/additional mineral oil phase. 
The scale bars are 500 microns. B and D are dark field images. Others are bright field 
images. E, F. The flow rates combination for this experiment was 0.5/0.2/0.8/50.0 
ml/hour. The average shell thickness of microcapsules is 60 microns. The scale bars are 
1mm. G. The flow rates combination for this experiment was 0.6/0.6/3.0/50.0 ml/hour. 
The concentricity of the capsule is 99.63%. The scale bar is 1mm. H. Different from other 
samples photopolymerized by continuous UV irradiation, this microcapsule was 
photopolymerized by 30ms UV irradiation in related experiment. The scale bar is 500 
microns. 

Figure 3.14 Sphericity (circles) and concentricity (triangles) of individual target 
shells. Capsule number does not imply the sequence production of shells. Dotted circles 
denotes minimum specification levels (%s) for use in an IFE reactor. Average sphericity is 
98.43% with a 0.68% standard deviation. Best is 99.69%. Average concentricity is 98.44% 
with a 0.62% standard deviation. Best is 99.72 %. This group of samples has an average 
diameter 892.52𝜇𝑚 with a 7.52  𝜇𝑚 standard deviation, and average shell thickness is 
65.23  𝜇𝑚 with a 4.42 𝜇𝑚 standard deviation. The yield rate of intact capsule is 100%.  
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In addition, the relationship between UV exposure duration and the shell 

characteristics was investigated using a microprocessor (manufactured by Mr. Jack 

Lindley-Start) that could detect the double emulsion droplets in the flow using 

transducers. Whenever a droplet was detected, the UV LEDs were switched on for a 

short duration by the microprocessor. Four groups of experiment were conducted, and 

the concentricity and sphericity of attained microcapsules are shown in Table 3. From 

the results, it is evident that when the exposure time was changed from 0.01s to 0.03s, 

both the sphericity and concentricity of the shells improved. The conversion rate of 

polymerization was tested with Fourier transform infrared spectroscopy (FTIR) 

(Figure 3.15). These results indicate the possibility of photopolymerizing 

water/TMPTA/oil double emulsion droplets by pulsing the UV light for 30ms. This 

approach could lead to further reductions in energy consumption, as well as further 

optimization of the photopolymerization process for polymeric microcapsules 

fabrication. 

Table 3. Calculated concentricity and sphericity values of microcapsules cured with 
diverse UV exposure time. 

Exposure time (second) Concentricity Sphericity 

0.01 91.14% 58.69% 

0.015 96.28% 83.53% 

0.02 98.14% 89.18% 

0.03 99.31% 98.83% 
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3.4.3 MCNT-TMPTA nanocomposite 

In inertial confinement fusion, cryogenic (18K) targets shells were to be fired 

into the reactor core at ~1000m/s, over 5m in a background temperature of ~1000K. 

In order to improve the Young’s Modulus of the polymerized TMPTA, quantities 

(0.1% to 1.0%) of multi-walled carbon nanotubes were ultrasonically homogenized 

with the uncured monomer, and then polymerized. However, such additions appeared 

to render a resulting hybrid material with a Young’s modulus that was ~50% lower 

than that of the raw TMPTA (Table 4). However, when carboxylate MCNTs were 

salinized (as previous method described back in sub-section 3.4.4) and then 

ultrasonically blended with the uncured TMPTA, the Young’s Modulus of the 

resultant hybrid material was 32% higher (Table 4). The MWCNTs were found to be 

finely distributed within the photopolymerized TMPTA (Figure 3.16 A and B). 

However, this dispersion was heavily dependent upon the time interval between 

homogenization and photopolymerization. The energy dispersive X-Ray analysis of 

Figure 3.15 FTIR absorbance spectra for the microcapsules with different UV 
irradiation times. Partially cured samples appear in the area between the uncured sample 
(dotted red) and the cured sample (dotted black). Note that all the samples appear within 
the banding of the accuracy of the system (upper and lower dotted black), implying that 
they are all fully cured. The offset in tops of the peaks could be caused by the scans being 
random on different days and the calibration of the spectrometer changing.  
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the MCNT-TMPTA is shown in Figure 3.17, whereby the Si-C bonds in the salinized 

MCNT are shown in the same high-density areas as those detected for carbon and 

silicon (Figure 3.17 B-D). The functionalized MCNT-TMPTA was used to fabricate 

microcapsules (Figure 3.16 C), and clumps of MCNT were found in the polymer 

shell. The origin of this aggregation needs to be further investigated in an effort to 

Figure 3.16 Photopolymerization of functionalized MCNT-TMPTA. A. The TEM 
images of functionalized MCNT dispersion in solid TMPTA. B indicates the edge of the 
TMPTA sample. C. Solid functionalized MCNT-TMPTA microcapsules. The black dots 
on the surface are MCNT aggregation. The scale bar is 1mm. 

Figure 3.17 Energy-dispersive X-ray spectroscopy of cured functionalized MCNT-
TMPTA sample. A. EDX spectrum of the cured sample. B. Electron image of a high-
density area. C. Carbon detection image of the same area as B. D. Si detection image of 
the same area as B.   
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determine whether they exist in the solution, or are induced by photopolymerization 

kinetics. 

Table 4. The Young’s Modulus of photopolymerized polymer with ultrasonically mixed 
multi-walled Carbon nanotubes, with and without functional groups. 
TMPTA TMPTA+0.1% MWCNTs TMPTA+0.1%functionalized MWCNTs 

1260MPa 627MPa 1663MPa 

 

3.5 Conclusion 

In this chapter, an approach for the production of solid TMPTA microcapsules 

on a planar microfluidic device for ICF target fabrication was demonstrated. The 

experimentation was divided into two sets: (1) formation of monodispersed 

water/TMPTA/oil double emulsion droplets; and, (2) on-chip rapid photoinitiated 

polymerization, with modifications of the microcapsule characteristics.  

The double emulsion was generated on PTFE microfluidic chips by the two-

step method, and the monodispersity of attained droplets were improved by the 

removal of satellite droplets through the utilization of the bat-wing junction. In 

addition, an additional continuous phase inlet was employed to increase the distance 

between the adjacent droplets. These features helped to prevent the coalescing of 

double emulsion droplets during flow in the microfluidic channels, and enabled the 

generation of double emulsion droplets at a controllable rate up to 20Hz, which may 

be potential useful in a single ICF reactor in the future.  

The impact of photopolymerization kinetics on the shape of the TMPTA 

microcapsules was also studied. It was found that when the water/TMPTA/oil double 

emulsion droplets flowed upwards in the centerline of a circular capillary and were 

cured by evenly distributed UV irradiations (minimum exposure time 30 ms), the 

resulting shells possessed both good average sphericity and concentricity (~98.5%, 
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best sphericity=99.69% and best concentricity=99.72%). The process was found to be 

highly reproducible with a 100% intact capsule yield rate, and it was possible to 

produce monodispersed microcapsules with controllable (from 60  𝜇𝑚 to 100  𝜇𝑚), 

uniform shell thicknesses. By contrast, if photopolymerization is either undertaken in 

a square section channel or triggered by uneven UV irradiation, it is difficult to obtain 

intact solid capsules due to the polymerization shrinkage and stress.  

Furthermore, a photo-curable TMPTA-MCNT nanocomposite with fine 

MCNT dispersion was synthesized. The Young’s module of the thin fibers formed 

from the functionalized TMPTA solution was higher than those formed from neat 

TMPTA (up to 50%). This composite could be used to generate the double emulsions 

and produce intact solid microcapsules using the same process.  

In view of the finding from this study, it is recommended that future studies 

should be focused on (1) the formation of foam TMPTA-MCNT shells, (2) the 

development of flexible microfluidic devices via 3D printing technology for ICF 

target fabrication, and (3) the on-chip inner phase solvent exchange and fuel injection 

of solid microcapsules in a cryogenic environment. 
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4.1 Spinal cord injury 

Spinal cord injury (SCI), involves the loss of motor coordination and of 

sensory or autonomic functions, with no natural regeneration after injury [1]. 

According to previously published data, the main cause of traumatic spinal cord 

injury is motor vehicle accidents; other prominent causes include physical violence, 

falls, and recreational activities [2]. The pathophysiology of SCI is complicated, but 

generally comprises two stages. The first stage, known as primary injury, is marked 

by damage to the central and peripheral nervous systems by traction and compression 

forces. The displacement of bone fragments and ligaments lead to the severing of 

blood vessels, disruption of axons, and damage to neural-cell membranes. As a 

consequence, systemic hypotension and ischaemia occurs, and toxic chemicals are 

released from disrupted neural membranes, from where there also occurs a migration 

of electrolytes. Those induce the death of neighboring cells and initiate secondary 

injury [3, 4]. The secondary injury lasts for days or weeks. One toxic chemical, 

glutamate, has a significantly negative impact on healthy neurons and 

oligodendrocytes [5, 6]. The existence of glutamate results in a highly disruptive 

process known as excitotoxicity. The affected cells receive calcium ions and cause a 

series of destructive events, including production of free radicals. The regional 

hypoperfusion extends from the grey matter to the white matter, and the unsevered 

axons become demyelinated [7]. Hence, the action potential along the axon is 

disturbed, and the conduction of impulses is blocked. The majority of trauma spinal-

cord injuries results in lesions, both on the upper and lowers motor neurons. Due to 

the segmental demyelination, most of the axons cease to function, and only a few 

remain intact in the outer white matter. During this period, extensive cell death occurs 

in the cord. 
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Diagnosis of SCIs should include the assessment of a patient’s mental status, 

cranial nerves, motor, sensory, and autonomic systems, coordination, and gait. 

Computed tomography or magnetic resonance imaging is used to image SCIs. 

Compared with radiography, computed tomography has the advantages of producing 

a better visual display of damaged soft-tissue and bone structures. Myelography is 

also used to detect abnormalities in the spinal canal [8, 9]. 

It is imperative to limit secondary injury as much as possible when treating 

spinal cord injuries. The primary approach is to remove the damaged bone, disk and 

ligament fragments, which will help to decompress the swollen cord. Animal tests 

have shown that an early surgical (6 to 8 hours) decompression leads to better SCI 

recovery [10, 11]. The utilization of the steroid methylprednisolone within 8 hours 

after injury was reported to reduce disability as it decreases swelling, inflammation, 

and free radical accumulation [12].  By contrast, surgical interventions conducted 

between 24 and 72 hours after an SCI injury are less successful, since most tissue 

damage has become irreversible during that time period [13-17]. In addition, chemical 

compounds that limit the impact of excess glutamate on cells can improve a patient’s 

recovery from SCI.  

Advanced therapeutic approaches to reduce paralysis have been developed for 

patients with spinal cord injuries. Functional electrical stimulation is useful for 

treating SCI when lower motor neurons and peripheral nerves are still intact. It 

restores sensation in the hands, which greatly benefits individuals who have become 

tetraplegic [18]. Computer-controlled, transcutaneous, reciprocal-pattern, electrical 

activation of leg muscles can be used for physical training and cardiovascular 

conditioning [19, 20]. Other options include tendon transfer, phrenic nerve 
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stimulation, adaptive equipment, and environmental control devices. These can 

maximize a patient’s remaining functions and improve their quality of life.  

Restorative treatments for SCI patients should be implemented in a stepwise 

manner, including limitation of cell death immediately after injury, promotion of cell 

regeneration, and replacement of lost cells. Each stage should concentrate on different 

targets and provide incremental benefits. As shown in Figure 4.1, the restoration of 

functions following SCI include (1) preventing the progression of secondary injury; 

(2) compensating demyelination; (3) removal the inhibition of regeneration; (4) 

promotion of axonal regeneration; (5) directing axons to their proper targets; (6) 

creation of bridges; and, (7) replacement of lost cells. Cell regeneration and 

replacement leads to the restoration of functions, and will be the pivotal goal of future 

SCI treatments. The cell regeneration requires the connection of existing neurons with 

newly formed neurons in an appropriate circuit. Additionally, proper electrical 

transmission is required, in which oligodendrocytes must myelinate large-calibre 

axons, where astrocytes must provide support [22]. Implanted central neuron system 

(CNS) stem cells can be differentiated to form new neurons and glial cells, which can 

replace those which were lost as a result of SCI. However, researchers are still trying 

Figure 4.1 Schematic showing the sequence of interventions in the treatment of spinal-
cord injury. Description of numbers in text [21].  
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to devise a method for generating a sufficient supply of replacement cells in vivo.  

One possible avenue could be stem cell therapy. 

4.2 Stem cell therapy 

Embryonic stem cells (derived form the inner mass of blastocysts) and 

embryonic germ cells (derived from post-implantation embryos) are two forms of 

mammalian pluripotent stem cells that can differentiate into a range of tissue cells 

[23-26]. These cells retain their potential to differentiate along various tissue lineages 

after growth in culture, and this offers the prospect of developing novel cell 

transplantation therapies [27] (Figure 4.2). 

Neural stem cells (NSCs) have the potential to differentiate into three major 

kinds of CNS cells: neurons, astrocytes, and oligodendrocytes [28-32]. Recently, 

human neural stem cells have been successfully cloned [32] and multiplied in vitro 

[33, 34], and have been transplanted into foetal rodents’ brains [35]. This indicates the 

potential of stem cell therapy to treat human neurological diseases induced by the loss 

of neurons and glial cells in the CNS, such as Parkinson’s disease, Huntington’s 

disease, amyotrophic lateral sclerosis, Alzheimer’s disease, multiple sclerosis, stroke, 

and spinal cord injury (SCI).  

In SCI treatment, axonal regeneration can be boosted using a range of cell 

types, including genetically modified fibroblasts, olfactory ensheathing cells, and 

Figure 4.2 Stem-cell therapy for central neuron system disorders [53]. 
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Schwann cells [36-40]. There has been extensive research into mimicking human SCI, 

and it has been found that the pathology of white matter is closely linked with the 

restoration of functions [41-43]. Several researchers have reported the improvement 

of injured spinal core functionality following the transplantation of various stem cells 

types, including ESCs, bone marrow MSCs, neural stem cells, and glia restricted 

precursor cells [40, 44-52].  

However, there still remain several unresolved problems, such as the need for 

suitable cellular grafts and transplant mechanisms for a successful clinical application 

of stem cell therapy in SCI patients. One major issue is the massive death of stem 

cells following transplantation into damaged spinal cord tissue. This undesirable 

phenomenon arises due to the physical environment in the injured spinal cord tissue, 

which promotes apoptotic cell death. (Apoptosis is a highly regulated form of cell 

death involving both extrinsic and intrinsic cell death pathways) [54]. The 

overexpression of anti-apoptotic molecules (such as Bcl-xL) to NSCs via gene 

transfer can extend the survival of grafted stem cells in vivo [55]. In addition, the 

immortalized NSCs have the advantage of being more amenable to genetic 

manipulation, and their in vivo differentiation into neurons, astrocytes, and 

oligodendrocytes has been recorded, whereby they form synapses with other cells [29, 

31, 56-58].  

Nevertheless, the use for stem cell therapy in the treatment of human 

neurological diseases is restricted by the following problems: (1) earlier studies have 

shown that the long-term survival and phenotypic stability of newly differentiated 

neurons or glial cells from NSCs are unachievable [59]; (2) unpredictable interactions 

among grafted cells or with existing neurons have been observed [60]; and, (3) a 
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small number of NSCs might expand and form a tumor in the graft site following 

transplantation [61].  

4.3 Cell encapsulation using microfluidics 

The survival of transplanted stem cells in vivo is influenced by the 

pathological tissue environment, and by inflammatory and immune reactions [62]. 

After external stem cells are injected into the injured tissues, the host’s immune 

system sends T-cells into the same region. T-cells release cytokine when they detect 

foreign substances in the body [63]. The increase of cytokine in the bloodstream 

triggers macrophages, which in turn will attack and destroy the transplanted stem 

cells. Only 5 to 10% of implanted stem cells survive this initial immune response. A 

diminished stem cell population results in a poor performance of stem cell therapy in 

the treatment of SCI. 

Therefore, a cell transplantation strategy that prevents the body from 

destroying the implanted cells is required for the integration of neurons, and function 

restoration following SCI. One applicable method is the synthesis and transplantation 

of artificial tissues (containing stem cells) into the host’s body. The tissues should be 

made from biocompatible and biodegradable materials such as hydrogel or polymer 

solution. The phase consolidation and the encapsulation processes must not place 

undue stress on the cells. The inner structure of resulting tissues should allow stem 

cell proliferation and differentiation. The degradation of the artificial tissue should be 

controlled at the right time scale for the new neuron network formation. In addition, 

the production of the degradation should be biocompatible and be metabolisable by 

the circulatory system [64]. 

As described in Chapter I, several studies have been reported using droplet 

microfluidics to encapsulate living cells in monodispersed microgels. Workman and 
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coworkers synthesized alginate microspheres for encapsulation of immortalized 

human cells using flow focusing devices [65]. Wieduwild and coworkers produced 

homogeneous and tunable hydrogel beads from peptide-polyethylene glycol 

conjugates and oligosaccharides encapsulating eGFP-secreting insect cells using T-

shaped droplet forming junctions [66]. Yu and coworkers generate alginate beads 

encapsulating breast tumor cells. A continuous perfusion system was used to trap the 

gelled microgels in microsieve structures in which encapsulated cells performance 

proliferation in vitro  [67].  

The objective of this study was to develop a planar PTFE microfluidic device 

for the mass production of monodispersed microspheres for neural stem cell 

encapsulation. The microspheres were composed of sodium alginate, which is 

biocompatible and degradable, and has been shown to support the long-term stem cell 

viability in vitro by exhibiting appropriate proliferation without unexpected 

differentiation. The work presented here, is part of a greater research project on stem 

cell therapy for the treatment of spinal cord injury.  

 

 

 

4.4 Experiment 

4.4.1 Culture protocol for mouse neural stem cells 

The culture medium recipe for mouse neural stem cells (shown as Table 5) 

was devised by Dr. Bangfu Zhu in the dentistry school at Cardiff University. The 

culture medium was stored in a refrigerator, and warmed up in a 37 degrees 

(centigrade) water bath for 5 minutes prior to use. 
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Table 5. Culture medium for mouse neural stem cell 

Ingredients Volume (in every 50  𝒎𝒍) 

DMEM/F12 (1:1) (Invitrogen, 31330-038) 48.5  𝑚𝑙 

MEM NEAA (100X) (Invitrogen, 11140) 500 𝜇𝑙 

FGF-basic Recombinant Human (Invitrogen, PHG0026) 20 𝑛𝑔/𝑚𝑙 

EGF Recombinant Human (Invitrogen, PHG0311) 20 𝑛𝑔/𝑚𝑙 

N2-Supplement (100X) (Invitrogen, 02048) 500 𝜇𝑙 

PenStrep (100X) (Invitrogen, 15140) 500 𝜇𝑙 

 

4.4.2 Passage procedure 

The neural stem cells (neurospheres, Figure 4.3A) were transferred into a 

15ml tube and centrifuged at 1500 rpm for 5 minutes. The supernatant was removed 

from the tube, and 0.5 ml of Accutase (Sigma, A6964-100ML) was added to 

dissociate the spheres into single cells (Figure 4.3B) for 2 minutes (in a 37-degree 

(centigrade) water bath). 10 ml PBS was then added to dilute and stop the action of 

Accutase. The cells were re-centrifuged at 1200 rpm for 3 minutes, and the 

supernatant was then removed from the tube. The cells were re-suspended in 1 ml of 

Figure 4.3 Mouse neuron stem cells in vitro. A. Neuronspheres (Passage 13). Scale bar 
is 200 microns B. Single neuron stem cells, dissociated from P13 neuronspheres. (Passage 
14). Scale bar is 100 microns.  
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fresh medium by pipetting a few strokes, and then passed through a 40µm cell strainer 

to obtain single cells. The attained cells in suspension were seeded into a flask at a 

concentration of between 2 x 104/ml and 5 x 104/ml, and stored in an atmosphere of 

[5%CO2 / 95% Air] at 37 degrees centigrade inside an incubator. A 100% medium 

change was performed every 3 days, and a cell passage was conducted every 5 or 6 

days for the cells.  

4.4.3 Microfluidic experiment 

4.4.3.1 Solvent preparation  

Inner phase: The inner phase is the culture medium with living cells that 

reached 90% confluence before being tryptinized. .  

Middle phase: The middle phase was 3% alginate solution. 0.4g alginate 

powder was added into 20mL water and stirred at 50 degrees centigrade for 2 hours. 

Then, 0.15g CaCO3 powder was added and the solution was stirred for another 2 

hours. When the alginate solvent cooled down to room temperature, it was mixed with 

type I collagen and stored in ice to prevent gelation.  

Continuous phase: Two types of oil phase were used in the experiment. One 

oil phase was pure mineral oil, which was used to shear off the discrete aqueous 

droplets. The other oil phase contained acetic acid, which reacted with CaCO3, which 

in turn released Ca2+ ions to consolidate the sodium alginate molecules. Both the pure 

mineral oil and the mineral oil with acetic acid were filter-sterilized and degasified 

before being charged into the syringes.   

4.4.3.2 Device assembly 

The PTFE microfluidic chip, the PTFE film and the FEP tubing were washed 

with chloroform in a sonication bath for 2 minutes. All the stainless steel housing and 
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microfluidics parts were cleaned with ethanol and assembled in a fume cupboard. To 

avoid contamination, chloroform was continuously delivered to the assembled 

microfluidic system for 10 minutes, which was washed with ethanol for 10 minutes 

and then washed with PBS for 10 minutes in sequence.   

4.4.4 Measurement  

Optical images of mouse neural stem cells and the alginate microparticles 

were taken using a Nikon camera mounted on a light microscope (Nikon Eclipse 

TS100). The fluorescent images were taken using DeltaVision fluorescence 

microscope. The growth of the cell population was measured with MTT assays using 

Microplate autoreader, Bio-Tek, EL 311.  

4.5 Result and discussion   

4.5.1 Droplet formation 

In this experiment, the monodispersed hydrogel microspheres were formed in 

a two-step mechanism. The innermost phase, the culture medium with living cells, 

was delivered to the middle of a cross-shaped junction on the planar PTFE 

microfluidic chip. Two streams of alginate precursor were introduced from the sides, 

dynamically focusing the inner phase and forming a sheath flow (Figure 4.4A). By 

Figure 4.4 Alginate microspheres formation. A. Sheath flow was formed at the first 
flow focusing junction on our planar PTFE microfluidic chip. The dark line was culture 
medium and the light ones were 3% alginate solution. The white arrow indicates the flow 
direction. The scale bar is 600 microns. B. The alginate droplet was sheared off at the bat-
wing junction. The scale bar is 1.2 mm. C. The alginate microspheres flowed through 
outlet of the chip. The scale bar is 1.2 mm.   
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tuning the input flow rate, the volume ratio of those two phases can be regulated, and 

the cell density and concentration of nutrients on-chip can be adjusted. This also 

controls the amount of the alginate in the mixture, which determines the structure and 

pores size of the resulting microgels. These properties, in turn, influence the internal 

mechanical stress on the microspheres, and affect the reliability of the encapsulated 

cells. 

The sheath flow (which was composed of culture medium and alginate) was 

segmented by a continuous pure mineral oil phase at the second flow-focusing 

junction (Figure 4.3B). The droplet size and shear-off frequency were controlled by 

the inflow parameters. Uniform alginate segments were formed via the dripping 

regime with a constant distance between the adjacent droplets. (The formation of 

droplets in jetting regimes has a large size distribution, and end up coalescing due to 

their various linear velocities under Poiseuille flow.) In addition, the width of the 

channel beyond the droplet-forming junctions should not exceed 150% of the droplet 

diameter; this helps to maintain the flow of alginate droplets in the centerline of the 

continuous phase stream.  

4.5.2 On-chip gelation of the alginate microgels 

As previously described, the alginate molecule chains were cross-linked 

together in the presence of Ca2+, to form a hydrogel matrix for the encapsulated cells. 

Two methods have been developed for the gelation of the alginate microspheres in 

microfluidics. One is direct coalescence of an alginate droplet and another water 

droplet saturated with calcium chloride within a spindle-shaped groove engraved in 

the channel. As soon as the two droplets merge together, the alginate chains sequester 

the Ca2+ ions and became consolidated. This requires precise control of the 

synchronized formation and migration of the various droplets. The other applicable 



 127 

method is the addition of nanocrystalline calcium carbonate salt to the alginate phase. 

The insoluble CaCO3 salt is immobilized in the alginate phase, and it releases calcium 

ions into the local vicinity when it reacts with H+. The reaction between H+ and 

CaCO3 is rapid and will result in fast gelation, which might induce an unexpected 

gelation of the alginate and occlude the microfluidic channel. Hence, this method 

requires a rigorous control of the H+ ions (both its rate of addition to the main stream, 

and its concentration) in the solvent. This can be achieved by adding mineral oil (pre-

mixed with acetic acid) into the channel following alginate segmentation. The 

approaches in which the extra inlet may deliver mineral oil (containing acetic acid) 

are shown in Figure 4.5. This shows a bottom inlet in the straight channel beyond the 

droplet-forming junction. The step structure is used to smoothen the orthogonal flows, 

which mitigates the growth of local pressure zones so that droplet disruption can be 

avoided. This microfluidic circuit layout has been used to produce alginate 

microsphere-encapsulated mouse neuron stem cells. The process is consistent and 

reproducible, and the fabrication of gelled alginate beads continues until the precursor 

solutions run out (after approximately one hour) The attained microgels have good 

monodispersity (as described back in Chapter II), and their diameters are tunable, 

from a few hundred microns up to 1.5 millimeters (minimum diameter is 400 

microns). Another approach for alginate segments gelation involves using a lateral 

channel (Figure 4.5D-F) to deliver acetic acid-bearing mineral oil. A different droplet-

forming junction is employed to produce monodispersed alginate droplets with a 

minimum diameter of 70 microns, which might be useful for producing some cell 

encapsulation. The microspheres can travel either via the top channel or the bottom 

channel, and they approach the acid oil phase at a set combination of flow rates. This 

microfluidic chip was also utilized to produce spherical PEGDA microparticles, non-
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spherical PEGDA microparticles, and PEGDA microcapsules with photoinitiated 

polymerization (Figure 4.6C). There will be further investigation into living cell 

encapsulation using this microfluidic circuit.  

 

Figure 4.6 Gelled hydrogel microparticles. A, B. Monodispersed alginate microgels 
produced using the manner of Figure 5C. A. Scale bar is 2mm. C. Monodispersed 
PEGDA microparticles produced using the manner of Figure 5D with 
photopolymerization. Scale bar is 100 microns.  

Figure 4.5 Three approaches for alginate microspheres gelation on chip. A, B. 
Shielding flow for the alginate gelation. Experiment reproduced from reference 65. A. 
Black arrow indicates the alginate solution. White arrow indicates neat mineral oil flow. 
Red arrow indicates the mineral oil with acetic acid. Scale bar is 800 microns. B. Alginate 
coalescence occurred in the channel. Scale bar is 800 microns. C. Acetic-bearing mineral 
oil was injected for alginate microspheres gelation from a bottom inlet. The black arrow 
indicates the bottom inlet. Scale bar is 1 mm. D-F. Acetic-bearing mineral oil (red) was 
injected from lateral channel. The black circles and the red circles indicate the adjacent 
alginate droplets. Scale bar is 300 microns.  
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4.5.3 Live and dead cell assays 

The attained microgels (Figure 4.7A, B) from the experiment had an average 

cell density around 1 million cells/mL alginate, and were collected as separated 

groups in several petri dishes with several arrayed wells. Each well was prefilled with 

the culture medium. When the flow was collected, the alginate microgels sank to the 

bottom of the wells, and the oil phase rose to the top of the culture medium. The oil 

phase was removed manually. Then, the microgels were washed with a few strokes of 

culture medium using pipettes. Fluorescent images were created to detect the cell 

distribution in the microgels by using GFP-expressing dental pulp stem cells (Figure 

4.7D). Proliferation and viability of the encapsulated mouse neuron stem cells were 

tested by utilising MTT assays (Figure 4.7E). The results indicated that the cells had 

survived the encapsulation process, and that the cell population had increased. Long-

term cell viability in vitro (>20 days) was evaluated by other colleagues within the 

School of Dentistry at Cardiff University, using the same approach. Further tests such 

as cell transplantation and differentiation in vivo will be carried out in future studies.  

4.6 Conclusion 

In this study, we demonstrated the fabrication of monodispersed alginate 

microgels (average diameter around 350 microns) using planar microfluidic devices. 

Culture medium/alginate sheath flow was formed to control the cell density in 

discrete droplets by changing the input flow rate ratio rather than pre-mixing the 

culture medium with alginate solution. The gelation of nanocrystalline CaCO3-

bearing alginate phase was conducted on chip after droplets formation by the delivery 

of additional mineral oil containing acetic acid via two different circuit layouts. The 

mouse neuron stem cells encapsulated in alginate microgels showed long term 

viability with evidence of proliferation and without unexpected differentiation, which 
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indicates that our method is applicable for cell encapsulation in vitro. This will 

support the next stage research of stem cell therapy in the treatment of spinal cored 

injury. In addition, monodispersed PEGDA microspheres were formed in the same 

mechanism and gelled with UV polymerization, with the minimum diameter of the 

samples being reduced to 70 microns. As PEG was reported to have protective effect 

on the repair of damaged neuron membranes in rat’s spinal cord, the biocompatible 

and biodegradable PEGDA might be an alternative material that can be employed for 

the neural stem cell encapsulation [68]. 

  

Figure 4.7 Cells encapsulation in alginate microspheres. Images were produced by 
Miss Lorena Hidalgo. A, B. Photographs of mouse neuron stem cells encapsulated in 
alginate microspheres. A. Scale bar is 400 microns. B. Scale bar is 250 microns. C, D. 
Fluorescence image of GFP expressing dental pulp stem cells. Scale bar is 300 microns. 
E. First 3-day viability and proliferation of the encapsulated cells in alginate microspheres 
were measured with MTT assay. This is evidence that the cells can stand the 
encapsulation process and survive inside the microgels in vitro.   
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5.1 Synthetic biology  

The term “synthetic biology” was first mentioned by Stéphane Leduc in his 

publications at the beginning of the twentieth century [1]. In the last few decades, 

through rapid progress in molecular biology, scholars have gained a greatly enhanced 

understanding of the building blocks of life through the study of gene sequences. 

Synthetic biology is considered to be the next challenge for the bioscientists, who aim 

to synthesize artificial organisms by using devised genomes [2]. In the late 1970s, 

Arber, Nathans and Smith discovered the restriction enzymes that not only permit the 

processing and analysis of a single gene sequence, but also enable the construction 

and evaluation of novel genes by rearranging existing DNA molecules [3].  

Nowadays, synthetic biology is an interdisciplinary subject that envelopes 

molecular biology, system biology, genetic biology, computer science, and 

microengineering [4]. Metaphorically, biologists learn about living organisms by 

building them rather than by tearing them apart. Synthesizing an artificial organism 

requires standardization and modification of the basic biological units. Biomolecular 

and genome engineering allows the fabrication of oligonucleotides, recreation of 

devised DNA sequences, and the programming of biological components from non-

living substances. Those components are assembled as a circuit to form a complicated 

biological system, which performs high-level functionalities such as chemical 

transformation and information processing [5]. The ultimate goal of synthetic biology 

is to fabricate biological devices with special functionalities for practical applications 

such as drug discovery, targeted therapy, material fabrication, food production, and 

energy generation [6]. 

Several milestones of synthetic biology have come of age. The genetic toggle 

switch and the repressilator were the first synthetic gene networks to perform 



 138 

computing and logical behaviors in biological systems, and are inspired by electronics. 

[7, 8] In these frameworks, basic transcriptional regulatory elements were designed 

and assembled to realize the biological equivalents of electronic memory storage and 

timekeeping, and they have been applied in the construction of genetic switches [9], 

memory elements [10], oscillators [11], pulse generators [12], digital logic gates [13] 

and communication modules [14]. In addition, a new therapeutic platform has been 

established for disease mechanism identification, therapeutic targeting, and drug 

delivery and treatment by rational and model-guided construction of biological parts. 

[15-17] For instance, gene therapy has shown promising advances in clinical 

treatment due to the construction of non-native pathways, and it provides unique and 

versatile approaches for studying metabolic networks and disorders, as well as 

accelerating drug discovery [18]. Gene therapy is more effective in the treatment of 

hereditary and metabolic disease, in comparison with traditional drug therapy. 

Moreover, synthetic biology tools have been exploited in the generation of biofuels 

and novel materials [16, 19]. Compared with the agricultural approach, engineered 

microorganisms achieve a more efficient conversion of biomass into biofuels (such as 

ethanol and biobutanol) by optimizing biosynthetic pathways [20, 21]. 

However, current progress of synthetic biology is limited by two constraints: 

the complexity of the biological systems, and the physical variations in biological 

behaviors [22]. In an organism, the biological components are sophisticated, and their 

interactions have not been well characterized. Bio-signal transmission is disturbed by 

multiple bypass pathways due to the stochastic behavior of each component [23, 24]. 

Those nonspecific activities induce unavoidable interferences in the process, which 

makes an experiment unreliable. In this case, high-throughput experimental methods 

(which accommodate a large number of complex and parallel reactions) are necessary 
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for acquiring reliable data in order to better understanding biological systems [25]. 

This is currently being realized by coupling a series of screening equipment, including 

microarrays, microplate readers, flow cytometers and fluorescence microscopes [26]. 

Nevertheless, limited sample space and lack of control over the experimental 

environment reduce screening efficiency, which makes synthetic biology time-

consuming and expensive [27]. 

Microfluidics technology, also known as micro total analysis systems, 

provides an ideal platform to conduct biological experiments as shown in Figure 5.1. 

In contrast with the conventional methods, microfluidics has several unprecedented 

advantages, including miniaturized sample volumes, maximized sample sets, fast 

response, high-resolution, high-throughput, and high fidelity and precision. Droplet 

based microfluidics, as an important subcategory of microfluidics, is an efficient tool 

that is used to generate uniform, well-defined emulsion droplets, which in turn can be 

used as discrete microreactors to carry out a wide range of biological events, such as 

Figure 5.1 Compartment based microfluidic chip for simultaneous determination of gene 
expression and enzyme activity [28]. 
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cell cultivation, genetic activation, and bacterial quorum-sensing. In a devised 

microfluidic system, 1.5 million samples can be analyzed simultaneously in a massive 

docking array, and thousands of synthetic organisms can be processed every hour [29]. 

This largely increases the efficiency of profiling for gene expression and regulation, 

and accelerates the de novo construction of artificial biological systems in vitro. In 

addition, the planar microfluidic chip enables the integration of several functionalized 

modules on the same chassis to accommodate serial activities such as sampling, 

assaying and screening (as shown in Figure 5.2). Stephan and co-workers devised a 

microfluidic device to generate gradient fluid flow by using a complex microfluidic 

network to control the diffusion and concentration of biochemicals and biomolecules 

[30]. Song and co-workers demonstrated an optofluidics device that reduces the use of 

external imaging devices and light sources for chip modules [31]. Wang and co-

workers developed microfluidic devices coupled with optical tweezers to study the 

mechanism of chemotaxis in Escherichia coli [33]. Compared with traditional 

instruments, those microfluidic modules generate more accurate and reproducible data. 

Figure 5.2 Functionalized microfluidics modules for biological researches. A. 
Schematic drawings of droplet solid phase extraction system for DNA extraction [32]. B. 
Photograph of a microfluidic device to generate fluid gradients [30]. C. Schematic 
drawing of optical tweezers utilized in microfluidics for cells and particles sorting [33]. 
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Furthermore, a feedback loop can be devised to control the function units in 

microfluidic circuits, which in turn provide a programmable environment for 

biological experiments. This offers the facilities for specific operations such as time-

lapse reactions that are necessary to ascertain the dynamics of gene networks in an 

organism [34]. With genome-wide data, it is possible to detect intra/extracellular 

metabolites [35], and perform the whole-cell analysis [36].  

Synthesizing artificial cells is one of the goals of synthetic biology. An 

artificial cell, or prototype cell, is an engineered particle that mimics one or many 

functions of a biological cell such as simple metabolism, information storage, and 

mutation [37, 38] The artificial protocell should in theory comprise a self-organized, 

endogenously ordered, spherical collection of phospholipids. Such lipid assemblies 

mainly appear as three structures in the solvent medium - micelle, liposome and 

bilayer sheet [39] - and can form membranes that in turn form enclosed compartments 

separating matter from the external environment (Figure 5.3). To mimic cell 

membrane transport systems, nuclear pores can be fabricated by adding specialized 

proteins [40, 41]. Such functionalized bilayers allow for the importation of the growth 

factors and exportation of waste, and they facilitate the research of metabolic 

activities. Droplet-based microfluidic technology is an efficient method for producing 

monodispersed vesicles with lipid assemblies over the droplet surface [41-43]. The 

key challenges affecting successful bilayer formation in microfluidics are reagent 

selection and the dewetting instability [44]. For instance, polymersomes are generated 

from water/oil/water double emulsion droplets, whereby the oil phases dissolve di-

block copolymers, which in turn will form a bilayer after the oil has evaporated [45]. 

Based on the same emulsion templates, phospholipid vesicles can be produced using a 

similar approach. The morphology of vesicles can be formed as a complicated 
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structure (such as multiple levels, and bilayered and multiple compartments) in 

stepwise emulsification mechanisms. 

In this chapter, a microfluidic approach for the mass production of 

encapsulated droplet interface bilayer (DIB) assemblies in freestanding oil droplets is 

demonstrated. The microfluidic approach of using sequential flow-focusing 

geometries in a micromilled PMMA chip enables precise and repeatable control over 

the size, number, and arrangement of internal aqueous droplets. This facilitates the 

high-throughput generation of encapsulated DIB assemblies that are not accessible by 

conventional manual pipetting or injecting methods. Crucially, this approach involves 

controlling the interface of the internal DIB network with the external environment 

via modulation of carrier phase hydrophilicity. By controlling the outermost 

continuous fluid phase in which the DIB containing oil droplets are formed, one is 

Figure 5.3 Bilayers and multisomes. A. Schematic drawing of three main structures of 
phospholipid assemblies in solution. B. Schematic drawing of a water/oil/water double 
emulsion droplet with encapsulated double interface bilayers. C. Schematic drawing of the 
multisomes with communication network by planting proteins in bilayers. D-F. 
Photographs of multisomes with diverse inner droplets [41]. 
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able to either; (a) totally isolate the aqueous droplets of DIB assemblies from the 

continuous fluid environment (w/o/o), or (b) facilitate the direct interfacing of the 

internal aqueous droplets with the external environment through bilayers formed at 

the oil droplet perimeter between the internal droplets of the DIB assembly and the 

external aqueous environment (w/o/w) (multisomes). This approach could allow for 

different applications (e.g. drug screening vs. drug delivery) using the same 

microfluidic device. In both cases, by employing a polymerisable continuous carrier 

phase of TMPTA or alginate (respectively), these encapsulated DIB constructs can be 

fixed for prolonged storage or application in more rugged materials or structures.  

5.2 The experiment  

5.2.1 Solvent preparation 

Lipid DPhPC was purchased from Avanti Polar Lipids and dissolved in 

chloroform in a vial at 10mg /ml. When preparing the oil phase solvent, the 

chloroform was evaporated using continuous nitrogen flow. Then, the residues were 

then re-solubilized in squalene and subjected to 30 minutes sonication to extrapolate 

the oil phase for the experiment. The DPhPC concentration in squalene was controlled 

within a 0.1mg/ml to 0.2mg/ml range. Oil red O was added in the oil phase to assist 

the observation. Deionized water was used as the water phase (with a pH value equal 

to 7). The continuous phase was either pure TMPTA or 3% alginate solution (as 

described in Chapter IV) for the preparation of the water/oil/polymer and 

water/oil/hydrogel double emulsions, respectively.  

5.2.2 Microfluidic device fabrication 

The PMMA disks were used to fabricate the planar microfluidic chips. The 

milling processes for the PMMA disks are the same as those used for the PTFE disks, 
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except that the rotating speed of the mill tools was set to 50,000 rpm, and the linear 

movement velocity of the pen head was set to 24mm/s to achieve a smooth surfaces 

without melting the PMMA. The manufactured chips did not need surface polishing, 

as the PMMA disks were transparent and flat. A piece of circular PMMA film 

(0.05mm, Goodfellow-LS421806LO) was placed over the chip, and it enclosed the 

microchannels for the purpose of uniform wettability.  

5.2.3 Droplets generation and collection 

As described in Chapter II, the double emulsion droplets were formed by the 

serial connected droplet forming junctions, in a two-step mechanism (shown in Figure 

5.4). The attained core-shell shaped droplets were harvested either in a chamber 

machined in the channel or in a pool pre-filled with continuous phase off-chip (shown 

in Figure 5.5 C&D).  

5.3 Result and discussion 

5.3.1 Formation of the double emulsion droplets 

Initially, monodispersed deionized water droplets were formed in neat 

squalene via a flow-focusing junction (Figure 5.4A), as the PMMA substrate is more 

wetted by squalene than water. The size of the water droplets was controlled by 

tuning the input flow-rate ratio. Next, the double emulsion droplets were formed at a 

bat-wing junction (Figure 5.4B,C), as the template of polymersome. Since PMMA is 

an acrylic monomer, an acrylate solution such as TMPTA can be employed as the 

continuous phase to form discrete squalene segments due to its higher surface affinity, 

compared with other involved phases. The bat-wing junction was employed as the 

second droplet forming junction to control the morphology of the double emulsion 

droplets. However, the water/squalene/TMPTA double emulsion was not stable in the 
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PMMA channel, as the water droplets were observed to be migrating from the 

squalene membrane (Figure 5.4D). This was due to the high interfacial tension 

between the water phase and squalene, whereby the spreading parameter 𝑆 has a 

negative value (see 1.7.1.4). This issue can be solved by adding low HLB emulsifying 

agent, for example oleic acid and Span 80, to reduce the interfacial tension and 

stabilize the W/O interface. DPhPC has the same effect as those emulsifiers, and also 

forms a lipid monolayer over the water droplet surface. By adding 2% v/v DPhPC to 

the squalene, consistent water/squalene/TMPTA double emulsion droplets were 

formed on the PMMA microfluidic chip (Figur 5.4. E-H).  

Moreover, W/O/W double emulsions were formed in the PMMA microfluidic 

chips to produce multisomes. To produce the multisomes, 2% v/v oleic acid was 

added in the aqueous continuous phase (deionized water), and the channel after the 

second droplet forming junction was well wetted by the continuous phase solution 

prior to delivery of the W/O emulsion. The number of encapsulated water droplets 

Figure 5.4 Water/squalene/TMPTA double emulsion formation on a PMMA 
microfluidic chip. A. Water droplets were sheared off by squalene phase at the first 
droplet-forming junction. Scale bar is 600 microns. B, C. Double emulsion droplets 
formed at the bat-wing junction. D. Water droplets moved out from squalene segments 
without DPhPC when flowed in the channel. E, F. With the presence of DPhPC in 
squalene phase, the double emulsion droplets were stabilized in the continuous flow. G, 
H. Squalene droplets with two water cores. B-H scale bars represent 1.2mm. 



 146 

was controlled by the continuous phase flow rate at the bat-wing junction. An 

alternative continuous phase used to form W/O/W emulsions droplets on PMMA is 

the 3% alginate solution without surfactant. The alginate solution is highly viscous 

and focuses the first emulsion in the middle of channel. The breakup of W/O 

emulsion occurred downstream, and the multi-cored squalene droplets formed due to 

double emulsion droplet coalescence.  

5.3.2 Bilayer formation 

The next objective was to produce the droplet interface bilayer assemblies on-

chip. In one attempt, two-core water/squalene/TMPTA double emulsion droplets were 

generated and flowed through a square-section channel to observe bilayer formation 

in continuous fluid flow. The input rate of the continuous phase was tuned to control 

the travel time of the squalene segment in the microfluidic channel. Nevertheless, all 

the two encapsulated water droplets in the DPhPC-bearing squalene membrane ended 

up coalescing in a sudden fashion, and no bilayer was formed between the water 

droplet interfaces.  

Initially, it was considered that the DIB assembly might require the formation 

of a lipid monolayer around the water droplet prior to the formation of the double 

emulsion droplets. To test this hypothesis, the fluid delivery was cut off to allow the 

water droplets to remain stationary in the 2% v/v DPhPC-squalene phase for 30 

minutes, before the squalene segments were sheared off at the bat-wing junction. 

However, the coalescence of water droplets still took place when the inflows were 

restarted, and the double emulsion droplets were suspended in the TMPTA phase by 

stopping the flow. (Figure 5.5 A,B)  
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Next, the two-core double emulsion droplets were collected in a devised 

chamber on-chip rather than being flowed through a long square section channel. The 

chamber had a rectangular shape with a trapezoid loft confined by the pillars. It was 

placed alongside the second droplet forming-junctions, and connected with the outlet. 

The double emulsion droplets flowed into the chamber and slowly entered the loft as 

the chamber zone distributed the TMPTA flow, and the pillars confined the droplet 

movement (in contrast with the square section channel). The bilayers were formed 

between the interfaces of the encapsulated water droplets when the packed squalene 

segments moved downward towards the outlet. (Figure 5.5 C,D) This on-chip DIB 

formation process is highly reproducible and DIBs can be collected in a container. 

(Figure 5.6) Moreover, the DIB can be assembled between the two aqueous cores 

containing diverse ingredients using the same approach, as shown in Figure 5.7 A-C. 

The number of encapsulated water droplets in squalene segments is tunable, and 

various layouts of DIBs can be observed (Figure 5.7 D-F). The bilayer formation in 

the water/squalene/alginate multisome double emulsion droplets was further 

investigated. As shown in the Figure 5.8, the multisomes droplets are suspended on 

the top of the alginate bath without coalescence, forming a tissue-like aggregates. 

Figure 5.5 Photographs of bilayer formation on PMMA microfluidic chips. A. Two-
core water/DPhDC-squalene/TMPTA double emulsion droplets stayed still in the curved 
PMMA channel. The white scale bar is 1.2mm. B. After 30s, most of the water droplets in 
squalene segments were coalesced to one. C,D. Two-core water/DPhDC-
squalene/TMPTA double emulsion droplets in the devised chamber, forming bilayers at 
the water droplets interfaces. White arrow indicates the flow direction. The black scale bar 
is 250 microns. 
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Figure 5.6 Photographs of water/DPhDC-squalene droplet interface bilayer 
assemblies. The diameter of water droplet units is 250 microns. A-G. Diverse layouts 
of DIB networks. The squalene double emulsion droplets were merged together, and the 
encapsulated DIB assemblies combined with each other and formed diverse structures. H-
I. The DIBs were disrupted by the droplet coalescence. J-L. These three images focused 
on the same DIB network and indicated that the DIBs were flexible, which could move 
around the water droplet surface (as seen of the ‘tail’). 

Figure 5.7 Photographs of encapsulated DIBs of water/DPhDC-squalene/TMPTA 
double emulsion droplets. All scale bars are 250 microns. A. Two-core squalene 
microdroplets with encapsulated DIBs that the inner droplets were same. B, C. Two-core 
squalene microdroplets with encapsulated DIBs that the inner droplets had different 
reagents and size. D-F. Diverse number of water droplets with DIBs confined in squalene 
droplets. 
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5.3.3 Interfacial reactions 

In this section, a brief droplet motility mechanism induced by Gibbs-

Marangoni instability is shown. The Marangoni instability occurs in the presence of 

the interfacial tension gradient in a fluid system, and causes mass transfer from a low 

surface tension region into a higher surface tension region (Figure 5.9). For a 

spherical oil droplet in a water bath, the imbalance of the interfacial tension around 

the droplet surface will force the droplet to move, counteracting the instability [46]. 

Figure 5.10 shows a typical experiment of a motile oil droplet (heavy nitrobenzene) in 

a high-pH water phase. The oil phase contains oleic anhydride, which can be 

hydrolyzed to produce two oleic acid molecules. The acid molecules lower the local 

pH value, and change the interfacial tension around the oil droplet to initiate its 

movement [47]. The convective flow inside the oil droplet brings the oleic anhydride 

to the interface, and this sustains its motile state [48]. 

Figure 5.8 Photographs of multisomes made from the water/DPhDC-
squalene/alginate double emulsion template. A-I, Diverse layouts of mulitsome. A, B, 
E, and F have shown that bilayers were formed between internal water droplets and 
external alginate solution. J, K. The multisomes colonized together without coalescence 
and formed tissue-like structure.   
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In the experiment for this study, 0.5 M oleic anhydride was added to DPdHC-

squalene solution in order to prepare the emulsion. The core-shell shaped double 

emulsion double emulsion droplets were generated, and the DIBs were formed using 

the same approach. At the rear end of the chamber, a bottom inlet was placed to pump 

another water phase in order to drive the double emulsion droplets off chip from a top 

outlet. At the top of the PMMA chip, an open pool, shaped by the metal scaffold, was 

prefilled with the water phase, which contained 10mM of oleate pH12 micelles. This 

Figure 5.9 A demonstration of Marangoni effect. A, B. Pepper was evenly sprinkled 
into the water in a petri dish. C. A drop of soap solution was dispensed to the center of the 
petri dish, which will create an interfacial tension gradient. D, E. After the soap droplet 
was dropped into the water, Marangoni instability drove the pepper to the edge of petri 
dish. 

Figure 5.10 Mechanism of droplet motility in the solution environment [46-48]. A. 
Schematic drawing of the initial stages of oil droplet movement. Details can be found in 
related literature. B. Oleic anhydride was hydrolyzed in the presence of water at high pH 
and room temperature to form two amphiphiles. C. A demonstration of droplet (red) 
motility. The white line from top left to bottom right was the trail of the droplet movement, 
which was low pH and visualized by using pH-sensitive dye. 
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setup was used to investigate the interfacial reactions and the Gibbs-Marangoni effect 

on the squalene droplets with encapsulated DIBs.  

5.3.3.1 Oil phase hydrolysis 

When the double emulsion droplets with encapsulated DIB flowed to the open 

pool, the squalene droplets floated to the top of the solvent due to their buoyancy. The 

TMPTA phase accumulated at the bottom of the pool (top surface of the PMMA chip), 

since it is denser then the other involved fluids, and exhibits a higher affinity to the 

PMMA substrate. As soon as the oleic anhydride-bearing squalene membrane made 

contact with the oleate pH12 micelle-bearing water phase, the hydrolysis reaction 

took place and finished rapidly (Figure 5.11). The resulting fatty acids appeared as 

floccules in the aqueous solution, and was expelled from the remaining droplets to the 

edge of the pool. This phenomenon is evidence of the Gibbs-Marangoni effect, and 

Figure 5.11 Time sequence images of the disruption of a double emulsion droplet 
with encapsulated DIBs. The scale bar is 500 microns. A. A squalene droplet with 
encapsulated DIBs flowed into the high pH water pool from a bottom inlet. B-E. The 
squalene membrane containing oleic anhydride was disrupted as soon as the hydrolyzation 
reaction commenced. The bright boundary indicated where the reaction occurred and the 
squalene segments were repelled from the droplet to the edge of pool, which was 
dominated by the Marangoni effect. F-H. When the squalene had driven away, the water 
droplet based DIBs network was collapsed from outside to inside. 
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could be utilized to remove squalene from the water droplets connected by the DIBs 

to produce multisomes. However, that was not achieved in this experiment, as the 

reaction rate was fast and no additional control was implemented on the reaction rate. 

When the squalene phase is torn away, the encapsulated water droplets merged with 

the external aqueous phase, despite the presence of the lipid monolayer. The double 

emulsion droplets with encapsulated DIBs exploded. 

5.3.3.2 Water droplet expulsion 

Further on, the input flow rate of the TMPTA phase was increased, and large 

globules of TMPTA containing several DIB double emulsion droplets were formed in 

the pool. The TMPTA phase separated the squalene droplets from the external 

aqueous phase to prevent hydrolyzation, as shown in Figure 5.12. When the squalene 

droplets migrated to the TMPTA/water interface under the influence of circulation, 

the hydrolysis of oleic anhydride occurred in a localized fashion at one pole of the 

squalene droplets. The asymmetric event induced a gradient of the interfacial tension 

over the squalene droplet surface, which drew out the squalene droplets from the 

TMPTA segment into the external water pool. The motile principle and behavior of 

these double emulsion droplets are the same as those of single emulsion droplets, as 

described in the previous literatures and as shown in Figure 5.10 A. However, the 

migration of the droplets produced in this experiment is predictable since the 

hydrolysis reaction only occurs in a confined region, whereas the motility of droplets 

in previous models is triggered by random droplet interface oscillation or by a self-

organization of the oleic anhydride molecules (which are unpredictable). After the 

double emulsion droplets were expelled to the external aqueous environment, the 

squalene membrane was peeled off, and the encapsulated water droplets with DIBs 

were released (as described back in sub-section 5.3.3.1). This release mechanism 
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might be utilized for a smart drug delivery system or for mimicking an excretory 

system for building an artificial organism. 

 

Figure 5.12 Release of squalene droplets with encapsulated DIBs. A. Photograph of 
water/squalene/TMPTA/water multiple emulsions. Scale bar is 500 microns. B-I. Scale 
bars are 250 microns. B, C. While the squalene droplets moved to the boundary of 
TMPTA and water, the hydrolyzation of oleic anhydride commenced at the interface and 
drew the whole squalene segment out of the TMPTA phase to the external high pH water 
environment. D. The squalene membrane was disrupted and the DIBs network begun to 
collapse. The white dot circle showed the explosion of a water droplet. The white dusts 
are the product of oleic anhydride hydrolyzation. E-I. Sequence images of the squalene 
droplet release. E. Moving to the boundary. F, G. Oleic anhydride hydrolyzation and 
squalene membrane disruption. H, I. DIBs network collapse and water content release.  
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5.3.3.3 Spinning oil droplet 

In addition, the movement of an individual double emulsion droplet in the 

pool was investigated. Ethanol was added into the aqueous phase to reduce the 

interfacial tension. As shown in Figure 5.13 A-C, the convection flow was observed 

inside the squalene droplets, which also propelled the rotation of the water droplets 

with DIBs. When the water droplets moved to the low pH zone, they expelled out the 

squalene droplets and merged with the external water phase. This was due to a pair of 

Figure 5.13 Photographs of squalene droplet motility with rotating encapsulated 
DIBs. A-C. The rotating of encapsulated DIBs network. The white arrow indicates the 
rotating direction of the water droplets. The water droplets would be released from the 
squalene droplets eventually. The white circle indicates the low pH zone that initiates the 
droplet movement. The scale bar is 1.5mm. D-F. The movement and ‘preying’ of squalene 
segment in high pH water solution. The squalene droplet moved towards a double 
emulsion droplet with encapsulated DIBs, engulf it, and released the water content. This 
brought more oleic anhydride molecules into the primary squalene droplets, and repeating 
this process sustained the motility more than 20 minutes. The white arrows indicate the 
moving direction of the primary squalene droplets. The white circle indicates the ‘food’. 
The black circle indicates other initiating squalene droplets. Somehow, they didn’t move 
but oscillation at the original place. The scale bar is 1.5mm.  
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convection flows exist in activated double emulsion droplets, which has been 

described in previous models [29]. Furthermore, it was found that the squalene 

droplets, attracted by the other squalene droplets nearby, contacted with them, and 

eventually fusing together, thereby incorporating their encapsulated water droplets 

network and DIBs (Figure 5.13. D-F). In addition, the engulfed squalene droplets 

brought more oleic anhydride molecules to the primal droplets, which helped to 

sustain their motility for around 20 minutes. This simple active metabolism, made 

possible using droplet microfluidics, might reflect the creation of a primitive form of 

life, or a protocell in synthetic biology.  

5.4 Conclusion 

In this chapter, the generation of monodispersed water-cored squalene droplets 

via droplet microfluidics on PMMA substrates was demonstrated. The continuous 

phase was either an acrylate solution (TMPTA) or an aqueous solvent (3% alginate), 

and the rate of water droplet encapsulation was controlled by tuning the inflow ratio 

via the bat-wing junction. Following this, the formation of encapsulated DIBs on-chip 

proceeded, and various DIB arrangements in the squalene segments collected in a 

devised chamber on-chip were observed. The DIBs were not only formed between the 

homogenous water droplets, but could be formed between the droplets with the use of 

diverse volumes and reagents. Furthermore, oleic anhydride was added in the 

squalene phase, and the attained double emulsion droplets were sent into an alkaline 

environment (pH >12). The following were observed: (1) a hydrolysis reaction of 

oleic anhydride, and the disassembly of the squalene segments with encapsulated 

DIBs; (2) the motility of double emulsion droplets, and the release of water droplets 

with encapsulated DIBs; and, (3) the predatory behavior and growth of the primal 

droplet, which engulfed nearby squalene droplets to sustain its motility. 
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These experiments explored both the synthesis of artificial membranes, and 

the mimicking of simple metabolisms by the use of non-living substances via droplet 

microfluidics. The results might provide the inspiration for establishing a more 

complicated biological system, and may contribute to the creation of the protocell for 

synthetic biology research.  
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6.1 Main conclusions 

Droplet microfluidics is a versatile and efficient tool for customized droplet 

synthesis and processing. Consuming limited reagents and energy, it achieves 

unparalleled experimental results in comparison to the conventional technics in 

aspects of production uniformity, yield rate and reproducibility. With the 

development of fundamental devices, modules based microfluidic systems will be 

widely applied for droplet fabrication and analysis in various areas of science and 

industry. 

In our work, we used affordable materials and equipment to build up our 

microfluidic devices and generate monodispersed multiple emulsion microdroplets, 

which have specific characteristics. The droplets were used to fabricate microparticles 

as well as carried out chemical reactions to gain advanced functionalities. The results 

might benefit follow-on works in future research. 

In Chapter 2, we demonstrated the droplet formation mechanisms of a novel 

flow-focusing junction with devised layout both in the experimental work and CFD 

simulations. This junction, the bat-wing junction, exhibits the capabilities to control 

the droplet breakup point location and to eliminate satellite droplets by changing the 

continuous flow rate. It has been employed to generate consistent multiple emulsions 

and fabricate multi-cored polymeric microcapsules. The results indicate that the bat-

wing junction allows more accurate control over the droplet formation, and increases 

the productivity of planar microfluidic chips. 

In Chapter 3, we used the bat-wing junction to produce monodispersed 

water/TMPTA/oil double emulsion droplets for the fabrication of polymeric ICF 

target shells. The formation rate was reached up to 20Hz without coalescence by 

increasing the distance of adjacent droplets with additional continuous phase. The 
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attained droplets were consolidated by photoinitiated free radical polymerization. The 

impacts of photopolymerization kinetics on the shape of solid TMPTA microcapsules 

were studied. It was found that when the water/TMPTA/oil double emulsion droplets 

flowed upwards in the centerline of a circular capillary and were cured by evenly 

distributed UV irradiations (minimum exposure time 30 ms), the resulting shells 

possessed both good average sphericity and concentricity (both over 98.4%, best 

sphericity=99.69% and best concentricity=99.72%). The process was found to be 

highly reproducible with a 100% intact capsule yield rate, and it was possible to 

produce monodispersed microcapsules with relatively controllable (from 60  𝜇𝑚 to 

100  𝜇𝑚), uniform shell thicknesses. Furthermore, a photo-curable TMPTA-MCNT 

nanocomposite with fine MCNT dispersion was synthesized. The Young’s module of 

the thin fibers formed from the functionalized TMPTA solution was higher than those 

formed from neat TMPTA (up to 50%). This composite can also be used to generate 

the double emulsions and produce intact solid microcapsules using the same process. 

In Chapter 4, we demonstrated the generation of monodispersed alginate 

microgels (average diameter around 350 microns) with the bat-wing junction. Culture 

medium/alginate sheath flow was formed to control the cell density in discrete 

segments. The gelation of nanocrystalline CaCO3-bearing alginate phase was 

conducted on chip by injecting mineral oil containing acetic acid via two different 

circuit channel configurations. The mouse neuron stem cells encapsulated were 

successfully encapsulated in alginate microgels, and showed long term viability with 

evidence of proliferation, which indicates that the approach is applicable for stem cell 

encapsulation in vitro. This will support the next stage research of stem cell therapy in 

the treatment of spinal cored injury.  
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In chapter 5, both water/squalene/TMPTA and water/squlaene/ alginate 

solution were produced with the bat-wing junction on PMMA substrates. Lipid 

(DPhPC) DIBs are formed between the encapsulated water droplets inside an on-chip 

chamber and various DIBs arrangements were observed. Furthermore, the double 

emulsion droplets were functionalized with motility by using previous models for 

single emulsion systems. Three phenomena were highlighted: (1) a hydrolysis 

reaction of oleic anhydride, and the disassembly of the squalene segments with 

encapsulated DIBs; (2) the motility of double emulsion droplets, and the release of 

water droplets with encapsulated DIBs; and, (3) the predatory behavior and growth of 

the primal droplet, which engulfed nearby squalene droplets to sustain its motility. 

These results might be exploited to create prototype cells with simple metabolic 

functions for the applications in synthetic biology.  

6.2 Suggestion for future work. 

In terms of droplet microfluidics, the difficulty to produce stable and uniform 

multiple emulsions are rising with the number of involved phases. The formations of 

high order multiple emulsions such as quadruple emulsions are still challenges to the 

current microfluidic devices. These multiple emulsion droplets, with multilayer and 

multi-compartments structures, will have large numbers of applications in the 

production of novel materials and processing of biochemical samples. To achieve this, 

future efforts may focus on the manufacture of specific microfluidic chips with 

controllable channel wettability. This will require surface treatment and advance 

fabrication technic such as 3D-printing. 

For ICF target fabrication via droplet microfluidics, effort may focus on inner 

phase removal, foam shell formation, and on-the-fly cryogenic fuel filling. For stem 

cell encapsulation in microgels, should focus on the transplantation of cell-bearing 
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microgels within the SCI, and direct stem cell differentiations with controllable 

release of growth factors in vivo. For encapsulated DIBs, efforts should focus on 

embedding specific proteins to create nuclear pores through bilayers. These structures 

can mimic cell membrane transport systems for multisomes that enables the molecular 

and signal transfer. 


