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Abstract

Sphericity, wall thickness uniformity and yield are difficult specifications to
fulfill as required by inertial confinement fusion experiments for polymer shells prepared
by the microencapsulation technique. To improve these stringent requirements, a
microfluidic lab-on-chip methodology is proposed as a new way to fabricate polymeric
targets and replace the current batch processes. In this dissertation, the first and second
steps in making targets, forming a double emulsion and exchanging solvent, have been
developed using a microfluidic lab-on-chip approach.
T-junction and focus-flow microfluidic techniques were developed to form single
and double emulsions through the aid of surfactants or through the use of different
surface energy materials. A T-junction design utilized viscous shear and inertial forces to
form both surfactant-based and non-surfactant-based water-in-oil and oil-in-water
emulsion, from 1mm to 18mm in length. The fluid flow and dimensionless Ca and 
numbers provided control of the droplet size. An acrylic double cross focus-flow device,
utilizing shear forces, formed oil-in-water-in-oil double emulsions for the fabrication of
resorcinol formaldehyde targets.
A Teflon/Bk7 glass double focus-flow device also formed water-in-oil-in-water
double emulsions and fabricated polystyrene shells. The double emulsions yielded shells
with an outer diameter ranging from 2.3±0.07mm to 4.3±0.23mm and a wall thickness

x
ranging from 70m to 800m.
Serpentine micromixer techniques were also established to promote the inner fluid
transport across a resorcinol formaldehyde shell wall. An efficient 60-80% exchange of
isopropyl alcohol inside the shell to the surrounding oil was achieved using a sinusoidal
serpentine mixer. These promising experimental results encourage continued research
into fully integrating the remaining batch processes onto a lab-on-chip concept.
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1 Introduction

The world's increasing energy demand has attracted interest into inertial
confinement fusion (ICF) as a future energy source due to its clean energy1-4. A target
container, composed of a polymer shell, holds the deuterium and tritium fuels for the
execution of the inertial confinement experiments4. These polymer shells have stringent
specification in sphericity, concentricity, and smooth surface because the symmetry and
hydrodynamic stability2,3 in the implosions are important to the success of fusion energy.
Polymer shells also have good fuel retention capability and are desirable due to their low
average atomic number which suppresses hydrodynamic instability during implosion5.
Implementation of inertial confinement fusion as an energy source depends in part
on the ability to mass produce target shells with acceptable specifications1,6,7. A lab-onchip (LOC) format is proposed as a low-cost fabrication methodology7,8. It offers a new
way of fabricating target shells by transforming the batch methods into a continuous
production system8,9 to improve quality and yield9. The current batch process in making
target shells creates defects on the target surface and a low wall thickness uniformity of
0.2m. Process improvements achieved in this study may benefit the existing inertial
confinement fusion (ICF) program, which uses batch process to make poly (methylsytrene)10, polystyrene11, and resorcinol-formaldehyde (RF) foam targets7,12. Two
polymers of interest to be discussed are resorcinol formaldehyde and polystyrene targets.
The main objective is to transform the first step of making a target, forming a
double emulsion (droplet within a droplet) on a lab-on-chip device for both resorcinol
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formaldehyde (oil-in-water-in-oil)12 and polystyrene (water-in-oil-in-water)2-5 targets.
The triple nozzle generator1,6 currently used to form the double emulsions for both
polymers will be replaced with a droplet-based lab-on-chip device. Two techniques for
forming droplets in microfluidics lab-on-chip, T-junctions13-17 and focus-flow
geometries18-22, will be investigated to form single and double emulsions. The challenge
and novelty of the research being contributed is the millimeter size of the lab-on-chip
devices to produce millimeter size targets. The experimental findings discussed in this
thesis will contribute to understanding the droplet formation mechanism at the millimeter
scale.
The next step into the fabrication of polymer shells, exchanging inner fluid of the
target with another solvent1,6,8,12,23, is also replaced by a droplet-based lab-on-chip
approach. A microfluidic mixer technique for promoting fluid exchange inside a
serpentine design will be investigated24,25. Overall, these droplet-based mechanisms have
the potential to fabricate uniform target shells with high concentricity and sphericity in an
automated highly replicable process9.

1.1 Inertial Confinement Fusion

Fusion of deuterium (D) and tritium (T) is a promising alternative energy
production process due to the abundant supply of deuterium in sea water and the ability
to form tritium with the neutron by-products1. This nuclear reaction requires the powerful
National Ignition Facility laser beams to reach high pressure (140Gbar) and high
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temperature (>10,000,000°C) (Ref. 1) (Figure 1.1). The DT fusion will produce helium
(He), which is safe1, one neutron, and energy. The neutrons can then escape the plasma
and react with lithium atoms to produce tritium26. This will allow for the production of
tritium and satisfy our fuel necessity for mass production.

Figure 1.1: Deuterium-tritium (DT) fusion yields 17.6 MeV (Ref. 27).

However, in order to obtain DT fusion ignition, a polymer target shell is needed to
contain the DT fuel, and must meet stringent requirements1. It must be a near perfect
spherical shell (<2%non-spherical), possess a uniform wall thickness (10+0.1m), be
smooth, and have no defects. Defects such as vacuoles (holes in the target’s shell wall) or
domes on the surface are detrimental to the ICF implosions28. These stringent
requirements in the target's shape and symmetry are needed because the symmetry and
hydrodynamic stability2,3 in the implosions are necessary for the success of DT fusion.
Polymer shells also have good fuel retention capability and are desirable due to their low
average atomic number which suppresses hydrodynamic instability during implosion5.
Inertial confinement fusion (ICF) uses lasers to implode a fuel (DT)-containing
target, which then undergoes nuclear fusion and burns. As depicted in Figure 1.2, the
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laser light shines on the target and is absorbed by the plasma in an inverse
Bremsstrahlung process, which is then compressed to yield neutrons, x-rays,  rays and
charged particles. Ignition is defined as the energy released from this process and when it
exceeds the laser energy that is needed to compress the fuel. An ignited ICF target is like
a mini-star on earth, in which the pressure and temperature are higher than in the center
of the sun.

Figure 1.2: Inertial confinement fusion uses lasers to implode and compress a fuel
containing target shell27.

1.2 Motivation for Using Lab-on-Chip Microfluidic Approach

The current batch process in making polymeric targets needs improvements to be
a viable mass target-production process for the implementation of ICF as a future energy
source. The polymer target's stringent specifications are a challenge that must be met.
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Several challenges are presented with different polymer targets. Glow-discharge polymer
(GDP) fabricated by General Atomics contains defects (islands, dome and vacuoles)29
(Figure 1.3). Scratches are also observed on the polymer target's surface. Polystyrene
polymer targets have a wall thickness uniformity variation up to 0.2µm and low yield29.
An overall quality improvement in polymeric targets' surface finish, wall uniformity, and
yield is needed.

Figure 1.3: The best glow discharge polymer (GDP) target still contains defects29.

The droplet-based microfluidic lab-on-chip approach offers a new way of
fabricating polymeric targets by transforming the batch method process into a continuous
mass production system9 to improve uniformity, yield9 and possibly quality. Droplet
microfluidics is a thoroughly researched field with over 30,000 publications over the past
two decades and is still growing30. Droplet microfluidics consists of producing discrete
droplets with controlled volume and composition, which has attracted attention to
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numerous areas of research including, but not limited to, synthesis of biomolecules31,32,
drug delivery32,33, and fusion energy research.
Several advantages of droplet microfluidics are essential to the improvement
needed for the polymeric target production. According to Zhao et al., droplet
microfluidics allows for a “controlled” volume production to form droplets with low
variety in size33. The channel dimensions, geometry and fluid properties impact the
droplet size33. A recent publication demonstrated a "near 100% yield rate of uniform"
trimethylolpropane triacrylate (TMPTA) shells with “99% concentricity and sphericity”
on a lab-on-chip device9. Typically, these lab-on-chip devices use microfluidic concepts
to integrate different laboratory functions (emulsion, mixing, etc) onto a device. A
microfluidic approach for the production of polymeric fusion targets is therefore
encouraged.
The goal and challenge in our study is to convert the first step in making a
millimeter polymeric target, forming a double emulsion, using microfluidic lab-on-chip
techniques. Two different lab-on-chip geometries are used for the formation of single and
double emulsions. Emulsions are produced by mixing two immiscible fluids to a make a
droplet. A microfluidic approach for forming single emulsion is the use of a T-junction
geometry, which consists of one channel intersecting another at a 90° angle7,33 (Figure
1.4a). It is the intersection of channels resembling a "T"(Ref. 33). The droplets are
sheared off where the two immiscible fluids meet33. This T-junction geometry allows for
controllable and highly uniform emulsion production13-15.
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(a)

(b)

First Junction

Second Junction

Figure 1.4: A single T-junction forms single emulsions (a) and a double focus-flow
design (b) forms double emulsions.

A microfluidic approach for the formation of double emulsions, or droplet-withina-droplet, is the use of a focus-flow geometry (Figure 1.4b). Here, a liquid will flow
through the center of the channel, while the other immiscible liquids will be pumped
through two sides of the channels33. The fluid channels can resemble a "cross" or a
"Y"design, if the sides of the channels are fabricated at an angle instead of perpendicular.
When the two immiscible fluids meet, the outer fluid will squeeze the inner fluid,
resulting in the breakage of spherical droplets33. As an advantage, the inner fluid will be
hydrodynamically focused by the outer and therefore have minimal potential of wetting
the surface of the channel34 (Figure 1.4b). Figure 1.4b demonstrates a double focus-flow
geometry consisting of both a "Y" and "cross" design for the formation of double
emulsions. A "Y" design is constructed for the first junction, while the second junction
consists of the "cross" design. More details about droplet formation techniques in the
millimeter scale will be elaborated in later chapters.
The promising results of incorporating a microfluidic lab-on-chip concept of
double emulsion formation lead to further investigation of the next steps of fabricating
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polymeric targets on a lab-on-chip. The next steps in target fabrication involve the
exchange of the inner fluid of the target with another solvent1,6,8,12,23. This will be further
discussed in the next sections and in Chapter 7. A microfluidic mixer technique for
promoting this fluid exchange inside a serpentine design will be investigated24,25. A
similar serpentine approach has been shown in the micrometer scale to enhance fluid-tofluid mixing for chemical synthesis24,25. A microfluidic mixer technique is also
recommended for the next step in fabricating a polymeric target.
Overall, these droplet-based mechanisms have the potential to integrate all the
laboratory functions of making polymeric targets onto a lab-on-chip device. The Tjunction or focus-flow geometries can easily be integrated into a microfluidic reactor to
produce dry polymeric targets9. These microfluidic techniques offer a better volume
control in droplet formation thereby increasing uniformity and yield9.
The novelty of the research being contributed is the millimeter scale of the lab-onchip devices to produce millimeter polymeric targets. Limited research explores the
droplet formation mechanism of millimeter-size droplets6,35-38. The competition between
the interfacial tension and inertial forces, along with gravitational forces, makes it
difficult to form larger droplets.
Different materials aside besides traditional polydimethylsiloxane (pdms)
devices13,39-42 were constructed to investigate the effect of solid-to-liquid surface energy
on droplet formation. Materials such as polyvinyl chloride (PVC), fluorinated ethylene
propylene (FEP), and Bk7 glass will be discussed in later chapters. The experimental
challenges and findings in this thesis will contribute to understanding the droplet
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formation mechanism at the millimeter scale. The two polymeric targets of interest,
resorcinol formaldehyde and polystyrene, will be further discussed.

1.3 Resorcinol Formaldehyde Target Production

Low-density polymer foams, such as resorcinol formaldehyde (RF), are of interest
because they can be used to produce a cryogenic deterium-tritium (DT) shell and allow
for more laser energy to be absorbed43. Resorcinol formaldehyde is also of interest
because of its optical transparency which is due to its characteristically small pores43,46
(<0.10m). Its surface also has been compared to that of a submicron skin44 and is
therefore considered to have a smooth surface. Pekala, et al.23,45 first developed the
resorcinol formaldehyde foam/aerogel shells by a polycondensation reaction using a twostep gelation process46-47. The fabrication of the resorcinol formaldehyde foam shells was
later developed by Lambert et al12 for the application of inertial confinement fusion.
A triple-orifice droplet generator is a co-axial microfluidic device that uses three
coaxial flowing liquids to generate oil-water-oil (O1/W/O2) emulsions12,45-47. The exterior
fluid, mineral oil (O2), is used to strip away the oil-water (O1/W) droplet (Figure 1.5) as it
emerges from the nozzle. The interior oil phase droplet is previously encapsulated by a
resorcinol formaldehyde (RF) solution at the inner nozzle12. Consequently, the
encapsulation of the spherical concentric shell is affected by gravitational and drag
forces3.
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Figure 1.5: Complete resorcinol formaldehyde fabrication procedure1.

Teflon material is used in order to provide a hydrophobic surface and create
water-oil (W/O) emulsions12. The exterior oil phase flow rate controls the shell's diameter
7,12

. On the other hand, the ratio of the polymer (RF) solution and inner oil flow rates

controls the size of the shell wall thickness12.
The double emulsions containing RF chemicals in the middle phase will be
collected into a beaker (Figure 1.5). A stir bar rotates the double emulsions gently inside
the beaker. Agitation is necessary to maintain the shells’ spherical shape and make the
spheres concentric. Surfactant (0.1wt% SPAN80) is added to the exterior oil phase to
reduce agglomeration and coalescence of shells.
Furthermore, 40wt% carbon tetrachloride (CCl4) is also added to the exterior oil
in order to allow the shells to be neutrally buoyant12. It has been noted in literature that
thin shell walls are more prone to dehydrating in comparison to thick walled shells12.
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Additionally, a more viscous oil phase will hinder water transport out of the shell.
Therefore a combination of CCl4 and SPAN80 was added to the external mineral oil.
The double emulsions are then maintained at 70°C, and the polymer solution
gelates and then polymerizes for 1.5-2 hours. No further agitation is required12. The shells
are kept hydrated by adding water to the denser oil phase. The shells are kept at 70°C for
an additional 20-22 hours12. This additional time is to maximize the crosslinking and
polymerization process and thus minimize future swelling during the solvent exchange
process12.
The batch solvent exchange method of two to three weeks follows (Figure 1.5).
Cured RF shells sink into the water and any remaining polymer solution, water, and oil
can be manually removed. The external mineral oil is exchanged with isopropyl alcohol7
(IPA). IPA is the solvent of choice because it dissolves oil, and replaces water in the
interior oil phase12. It was also chosen because it is miscible in both water and liquid
carbon dioxide12 (CO2). Numerous exchanges must be made in order to fully exchange
the solvents. Fully cross-linked and polymerized RF shells do swell during the solvent
exchange process12. A soxhlet extractor is also used for this procedure because it allows
for the oil/water mixture to be replaced with IPA within 3 days48.
Lastly, the shells are super-critically dried with carbon dioxide12 (CO2). They are
placed in a container with controlled temperature and pressure, where IPA is exchanged
with liquid CO2 (Ref. 12). This vessel is then heated and pressurized above the critical
point of CO2 (31°C and 71 atm). Inside the vessel, the shells are exchanged with CO2 for
4 hours and then drained23. It is then refilled with more CO2 and drained for about 3
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days23. Diffusion is responsible for removing the IPA. The CO2 is removed by
depressurizing the vessel back to atmospheric pressure holding a constant temperature43
approximately 40°C. Dry shells are then examined optically, and occasionally by using
scanning electron microscopy (SEM) and transmission electron microscopy23,43. RF
shells are held in front of white light to check their transparency23; if not fully dried, RF
shells become opaque in the area of solvent23.
Supercritical CO2 drying is the preferred technique for removing the fluid because
it preserves the pore structure of the polymer shell, shell structure, and density12,43. No
surface tension is exerted across the pores and the dry shell retains its original
morphology23. In the supercritical state the liquid is inviscid, so it avoids the collapse of
pore and shell. Evaporative drying, on the other hand, causes the shells to buckle because
of the capillary force driven from surface tension12. CO2 is also non-flammable and safer
to use in comparison to other solvents. Overall, critical point drying takes about a one
week timeframe to complete, making the lab-on-chip design approach a necessity for the
mass production of RF shells12.
A schematic of the overall vision for the microfluidic lab-on-chip approach for the
fabrication of resorcinol formaldehyde foam shells is shown in Figure 1.6. As previously
mentioned, the goal of this thesis is to transform the first step of fabricating a polymer
target, which is forming the emulsion. All other fabrication steps are beyond the scope of
this work.
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Figure 1.6: Concept for making resorcinol formaldehyde shells in a lab-on-chip device8.

The first step in forming a double emulsion was envisioned to use a double Tjunction geometry based on previous established work6. Secondly, the double emulsions
are then exposed to an electric field where a dielectrophoretic force separates single from
double emulsions8. The programmable electric fields are used to manipulate fluid
droplets and transport targets8,49. Aqueous and nonaqueous droplets can be moved from a
fluid reservoir on a chip by electrowetting-on-dielectric (EWOD)49 and dielectrophoresis
(DEP) actuations, respectively50.
Thirdly, the double emulsions would proceed to an electric-field centering
procedure1,8,43,51, eliminating the need of density matching. An "induced DEP force" will
center the inner oil droplet1,11,43. Bei et al. has demonstrated how a uniform AC electric
field can form highly concentric double emulsions droplets, from 3mm to 6mm in
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diameter within approximately 60 seconds51. These results have demonstrated promising
progress of the implementation of lab-on-chip for polymeric targets.
The centered double emulsions then proceed to a solvent exchange procedure,
shown as a serpentine mixer (Figure 1.6) design. Here, the inner oil fluid will be
exchanged with an IPA solvent. It is envisioned that these steps should occur in less than
five minutes43. This would be a huge improvement to the fabrication time frame of RF,
which could be up to a month. The remaining step represent the supercritical CO2 drying
which includes another solvent exchange of IPA with liquid CO2 before the increase in
temperature (31°C) and pressure (71atm) to reach supercritical state. This supercritical
drying step must incorporate the right materials to withstand these conditions.
This lab-on-chip methodology vision offers the potential of integrating the
formation of the emulsion with other fabrication procedures (double emulsion centering,
exchanging the solvent, and supercritical drying) of resorcinol formaldehyde in a
continuous operation. Overall, the vision and established work for the microfluidic labon-chip approach for the fabrication of resorcinol formaldehyde targets suggests the
implementation of similar microfluidic lab-on-chip approaches for other polymers, such
as polystyrene shells.

1.4 Polystyrene Target Production

A recent specification to the target’s quality was initiated with the 100Gbar
campaign at the Laboratory for Laser Energetics. The goal for this campaign is to achieve
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hot-spot pressure of 100Gbar (Ref. 29). The target is required to have fewer than ten
particles within a range of 0.1m to 0.5m on the surface and none greater than 0.5m
with heights over 0.05m (Ref. 29). Some polymers such as GDP, because of their
“dome” defects on the surface (Figure 1.3), do not meet the 100Gbar criteria.
A polystyrene shell (PS) was fabricated by Hamamatsu Photonics K. K., a
Japanese collaborator, to have even better surface smoothness quality29,52 than resorcinol
formaldehyde and current GDP targets (Figure 1.7): no islands on the inner surface and
no domes on outer surface; overall a much cleaner surface29. Thus the polystyrene target
is a viable alternative for the 100Gbar campaign based on its uniformity and improved
radiation resistance to  electrons produced when tritium decays29. Polystyrene shells
also has the best prospect for achieving the surface-smoothness required29. However, the
vacuole and star-shaped content (Figure 1.7) in the wall must be reduced and
improvement in wall thickness uniformity and in yield is necessary29. A microfluidic labon-chip approach is therefore also encouraged for the fabrication of polystyrene shells.

Figure 1.7: Polystyrene shells show a cleaner surface than GDP (Ref. 29).
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A renewed interest in polystyrene shells has been established due to the improved
overall quality in comparison to other polymers. In the 1980's a microencapsulation
technique for deuterated polystyrene shells was established by Kubo et al.53,54 of Kinki
University in Japan. At the Institute of Laser Engineering at Osaka University,
polystyrene shells were fabricated using a triple-orifice droplet generator55. Similarly to
the fabrication of resorcinol formaldehyde targets, polystyrene shells also require the
formation of a double emulsion and the centering of the inner droplet, proceeding to
solidification and the drying procedure3 (Figure 1.8).
Polystyrene shell, however, require a water-oil-water (W1/O/W2) double
emulsion3 instead of the oil-in-water-in-oil (O/W/O) emulsion required for resorcinol
formaldehyde. The oil (O) phase is fluorobenzene (FB) and contains dissolved
polystyrene (PS). The inner water phase (W1) is deionized water and the outer water
phase (W2) contains polyacrylic acid (PAA) to increase the interfacial tension and
sphericity52,56. The “fractal structure” of PAA helps keep the interfacial tension at a high
value52.The PAA surfactant is also necessary to prevent agglomeration during the
centering of the inner droplet56.
The double emulsions are then collected in a vessel and stirred to form concentric
polystyrene shells52 (Figure 1.8). The density of the inner fluid and the outer water phase
must be matched as closely as possible in order to improve uniformity and yield57. A
drawback to this approach is how the temperature will change the density of the fluids.
The double emulsions are also solidifying at the same time.
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Figure 1.8 Schematic of the batch process that is used for preparing polystyrene shells3.

During the solidification process, the fluorobenzene evaporates out of the oil
phase. This solidification procedure has been performed at room temperature4,58 and at
temperatures from 30°C to 50°(Ref. 2,3,56,57). The increase in temperature accelerates
the solidification rate and may induce phase separation in the polystyrene shell wall59,60.
This may affect the quality of the shell as the phase separation may produce voids, or
vacuoles59,60. Slowing the solidification rate has been shown to ensure good uniformity61.
The solvent-extraction process for forming the dried shell requires several days to
evaporate the fluorobenzene2,3,56,57. Several washes of deionized water and ethanol are
also necessary to remove any PAA residue. Shells are then dried at 45°C at atmospheric
pressure for at least 3 days2,3,57.
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Similar microfluidic lab-on-chip methodology of resorcinol formaldehyde targets
is envisioned for the fabrication of polystyrene shells. This new fabrication method offers
the potential of integrating all the batch process steps into a continuous operation for the
future mass-production of polymeric targets.

1.5 Thesis Outline

The research presented in this thesis was conducted under the advisement of
David R. Harding of the University of Rochester. The experimental results discussed in
this thesis contribute to understanding the mechanism of droplet formation in the
millimeter scale.
This chapter elaborates the background of inertial confinement fusion (ICF),
presents the motivation behind the microfluidic lab-on-chip techniques to improve the
stringent target quality specification, and details the background to the batch processes
for the two polymeric targets of interest. The motivation behind the proposed
microfluidic lab-on-chip concept is discussed and the vision for the complete fabrication
steps for dry polymeric targets is established.
In order to establish the microfluidic lab-on-chip approach for the first step in the
fabrication of both resorcinol formaldehyde and polystyrene targets, that is, forming a
double emulsion, a thorough understanding of the droplet formation mechanism is
necessary. Chapter 2 details the wide variety of physical phenomena in fluid flow for the
formation of emulsions on a microfluidic lab-on-chip device. Dimensionless numbers,
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such as the capillary number (Ca), flow rate ratio (∅), Reynolds number (Re), Bond
number (Bo), and Weber number (We) are all discussed in order to identify any
gravitational or inertial effects involved in the formation of millimeter size droplet.
Single emulsion experimentation is investigated before the fabrication of a double
emulsion on a lab-on-chip device. Based on the established microfluidic work using Tjunction geometries, all single emulsion studies use T-junctions. Chapter 3 investigates
the formation of water-in-oil and oil-in-water emulsions with the aid of surfactants using
a T-junction acrylic device. The competing contributions of the fluid's interfacial tension
and fluid velocity to forming and controlling the volume of the millimeter-sized
emulsions will be discussed7. The experimental findings in Chapter 3 establish the
operating parameters to aid the formation of oil-in-water-in-oil double emulsions on an
acrylic device for the fabrication of resorcinol formaldehyde targets, which will be
further discussed in Chapter 5.
A non-surfactant based droplet formation process was initiated to eliminate the
challenges of using surfactants in droplet formation and will be discussed in Chapter 4.
Based on previous successful experiments, T-junction geometry was also used for the
formation of water-in-oil and oil-in-water emulsion using different surface energy
materials. A thorough comparison between the surfactant-based and non-surfactant based
emulsion is also discussed in Chapter 4. The experimental findings in Chapter 4 include
the use of different fluids and materials, all of which contributed to the water-in-oil-inwater double emulsion formation for the fabrication of polystyrene shell, which will be
discussed in Chapter 6
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After the single emulsion discussions, the double emulsion formation for both
resorcinol formaldehyde and polystyrene are initiated. Chapter 5 discusses the formation
of oil-in-water-in-oil double emulsion with the aid of surfactants using an acrylic lab-onchip device. Two microfluidic techniques, double T-junctions and double focus-flow
designs, will be discussed. A successful proof-of-concept for the oil-in-water-in-oil was
established using a focus-flow design, which helped in the next lab-on-chip fabrication
design for polystyrene shells discussed in Chapter 6.
The formation of water-in-oil-in-water double emulsions for the fabrication of
polystyrene shells is discussed in Chapter 6. Building on the technique of using different
surface energy materials and established double emulsion production method for the
making of resorcinol formaldehyde, a water-in-oil-in-water double emulsion was also
demonstrated using a focus-flow design on a Teflon/Bk7 device. Chapter 6 also discusses
the fabrication of dried polystyrene shells from the collection of the double emulsion
using the Teflon/Bk7 device.
Based on these promising results for the droplet-based lab-on-chip concept, the
next step in fabricating the polymeric targets was also investigated. The exchanging of
the inner fluid with another solvent is explored using a microfluidic mixer technique,
which is discussed in Chapter 7. Two different millimeter mixer designs, serpentine and
sinusoidal serpentine are evaluated on their efficiency in promoting fluid transport across
resorcinol formaldehyde shells.
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Chapter 8 contains concluding remarks and a summary of the results. These
droplet-based lab-on-chip mechanisms, for both double emulsion and solvent exchange
procedure, have the potential to fabricate uniform polymeric target shells.
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2 The Mechanism of Droplet Formation on a Lab-on-Chip Device

2.1 Introduction

This chapter discusses the wide variety of physical phenomena in fluid flow for
the formation of emulsions in a microfluidic lab-on-chip device. The interfacial forces
dominate the flows of immiscible fluids in microchannels. As the scale of the channel
increases to the millimeter dimensions, inertial and gravitational forces must be
considered. Dimensionless numbers, such as the capillary number (Ca), flow rate ratio
(∅), Reynolds number (Re), Bond number (Bo), and Weber number (We) will be
discussed to evaluate if any gravitational and inertial effects present in the formation of
millimeter-size droplets.
The contact angle, surface tension, interfacial tension, and surface energy of the
liquids and the device materials are important for the formation of emulsions on a lab-onchip device and will also be discussed. Surfactants and their impact on fluid properties
are also reviewed.
A review of the fluid dynamics and mechanism involved in the droplet formation
is discussed for both T-junction and focus-flow geometries. The different droplet regimes
for the formation of droplets are also discussed. The regime of interest, the squeezing
regime, is highlighted because it provides for the best control of the droplet's size.
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2.2 Physical Phenomenon in Fluid Systems

2.2.1 Dimensionless Numbers

Dimensionless numbers are unit-less numbers that aid in characterizing fluid flow
and describing droplet break-up1. The Reynolds number, Re (Equation 2.1), describes
fluid flow by combining density ( ), viscosity ( ), velocity ( ), and the geometric
properties ( ) of the continuous channel1-3 ( is the hydraulic diameter of the
continuous channel). A high Re number indicates turbulent flow while a low value
indicates laminar flow4. It is equal to the ratio of inertia of the fluid motion to the viscous
terms4. Typically, Re is <<1 for the fluid flow in microfluidics due to the small channel
size and low flow rates. Here, the fluid flow is affected predominately by viscous shear
effects5,6. The observed Re for a millimeter size droplet made here were below 220. This
value indicates that inertial forces dominate viscous effects during the formation of
millimeter size droplets.  is one of the main variables used for all the experimentation.
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The Bond number (Bo) is shown in Equation 2.2, where * is the gravitation force,
+ is the difference in density of the two immiscible fluids and 

,

,

is the interfacial

tension between the two immiscible fluids1-3. The Bond number is defined as the ratio
between gravitational forces to the interfacial tension. Like the Re number, Bo values are
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also low in microfluidic systems due to their small dimensions, implying negligible
gravitation forces2. The Bo number for forming single millimeter-size emulsions is below
3. This value is significant because it reveals the role of gravitation forces on droplet
formation. This is in contrast to most microfluidic research studies where the Bo value
for forming smaller droplets is under 1 and where interfacial tension plays a significant
role2.
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The Capillary number, Ca, compares viscous force to interfacial forces as shown
in Equation 2.3, where  is the viscosity,  is the velocity of the continuous fluid, and


,

,

is the interfacial tension between the two immiscible fluids1-3,6-8. The Ca value

calculated in this study is still less than 1, which also is in agreement with typical
microfluidic values. Additionally, the Ca value has a strong correlation with the droplet
length and will be elaborated in the next sections. This behavior is also observed in the
micrometer-scale emulsion formation process.
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The Weber number, We, quantifies the competition between the inertia and
interfacial forces1,3. It is the product of Re and Ca (Equation 2.4). In microfluidic
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systems, the interfacial forces dominate due to the small dimensions. Re, Bo, and We
numbers are typically <<1 in micro-scale fluid flow2. In these studies, the We is also less
than 1.
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Equation 2.4

Lastly, the flow-rate ratio, , is represented by Equation 2.5, where < is the
volumetric flow rate of the dispersion channel while < is the volumetric flow rate of the
continuous channel1-3,7. Similar to the observations at the micrometer scale, the Ca and 
numbers both determine the size of the droplets. This will be further discussed in the next
chapters.
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Equation 2.5

2.2.2 Surfactants

The purpose of adding surfactants during emulsification is to reduce unwanted
coalescence of droplets and aid in the formation of droplets9-12. There is a hydrophobic
tail and a hydrophilic head for each surfactant molecule10. Since the head of the
surfactant molecule is hydrophilic, it will be immersed within the aqueous phase of the
fluid-fluid interface. In contrast, the tail end of the surfactant molecule will be immersed

32

within the non-aqueous fluid, such as oil, at the fluid-fluid interface13. The surfactant
resides and is absorbed at the surface and decreases the surface energy12. This has a
strong effect on other fluid properties and droplet formation. Typically, surfactants
reduce interfacial tension, contact angle, surface tension and surface energy.
Surfactants are characterized by their hydrophilic/lipophilic balance12, or HLB, on
a scale of 1 to 20. The lipophilic end of the molecule is the oil-compatible portion of the
hydrocarbon and is miscible in oil12 (HLB=1-20). The hydrophilic portion contains the
water compatible group and is aqueous soluble12 (HLB=10-20). Tween®80, a watersoluble surfactant (HLB=15), facilitates the formation of an oil-in-water emulsion12.
Span®80, an oil-soluble surfactant (HLB=4.3), aids in the formation of a water-in-oil
emulsion12. The emulsifiers used for future experiments are Span®80 and Tween®80.
As published by Baroud et al., the surfactant molecules interact at the fluid-tofluid interface10. As the amount of surfactant increases above a critical micellar
concentration (CMC), the surfactant molecules eventually become saturated and start to
arrange into micelle structures10. As a result, smaller droplets are produced11,14. The
CMCs for both surfactants, Tween®80 (0.025vol/vol%) and Span®80 (0.05vol/vol%),
are discussed in Chapter 3.
The structure of the surfactant will also influence the solubility of the surfactant in
different fluids. The use of two different surfactants, such as Tween (high molecular
weight) and Span (low molecular weight) has an effect on the fluids’ interface15: for a
combination of Tween and Span well above its CMC value, a simulation performed by
Posocco et al’s group revealed that Span molecules take up the free space between the
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"bulky" Tween molecules15. There will be some level of inhomogeneity of surfactant
molecules independent of its concentration15. This is discussed in following chapters.

2.2.3 Contact Angle

The contact angle indicates the wettability, or the affinity, of droplets for a solid
surface. A contact angle greater than 90° characterizes the solid as hydrophobic, whereas
a contact angle less than 90° represents a hydrophilic surface instead. The contact angle is
impacted based on surface roughness, dyes and surfactants. This will be discussed in
upcoming chapters.

2.2.4 Surface and Interfacial Tension

Surface tension, (γ), force per unit length10,16, is a measure of the liquid-vapor
interface. Interfacial tension, also denoted by γ, is energy per unit area10 of the liquidliquid interface of two immiscible solvents. For a water-oil emulsion droplet, the water
droplet will have a curved interface with the oil. This will create a pressure differential,
∆@A , also known as Laplace Pressure6, across the interface that must be balanced by work
against it (Equation 2.6). This curved interface will usually create a pressure differential
where two radii of curvature are considered: r1 is the axial curvature and r2 is the radius
of the radial curvature6,10.
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The Young-Dupré (Equation 2.7) describes the relationship between the surface
energies of solid, liquid, and gas17. It also predicts the contact angle of a liquid droplet on
a solid17,18. The subscripts in this case represent water (W), air (A), solid (S) and oil (O)
phases18. The Young-Dupré equation was used to solve for GH and GI where acrylic is
the solid and deionized water with Acid Blue 9 solution is the water solution (Eq 2.7,
2.8). Eq. 2.7 – Eq. 2.8, yields Eq. 2.9 to get Eq. 2.10 where HG

I

is the contact angle

of water on the solid in the oil phase18.

HJ cos(HG ) = GJ − GH

Equation 2.7

IJ cos(IG ) = GJ − GI

Equation 2.8

HI cos(HG

Equation 2.9
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Equation 2.10

The solid-to-liquid surface energy of a material dictates if it will produce W/O or
O/W emulsions. This is another form of assessing wetting characteristics. The continuous
fluid is the wetting fluid and the dispersion fluid is the non-wetting fluid8. The nonwetting fluid will form the droplets within the continuous fluid8. For example, in order to
create a W/O emulsion in an acrylic channel, )Y

/H) >)Y /I

must be

35

satisfied. In order to create an O/W emulsion in an acrylic channel,
)Y

/H) <)Y /I

must be true.

2.3 Droplet Formation Regimes in a T-junction and Focus-flow Geometry

2.3.1 Fluid Stresses involved in Droplet Breakup in T-junction

One objective of this study is to describe the forces dominating the formation of
millimeter droplets in the squeezing regime. The squeezing regime is one of the modes of
droplet formation in a T-Junction8. Glawdel et al.’s group7,19 identified three stages of
droplet formation in the squeezing regime as lagging, filling, and necking (Figure 2.1).
The different stages correspond to different force balances on the emerging droplet19: the
lagging stage occurs after detachment of the previous droplet and before the filling
stage19. The filling stage is when the droplet starts gaining volume and protrudes into the
continuous phase. The necking stage is when the droplet gets overwhelmed with the
hydrodynamic forces eventually pinch off the droplet19. This process forms a cycle of
three steps that repeat continuously.
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(a)

(b)

(c)

Figure 2.1: The (a) Lagging, (b) Filling, and (c) Necking stages show the formation of an
O/W emulsion.

Christopher et al. and Garstechki et al.1,6,19 identified three stresses during this
process: shear stress acting on the interface, interfacial tension resisting deformation, and
a squeezing pressure across the droplet causing break-up (Figure 2.2). Both viscous shear
and interfacial tension forces are responsible for forming the droplet in a T-Junction. The
shear stress on the emerging droplet varies across the channel and depends on
, \ ]^ & . The interfacial tension that initially resists deformation then aids the
separation of the droplet at the neck. A goal for this study is to identify the widest range
of flow conditions that produces droplets with consistent volumes.
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wc

Figure 2.2: Diagram shows forces on the emerging droplet during the formation stage
where  represents the interfacial tension, τint is the shear stress across the fluid-fluid
interface, and Pu-PD is the pressure difference (upstream and downstream) across the
droplet leading to the breakup.

2.3.2 Shear Stress across the Liquid-Liquid Interface

Viscous shearing occurs when the continuous fluid applies a shear force on the
dispersion fluid at their intersection7 (Pu(wc)>PD). As an effect, the emerging droplet will
be pushed off to one side during filling stage. This force will increase with an increase of
the flow rate in the continuous channel.

2.3.3 Interfacial Tension Resisting deformation

As the emerging droplet gains volume at the filling stage, a curvature begins to
form. A pressure increase is observed across the curve of the emerging droplet, which
resists deformation1. This pressure difference is proportional to the curvature of the
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droplet and interfacial tension1, and is expressed as the Laplace pressure6 (Equation 2.6).
As a result, this force influences the break off of the droplet.

2.3.4 Squeezing Pressure Leading to Droplet Breakup

The necking stage is when the emerging droplet is distorted by the viscous shear
and pressure forces19. As the dispersion fluid fills the continuous channel, restricting flow
of the continuous fluid, the Laplace pressure increases to a maximum where the
cylindrical diameter is narrowest and the droplet breaks off at the neck1,6 . Pressures then
regulate back to the initial values6. The dispersion fluid is observed to retract prior to
reinitiating the filling stage. This retraction identifies the squeezing regime.

2.3.5 Modes of Droplet Formation in T-junctions and Focus-Flow Devices

De Menech et al identified the three modes of droplet formation as squeezing,
dripping, and jetting5,8, as shown in Figure 2.3.These regimes are characterized by the Ca
number in microfluidic systems8. The squeezing regime occurs at low capillary numbers
where interfacial forces dominate viscous forces, and droplet break-up is driven by the
pressure drop across the droplet and completed by interfacial forces5,8. This regime is
desired for droplet formation because it provides the best droplet size control.
As the capillary number increases, the dripping regime becomes dominant where
the droplet break-ups are farther away from the intersection of the two channels. In this
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case, viscous shear forces play a more important role. The dripping regime is
representative of the balance between the viscous and interfacial forces5.
Lastly, the jetting regime occurs at high capillary numbers where viscous forces
prevail5. This regime represents the elongation of a droplet, forming a long thread before
the pinch-off step of the process5.The droplet break-up at the end of the jet is due to
Rayleigh-Plate instability and results in polydisperse droplet-size production3.

(a)

(b)

(c)

Figure 2.3: The three regimes of droplet formation include (a) squeezing, (b) dripping,
and (c) jetting8.

Characterization of these different regimes has been demonstrated experimentally
using models of micrometer-scale droplet formation1 (1 to 800m). Droplet formation
studied here is in the millimeter scale (1 to 18mm), and the same regimes are observed.
Squeezing, dripping, and jetting regimes have been observed in the millimeter scale both
in T-junctions and in focus-flow regimes. These will be discussed in the upcoming
chapters.
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Focus-flow devices (FFD) can be mistaken for capillary focus-flow devices. A
capillary co-flow device is also referred to as a one-step microcapillary method where
two tapered capillaries are used, one inserted in the other, to generate double emulsions2025

. This forms a coaxial flow of fluids also known as coaxial flow-focusing. This form of

a focus-flow device is not of interest because our vision is to form an on-chip device
without the use of capillary tubes to produce double emulsions. A focus-flow device will
establish the droplet formation onto a lab-on-chip to be fully integrated with the other
processes in making polymer targets.
The FFDs investigated in this thesis are either the “cross” or “Y” junction designs
in a confined chip device26-33. This design allows for excellent precision and control of
droplet-breakup by the rate of fluid flow. Most capillary focus-flow devices operate in the
dripping or jetting regimes to form droplets and therefore involve the Rayleigh-Plateau
instability in their droplet formation2,3. In contrast, our FFDs all exhibit the squeezing
regime.
The squeezing regime in the FFD, just as in T-junctions, is observed as the
following sequence of events: the dispersion fluid forms the droplet and the break-up
occurs at the junction. After break-up, the dispersion fluid retracts and the cycle repeats.
For the dripping regime, break-up occurs farther down from the junction, and no
retraction is noticed. Van Loo et al’s group established the squeezing regime for FFDs
where there is an empirical relation34,35 which shows a relationship between the volume
of the droplet and both Ca and . The experimental data shown in the next chapters are in
agreement with that relationship.
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2.14 Summary

The importance of the effect of contact angle, solid-to-liquid surface energy,
surface roughness, and surfactant on droplet formation is discussed. The surfactant’s
effects on contact angle, surface tension, interfacial tension, and surface energy are also
discussed. The use of a surfactant will have an effect on the fluid properties’ contact
angle, surface tension and interfacial tension. This will be evaluated in the next chapter.
For the use of two surfactants, Tween and Span, the HLB value becomes
important for forming the desired emulsions. The absorption the surfactant molecules
have at the interface affects the fluid’s physical mechanism, which becomes critical when
using more than one surfactant. This will be discussed in later chapters.
The established droplet formation regime for a T-junction is also observed for a
focus-flow device. For the squeezing regime, the droplet pinch-off is at the intersection
followed by retraction of the dispersion fluid. It is of interest to stay in the squeezing
regime because it allows for the best droplet size control. Inertial (Re<220) and
gravitational forces (Bo<3) are present in the formation of millimeter-size droplets. A
thorough analysis will be made in the following chapters.
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3 A T-junction Approach for Making Surfactant-Based Emulsions on an Acrylic
Material

3.1 Introduction

The performance of T-junctions has been researched since 2002 (Ref. 1,2), and
numerous publications have reported using surfactants3,4 to manipulate the wetting
characteristic of materia5 to produce micron-sized emulsions1. The size of the emulsions
that form at the junction depends on the dimensions of the channel and the properties of
the immiscible fluids flowing through them1. Scaling this device to larger dimensions to
make millimeter-sized emulsions that meet current and future ICF target specifications1
(1mm to 4mm in diameter) presents a challenge since gravitational forces are a factor and
higher inertial forces are needed to make the emulsion (due to the larger size). The role
and contribution of these forces, and the effect of a surfactant, have not been discussed in
reported attempts to make millimeter-sized emulsions in T-junctions1,6-10.
The use of surfactants was proposed to widen the range of operating parameters
for forming both water-oil and oil-water emulsions using one channel material1. This
flexibility in droplet formation using an acrylic material simplifies the manufacturing of
future lab-on-chip devices for the formation of double emulsions1. The surfactant alters
the solid-to-liquid and liquid-to-liquid surface energies and can change the hydrophilic or
hydrophobic characteristic of the acrylic lab-on-chip device1. Adding a Tween®80
surfactant to the water phase enables the oil-water (O/W) emulsion, while adding a

47

miscible Span®80 surfactant to the oil phases lowers the acrylic-to-liquid surface energy
to form water-oil (W/O) droplets.
The experimental data presented here will demonstrate the competing
contribution of the fluids’ interfacial tension and fluid velocity to forming and controlling
the volume of millimeter-sized emulsions1. Equally important, although surfactants
lowered the interfacial tension, the emulsions remained encapsulated by adjusting the
flow velocities1. The effect of the surfactant on the competing shear, gravitational and
inertial forces involved in the encapsulation mechanism is described1. Oil-water droplets,
1mm to 8 mm in length and water-oil droplets, 1mm to 15 mm in length were formed
with the aid of surfactants1. The droplet length is referred to the length of the elongated
droplets formed at a T-junction and moving downstream. Approximately 80% of the
droplet length is considered the actual droplet diameter. From this estimation, a droplet
volume can be estimated. A high Reynolds number of 60 and Bond number of 3 suggests
that both the inertial forces and gravitational forces are important in the millimeter
droplet-formation process. Interfacial tension is no longer the most important parameter
in droplet formation as recorded in microfluidic devices.
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3.2 Experimental Section

3.2.1 Material Selection, Design and Fabrication

A new flexible method has now been developed to generate millimeter-sized O/W
and W/O emulsions on acrylic sheets by adding surfactant Tween®80 (T80) and Span®
80 (S80) to the water and oil phases1. Light mineral oil [Sigma M3516] and de-ionized
water [viscosity of 0.001 kg/(m ×s)] containing a blue dye (Sigma Erioglaucine disodium salt
861146) were the two immiscible fluids chosen for this experiment1. A blue dye (9.45 × 10–6
M; acid blue 9 or brilliant blue FCG, MW 792.85, and MF: C37H34N2Na2O9S3) was added
to the de-ionized water to distinguish the two phases in the emulsions1. Surfactant Tween®80
(Sigma P1754), added to the water phase, was used to make O/W emulsions. To form W/O
emulsions, surfactant Span®80 (Sigma S6760) was added to the oil phase.
The LOC geometry uses circular cross section rather than rectangular channels to
ease the machining operations to avoid using adhesive to glue separate parts together1.
Acrylic material (McMaster 8560K) was chosen because of its optical transparency and
previously established successful work1,6. The liquid destined to be the outer phase of the
emulsions flows through the continuous channel (dc = 2.54 mm) and encapsulates the
liquid flowing through the dispersion channel (dd = 2.032 mm) at a position shortly after
the intersection of the two channels1 (Figure 3.1). At the intersection, the dispersed fluid
flows into the continuous fluid and breaks up to form droplets1.
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Figure 3.1: Schematic of (a) T-junction design in a plastic block1 and (b) photograph of
the first T-junction acrylic device.

“Push-to-connect” fittings (5/32-in. Prestolok W68PL) were used as adapters to
connect TygonTM tubing (Masterflex 06409-16) and 60-ml Luer-lok syringes1 (BD
301035). Both channels were pumped with immiscible fluids using separate syringe
pumps (Cole Parmer Instrument 74900) up to a velocity of 426 ml/h (Ref.1). Millimeter
channel flow experiments were monitored and recorded using either a three-CCD (chargecoupled–device) color camera (Hitachi HVF22F) or a monochrome industrial camera1
(DMK23UX236).

3.2.2 Surface Energy Calculations

All solid-to-liquid surface energy calculations for these experiments used
Equation 2.4 with measured contact angles and surface tension values. A VCA 2500XE
contact angle system (AST Products) was used to measure all contact angles1. All surface
tension and interfacial tension was measured using a tensiometer (Kruss K20 Easy Dyne)
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employing the Du Nouy ring method1. The density of the liquids was measured using a
density meter1 (Anton Paar DMA 4500M).

3.2.3 Dimensionless Number Analysis

A thorough analysis using dimensionless numbers (Ca and ), and fluid
parameters ( and  ) to control the droplet size has been performed for water-in-oil
emulsions using three different surfactant concentration (0.05% Span®80, 0.1%
Span®80 and 0.2% Span®80). Some will be demonstrated in the next sections and some
will be referred to in the Appendix.

3.3 Results and Discussion

3.3.1 The effect of the dye (Erioglaucine disodium salt) on Surface Tension, Interfacial
Tension and Contact Angle

Surface tension (liquid-air) and interfacial tension (liquid-liquid) for different
concentrations of dye (Erioglaucine disodium salt or Acid Blue 9) was evaluated1 (Figure
3.2). Increasing the concentration of acid blue 9 decreased both (a) the surface tension
(Figure 3.2a) and (b) the interfacial tension1 (Figure 3.2b). The effect on the interfacial
tension was greater1 (Figure 3.2b). The measured interfacial tension between the oil and
water phase was 49 mN/m, which is consistent with the literature value of 49.77 mN/m
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(Ref. 1,11). The surface tensions of the light mineral oil and deionized water at 20°C
were 29.9 mN/m and 71.7 mN/m, respectively1, which is consistent with literature values
of 29.9 mN/m for mineral oil and 72.8 mN/m for water1,12.

(c)
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10-5 10^-4
10-410^-3
10-3
Acid Blue 9 (M)

Figure 3.2: The effect of the dye on (a) surface tension of water1, (b) interfacial tension
against light mineral oil1, and (c) contact angle on acrylic machined surface.

The effect of the dye on the contact angle measurement was also evaluated
(Figure 3.2c). Increasing the dye concentration substantially increases the wettability on
the acrylic material. An important observation is that the contact angle increases above
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the literature value for an acrylic material13 (70.9°) on a machined rough surface (Figure
2.1). A sample of a machined surface was used to mimic the inside of the drilled circular
channels of the acrylic block and to perform contact angle measurements. To control the
dye’s effect, one concentration of dye was used for all experiments. All measurements of
the water phase contained 9.45x10-6 M acid blue 9 (Ref.1).

3.3.2 The roughness effect of Machining on Contact Angle

Drilling circular channels in acrylic increases the contact angle, however this is a
variable that is difficult to control and replicate. Figure 3.3 shows an acrylic material
drilled with a rough and smooth surface. A sample acrylic with both rough (Figure 3.3a)
and smooth surfaces (Figure 3.3b) was used to show the impact of roughness on the
contact angle of deionized water. The rough surface yields a 97° contact angle (Figure
3.3c), while a smooth surface obtains a lower contact angle of 75° (Figure 3.3d).
Henceforth, machine roughness can make the acrylic material either hydrophobic
or hydrophilic. Other surface modifications such as graft-polymerization of acrylic acid
may also alter contact angle measurements14. The implication of this variable, as
discussed in the next sections, is the effect it has on the solid-liquid surface energy and
droplet formation process.
As discussed by Nosonovky et al., when a surface is “rough or heterogeneous”,
the contact angle can be considered to be in either Wenzel or Cassie-Baxter state15. The
Wenzel state is similar to our droplets because the interface of the droplet to the solid

53

surface does not include any air pockets15. In contrast, the Cassie-Baxter state is where
the contact angle includes “air pockets trapped between” the droplet and the rough
surface15.

(b)

(a)

(c)

(d)
Deionized H2O

Acrylic

Deionized H2O

Acrylic

Figure 3.3: An acrylic material can be drilled to produce a (a) rough surface or (b)
smooth surface. A rough surface yields a (c) high contact angle of 97° while a (d) smooth
surface yields a lower contact angle, 75°.

3.3.3 The effect of surfactant concentration on Surface Tension, Interfacial Tension and
Contact Angle

Similarly to the dye, surfactant Tween®80 (water miscible) and Span®80 (oil
miscible) impacted surface tension, interfacial tension and contact angle (Figure 3.4). A

54

more drastic decline in surface tension of Tween®80 (Figure 3.4a) is observed in
comparison to Span®80 surfactant (Figure 3.4b) as the concentrations were increased.
Interfacial tension is reduced to under 10mN/m by both surfactants (Figure 2.5c and
2.5d). Other surfactants also show similar decrease in interfacial tension and reduction in
coalescence of droplets10,16.
These surfactant concentrations and surface tensions values (Figure 3.4a-b) allow
us to determine the critical micelle concentrations (CMCs) for the surfactant10. The CMC
value is where the surfactant concentration causes a sharp decrease in the surface tension,
which then remains relatively constant. A CMC at 0.025vol/vol% is observed for
Tween®80 surfactant and 0.05vol/vol% for Span®80 surfactant. As the surfactant
concentration reaches critical micellar concentration (_ ), the surfactant molecule
become saturated at the liquid to liquid interface10,17. Increasing the surfactant
concentration above CMC will also reduce the dynamic interfacial tension effects16.
Below the CMC, the surfactant concentration "accumulates near the back end of the
droplet", resulting in nonuniform coverage across the droplets16,18.
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Figure 3.4: Surface tension, interfacial tension with oil and contact angle decreases with
increased concentration of (a, c, e) Tween®80 and (b, d, f) Span®80 surfactants.
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Surfactants also increase the wettability by decreasing the contact angle (Figure
3.4e-f). A water miscible surfactant, Tween®80, added to the water phase lowered the
contact angle on an acrylic surface as the concentration increased (Figure 3.4e). A
concentration of 5% Tween®80 decreased the contact angle from 75° to 52° (Figure
3.4e). Using an oil miscible surfactant, Span®80, also decreased the contact angle on an
acrylic surface (Figure 3.4f).
A drawback of using surfactants on the acrylic device is the need to remove all
surfactants from the surface of channels prior to every run. Acrylic materials have low
chemical resistivity and cause swelling, which precludes the use of isopropyl alcohol
(IPA) to clean the channel. As a result, surfactant residues were present and
reproducibility of experiment results was not possible for some instances.

3.3.4 The effect of surfactant concentration on solid-to-liquid surface energy calculations

In addition to variable roughness added to the surface from the machining, the
surfactant residue was another variable that affected the wettability. Additional contact
angle measurements were taken to measure how much this can affect the surface energy
calculation (Figure 3.5). Residue from both surfactants, Tween®80 and Span®80,
lowered the acrylic-liquid surface energy, with Tween®80 having a larger effect (Figure
3.5a). Span®80 only slightly decreased from the value 15mN/m to 14mN/m (Figure
3.5b). Henceforth, minimal effect of the surfactant, Span®80, was observed. Overall, as
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the concentration of surfactant increases, the surface energy decreases. The large error
bars account for the variability in the contact angle measurements (n=6).
Surfactants can aid in reducing solid-liquid surface energy to form both O/W and
W/O emulsions on an acrylic material. A minimum of 0.05% Span®80 (1x CMC)
surfactant in the oil phase was used to form W/O emulsions while 0.1% of Tween®80
(4x CMC) was used in the water phase to form O/W emulsions. Premicellar solutions are
not usually studied in microfluidic devices because droplet formation occurs very quickly
such that there are hardly any surfactant molecules at the interface during the process16.
Similarly, the solid-liquid surface energy may be altered by changing materials5,6,19
without the use of surfactants.
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Figure 3.5: The effect of (a) Tween®80 and (b) Span®80 surfactants on acrylic-to-liquid
surface energy.
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Surface energy values were also evaluated to meet the requirements for forming
droplets in T-junctions1. The surface energy is an important variable that has a great
influence on the emulsification of liquids1,14. The surface energy of the dispersion liquid
must be greater than that of the continuous liquid

γ ( disp.fluid ) acrylic > γ ( cont.fluid ) acrylic  to form an emulsion1. In agreement with Gu et
al., the continuous fluid should “wet the channel” surface more than the dispersed fluid20.
An acrylic device forms water-in-oil emulsions [)Y
32gh/gc > )Y

 `a)bYc

= `24 −

= `13 − 16gh/gc; however droplets are formed in the



squeezing to dripping regime. This structureless (i.e. minimal to none) droplet formation
has been observed for surfactant concentrations below CMC21.
In order to improve the wettability of the continuous fluid (oil) on the acrylic
channel, 0.05% Span®80 was added to the oil phase. The following surface energy
calculation now applies:
)Y

 `a)bYc

= `24 − 32gh/gc > )Y

 `

bl.ln%Gplc

= `13 − 14gh/gc.

Increasing the amount of surfactant, droplets form from a structureless to structured (i.e.
droplet formed) regimes21. This transition into a well-defined droplet takes places at
around the CMC concentration of the surfactant16,21 .
Here, an approximate difference in surface energy. (


        )

       

−

of 14.5mN/m is not a favorable wetting characteristic. This is

most likely due to the variability in the contact angle measurements due to surface
roughness and surfactant residue. The difference in contact angle measurements between
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the fluids forming the emulsion (

        -

        )

is further

investigated. A difference of 56° indicates favorable wetting characteristics in forming
the emulsion.
For the oil-in-water emulsions, using 0.1% Tween®80, the following surface
energy calculations applies:
)Y

= `13 − 16gh/gc > )Y



 `a)bl.C%:plbYc

= `12 − 18gh/gc.

Here a lower wetting characteristic is observed for both acrylic-to-liquid surface energy
and contact angle. An even smaller difference of 0.5mN/m is not considered favorable
for the wetting characteristics of the fluids in forming the oil-in-water emulsion. A
difference in contact angle of 27° is at least marginally adequate for the liquids to form
the emulsion. The contact angle between the fluid and the channel wall21 has been shown
to have an effect on plug formation. It may be due to the combination of the wetting
characteristics (surface energy and contact angle) that enables the formation of the
droplet.

3.3.5 Influence of capillary number, velocity of the continuous channel on droplet size

For the formation of water-in-oil emulsions, from 1mm to 15mm in droplet
length, a thorough analysis of three different Span®80 surfactant concentrations
(0.05%S80, 0.1%S80 and 0.2%S80) was performed. In order to compare the
experimental results with any change in squeezing to dripping regime, four different
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water velocities, Vd=0.00043m/s, Vd=0.00086m/s, Vd=0.002m/s and Vd=0.004m/s, were
chosen for experiments.
A dependency between the dimensionless Ca number and the length of the water
droplet was observed for all surfactant concentrations. Similar trends are observed
between the length of the water droplet to both the Ca (Figure 3.3) and the oil, or 
(Figure 3.2) because the Ca is proportional to Vc (Equation 2.8). As an example, the Cato-droplet-length relationship for 0.2% Span®80 is shown in Figure 3.6a (Ref. 22). The
water droplet length decreases when Ca and Vc increases for a fixed water velocity (Vd).
A high Ca value (Ca=0.17) and oil velocity (Vc=0.02m/s) formed water droplets 1mm in
length. Larger droplet, known as "plugs," up to 15mm in length formed at low Ca value
(Ca=0.003) and oil velocity (Vd=0.0005m/s).
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Figure 3.6: For water-in-oil emulsions using 0.2% Span®80, the effect of the different
water velocities on the relationship between (a) Ca and (b) oil velocity22.
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As the water velocity (Vd) increases, the droplet size increases (Figure 3.6). For a
water velocity greater than 0.004m/s, a shift from squeezing to the dripping regime was
observed (Figure 3.6). This water velocity transition point varied for each of the different
surfactant concentrations (Appendix). All experimental data points are for droplets
formed in the squeezing regime. Similar effect of fluid velocity on droplet formation has
been also shown in literature2. Overall, surfactants aid in increasing the fluid velocities
available in the squeezing regime and allow for larger water droplets to be formed.
Consequently, surfactants decrease the interfacial tension, which in turn increases the Ca
value (Equation 2.7).

3.3.6 Influence of flow rate ratio on droplet size

For water-in-oil emulsions, the flow rate ratio () shows a positive, close to
linear, relationship with the droplet length when the Vc (Figure 3.7a-b) and Vd (Figure
3.7c-d) are independently varied (Figure 3.7). As the  increases, the droplet length
increases10,23. The greatest surfactant concentration of 0.2%Span®80 allows for higher φ
values of 5 and  values of 0.004m/s, yielding water droplets up to 15mm in length
(Figure 3.7b and d) (Ref. 22). For a lower surfactant concentration of 0.05%Span®80, the
highest water velocity of 0.0009m/s yields 5mm water droplets at a φ value of 2.5
(Figure 3.7a and c).
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Figure 3.7: The effect of flow rate ratio on droplet length for water-in-oil emulsions when
the (a and b) Vc and (c and d) Vd are independently varied for (a and c) 0.05%Span®80
and (b and d) 0.2%Span®80 (Ref. 22).

Increasing the water velocity ( ) and decreasing the oil velocity ( ) will
increase the available production range for droplets. For 0.05%Span®80 surfactant, a
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water velocity of 0.0009m/s forms droplets 1.5mm to 5mm in length. In comparison, for
0.1%Span®80, a water velocity of 0.0003m/s produces droplets 1.5mm to 3mm in
length. Similarly, for 0.05%Span®80 at an oil velocity of 0.02m/s, the droplet length
ranged from 1mm to 1.5mm in length. In contrast, at an oil velocity of 0.0006m/s, the
droplet length ranged from 3mm to 5mm in length. Therefore, surfactants can increase
droplet length, allow a higher  velocity, and therefore increase the fluid velocities
available to operate in the squeezing regime.
A slight “hump” is observed for trends (Figure 3.7a and 3.7c) below a droplet
length of 3mm. A possible explanation is the inertial forces present (1<Re<2) at the high
velocities necessary to produce droplet below the diameter of the continuous channel
(2.54mm). Here, the droplets are sheared off at the intersection of the T geometry. For
droplets above 3mm in length, with microfluidic conditions24,25 (Re<1, Bo<1, We<1),
trends are observed linearly because inertial forces are neglected. As the φ increases and
the droplet length increases, the graphs appear more linear (Figure 3.7b and d).

3.3.7 Influence of fluid velocities on droplet size and regime

Another analysis compared the variation of water velocity (Vd) with droplet size,
while fixing the velocity of the oil (Vc) (Figure 3.8). A shift to from the squeezing to
dripping regime is observed at 0.0086m/s for the water velocity (Figure 3.8). Henceforth,
the velocity of the dispersion fluid (Vd), or velocity of the water phase, controls the
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transition to the dripping regime. Similarly, figure 3.6 also showed the Vd control in
shifting from the squeezing to dripping regime.

(a)

0.05%S80

Dripping

droplet length (mm)

6

Vc=0.0027m/s

5

Vc=0.0055m/s

4

Vc=0.01m/s
Vc=0.00055m/s

3

Vc=0.001m/s

2

Vc=0.016m/s

1

Vc=0.022m/s

Squeezing
0
0.0002

0.0004

0.0006
Vd (m/s)

(b)

0.0008

0.001

0.2%S80
Dripping

16

droplet length (mm)

14

Vc=0.001m/s

12

Vc=0.003m/s

10

Vc=0.0055m/s

8

Vc=0.011m/s

6

Vc=0.0165m/s
Vc=0.0005m/s

4
2

Squeezing

0
0

0.002

0.004

0.006

0.008

0.01

Vd (m/s)
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The velocity of the continuous fluid primarily controls the lengths of the droplets.
A water velocity of 0.00005m/s for 0.05%Span®80 has a lower droplet-length-todispersion-fluid-velocity slope (Figure 3.8a) in comparison to 0.2%Span®80, where the
slope is greater22 (Figure 3.8b).As the surfactant concentration increases, the quicker the
droplet length will be produced in the squeezing regime (Figure 3.8). Overall, the
significant observation is that Vd controls the encapsulation mechanism (squeezing versus
dripping), and Vc and surfactant concentration control the length of the droplet.

3.3.8 Effect of the surfactant concentration on droplet size

For both water-in-oil and oil-in-water emulsion formation with the aid of
surfactants, similarities in the relationship between the Ca and flow-rate-ratio to the
droplet length are demonstrated1,22 (Figure 3.9). Three different surfactant concentrations
for Span®80 and Tween®80 were chosen for experiments: 0.05% Span®80, 0.1%
Span®80, 0.2% Span®80, 0.1% Tween®80 (IFT=4.8mN/m), 0.32% Tween®80
(IFT=7.9mN/m) and 1%Tween®80 (IFT=9mN/m).
The Ca (Figure 3.9a and c) and flow-rate-ratio (Figure 3.9b and d) to droplet
length trends both are independent on surfactant concentration. Larger droplets form
when surfactant concentrations are incremented (Figure 3.9). Similar results10 and
opposite results26 have been observed with other surfactant-based emulsions.
Consequently, as the surfactant concentration is increased, the interfacial tension
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decreases. Therefore, these trends are also independent of interfacial tension. This also
allows for an increase in fluid velocities available to operate in the squeezing regime.
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Figure 3.9: The effect of (a and c) Ca and (b and d) flow-rate-ratio to droplet length for
(a-b) water-in-oil and (c-d) oil-in-water emulsion. Each trend represents the greatest
velocity for water achieved (Vd) for water-in-oil emulsions using 0.05%Span®80,
0.1%Span®80 and 0.2%Span®80 in the oil phase.
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The highest used surfactant concentration of 1%Tween®80 allows for a higher oil
velocity (dispersion fluid) to reach 0.004m/s and high Ca value of 0.005 (Figure 3.9c). In
comparison, to the water-oil droplet formation, a higher Ca value of 0.17 is achieved
(Figure 3.9a). This is due to the higher viscosity fluid in the continuous phase (light
mineral oil). An equal  value (0.004m/s) is observed for both water-oil and oil-water
droplet formations on an acrylic material.
A linear relationship is seen between  and droplet length (Figure 3.9b and d).
These trends are independent of surfactant concentration and therefore IFT. As the
surfactant concentration is increased to 0.2%Span®80 and 1%Tween80, the largest
droplets of 15mm (=5) and 8mm in length (=2), respectively are produced (Figure
3.9). There is minimal difference between the 0.05%Span®80 and 0.1%Span®80
because the trends appear to overlap (Figure 3.9a).
There are a couple of similarities for both oil-water and water-oil emulsions,
including flow rate ratio trend (including slope), largest  value achieved, and  value
achieved. Some differences include the largest droplets achieved (15mm for oil-water and
8mm for water-oil), the greatest  (2 for oil-water, 5 for water-oil), and largest Ca value
achieved (0.005 for oil-water and 0.17 for water-oil).

3.3.9 Influence of dimensionless Re, Ca, We and Bo numbers on droplet formation

The effect of dimensionless numbers, Re, Ca, We, Bo on droplet formation for
water-in-oil and oil-in-water emulsion was thoroughly investigated (Figure 3.10). All
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emulsions formed in this study occur at Re values >1 indicating that high inertial forces
are needed for the droplet formation in the millimeter scale. Oil-in-water emulsions reach
higher Re values (Re<60) than water-in-oil (Re<2) emulsions. Here, for the oil-in-water
emulsions, even the larger droplet (plugs) form with inertial forces (Re>1) (Figure 3.10).
Typically, larger droplets form at low velocity of the continuous channel and therefore
low Re value (Re<1). This may be due to the low interfacial tension forces and
increasing inertial forces where shear forces are present during the droplet breakup.
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Figure 3.10: The effect of Re, Ca, We and Bo on water-in-oil and oil-in-water emulsions.

Gravitational forces are also present (Bo<3 for water-in-oil and Bo<2 for oil-inwater) for all surfactant-based emulsions. This is also due to the low interfacial forces
due to the addition of surfactants. The low We number (We=0.3) emphasizes the
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dominate interfacial forces over inertial. The low Ca number (Ca<1) also reemphasizes
the importance of interfacial forces in droplet formation. Therefore, though interfacial
forces are still dominant (We<1 and Ca<1), inertial forces (Re>1) still play a significant
role in millimeter droplet formation. Despite these atypical microfluidic conditions10,20,
the squeezing regime is still observed.

3.4 Conclusions

Large surfactant-based water-in-oil and oil-in-water emulsions in the millimeter
scale, from 1mm to 15mm in length, were formed with the aid of surfactants on an acrylic
T-junction device. Surfactants alter the solid-to-liquid and liquid-to-liquid surface
energies and therefore can change the hydrophilic or hydrophobic characteristic of the
acrylic device1. A 0.1%Tween®80 surfactant in the water phase made it possible to
produce millimeter-sized oil-water (O/W) emulsions1. The addition of 0.05%Span®80
surfactant in the oil phases lowers the solid-to-liquid surface energy to form a water-oil
(W/O) emulsion on an acrylic device.
Surfactants allow a wider range of fluid parameters to better control the droplet
formation regime and size1. Water-oil and oil-water droplets were tuned to different
droplet lengths by adjusting the velocities of the liquids, thereby varying Ca and ⱷ, as
observed for microfluidic devices1. Increasing surfactant concentrations increases the
droplet length and velocity of the dispersion fluid. The velocity of the dispersion fluid

70

(Vd) primarily controls the transition from squeezing to the dripping regime while the
velocity of the continuous channel (Vc) influences the droplet size.
Inertial and gravitational forces are present for both water-oil (0.05 <Re<2 and
2<Bo<3) and oil-water (3<Re<60 and 1<Bo<2), illustrating atypical microfluidic
conditions for millimeter droplet formation in the squeezing regime. However, inertial
forces (Ca<1 and We<1) are still the dominant force for the break-up of the droplet.
Considering the larger scale and velocities in our experimentation, it was possible to
achieve higher Reynolds and bond numbers and the details are discussed.
Other surface energy materials were also investigated to form both oil-water and
water-oil droplets without the need of surfactants and will be discussed in Chapter 4.
Overall, defining these operating parameters will aid the formation of oil-water-oil
double emulsions on an acrylic device for the fabrication of resorcinol formaldehyde
shells. This will be discussed later in Chapter 6.
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4 A T-junction Approach for Producing Water-Oil and Oil-Water Emulsions Using
Different Surface Energy Materials

4.1 Introduction

The T-junction geometry allows for controllable and highly uniform emulsion
production1-3 and was therefore used for the next set of experiments. An investigation of
using different fluids (polystyrene, fluorobenzene and polyacrylic acid) to form
emulsions was needed in order to aid the future study of forming water-in-oil-in-water
double emulsions for making polystyrene shells4 (Chapter 6).
In addition to using an acrylic T-junction device, four additional materials with
different surface energies (Bk7 glass4, fluorinated ethylene propylene (FEP),
polytetrafluoroethylene (PTFE), and Teflon-coated BK7 glass) were used to form oil-inwater and water-in-oil emulsions. Changing the material of the channels from acrylic to
any of the materials listed above changes the solid-to-liquid surface energy and allows
emulsions to be formed without the need of surfactants. Furthermore, a more chemically
resistant and transparent material than acrylic was needed because surfactant residue built
up in the acrylic device.
This study uses materials that are not suitable for manufacture using the
traditional PDMS-based methods for making lab-on-chip via soft lithography methods1,510

. All the T-junction devices discussed here are machined-drilled either manually or with

computer numerical control (CNC) equipment. A Bk7 glass material was used to produce
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fluorobenzene-in-water (FB/W), fluorobenzene-in-polyacyrlic acid (FB/PAA),
polystyrene-in-fluorobenzene-in-PAA (PSFB/PAA)4, PSFB-in-water (PSFB/W) and oilwater (O/W) emulsions. Teflon-coated Bk7 glass formed water-in-fluorobenzene
(W/FB), W/PSFB4 and water-oil (W/O) emulsions. Fluorinated ethylene propylene (FEP)
device encapsulated W/FB, W/PSFB and W/O emulsions. A polytetrafluoroethylene
(PTFE)/FEP device formed a W/FB emulsion and a polyvinyl chloride (PVC) device
encapsulated W/O emulsions. This PTFE/FEP device is the only device containing square
and rectangular channels. All water phases included deionized water or polyacrylic acid.
All oil phases included fluorobenzene, polystyrene-in-fluorobenzene or light mineral oil.
Eliminating the use of surfactants has advantages in the formation of emulsions
within a T-junction geometry. The high amounts of surfactant concentration needed for
droplet formation9 make it difficult to eliminate surfactant residue on the channel walls
(Chapter 3). It decreases the interfacial tension between the two fluids forming the
emulsion and thereby increases the effect of gravitational forces on the droplet formation
process. A reduction of the effect of gravitation forces reduces the need to match the
density of the inner and outer droplets in the double emulsion to the same precision. This
density-matching process is important in order to form concentric, uniform polymer
shells11-13. An increase in interfacial tension also increases the sphericity of the droplet12.
A thorough study of the surfactant-based emulsions formed in an acrylic material
(Chapter 3) and emulsions in these new materials is discussed. It is desirable to achieve
the same wide range of operating parameters and droplet size production as was observed
for the surfactant-based emulsions. As before, the control of the droplet size is
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characterized by the use of dimensionless numbers (Ca and) and fluid parameters (
and  ), and trends will be identified. The transition from the squeezing to dripping
regime in the trends is also of interest and is discussed. It is preferable to stay within the
squeezing regime because it allows for the best droplet-size control. The wetting
characteristics, based on the solid-to-liquid surface energy and quantified by contact
angle measurements, is also discussed to explain the droplet formation process at the
millimeter scale. Other relevant dimensionless numbers such as We, Bo, and Re are
evaluated and aid in understanding the forces that are present during the formation of
millimeter size emulsions.

4.2 Experimental Section

4.2.1 Material Selection, Design and Fabrication

Plastic and glass materials were machined using similar methods to those used to make a
previous T-junction design (Figure 3.1). Such materials include: FEP film sheet (Holscot
Fluoroplastics LTD), polyvinyl chloride (PVC), Bk7 glass (Advanced Glass Industries), and
polytetrafluoroethylene (PTFE) (Figure 4.1). The fluids analyzed include: fluorobenzene
(Sigma F6001), polyacrylic acid, or PAA (1,250,000 MW Sigma F6001), deionized
water, polystyrene (123,000MW Pressure Chemical PS40915) and light mineral oil
(Sigma M3516), and were used to form either O/W and W/O emulsions.
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(a)

(b)

(c)

(d)

Figure 4.1: Photographs of a T-junction geometry made using (a) Bk7 glass4, (b) PTFE/FEP
(c) FEP and (d) PVC materials.

4.2.1.1 Fabrication of a BK7 Device with a Teflon-coated Surface

BK7 glass material has several advantageous properties, such as transparency and
chemical resistivity4. This Bk7 LOC device (Figure 4.1a) was machined with circular
channel dimensions, dc = 1.8 mm and dd = 2.4 mm, for the continuous and dispersion
channels, respectively. As a hydrophilic material, O/W single emulsions were formed
without the aid of surfactants. The following single emulsions will form using a Bk7
glass LOC device: fluorobenzene-in-PAA (FB/PAA), flouorobenzene-in-water (FB/W),
polystyrene-in-fluorobenzene-in-PAA (PSFB/PAA), PSFB-in-water (PSFB/W) and oilin-water (O/W).
Adding a Teflon coating (Teflon AF) to a portion of the Bk7 design provided the
flexibility for the BK7 material to form both oil-water (O/W) and water-oil (W/O)
emulsions without the need of surfactants4. Using a Teflon coating, the solid-to-liquid
surface energy is modified to possess hydrophobic characteristics. Several types of O/W
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single emulsions were formed using the Teflon coating: water-in-fluorobenzene (W/FB),
water-in-PSFB (W/PSFB) and water-in-oil (W/O).
For the above oil phases (O), the following different chemicals and concentrations
are used: Fluorobenzene (pure), PSFB (18wt/vol% polystyrene in fluorobenzene), and oil
(light mineral oil). For the water phases (W), the following solutions are used: PAA
(0.05wt/vol% poly(acrylic acid)) and water (deionized water).
An important part of the design is the addition of tube connectors (Figure 4.2) at
the end of the device in order to facilitate the connections to the syringes. Chemical
resistant tygon tubing (VWR 89404-390), with inner diameter of 4.76mm, connects and
fits right into the tube connectors (4.75mm). Female luer fittings (Cole Parmer GH41507-28) were used as adapters to connect to the glass syringes (VWR 80089-576) to
tygon tubing. Fluid channels were pumped using separate single syringe pumps (Cole
Parmer EW-74905-02) with fluid velocities up to 1000ml/hr.

Figure 4.2: A T-junction Bk7 glass design has additional tube connectors machined at the
ends to attach to tygon tubing connections.
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4.2.1.2 Fabrication of the PTFE/FEP Device

A PTFE device (Figure 4.1b) was constructed with a Teflon (PTFE) etched material
(McMaster 7998K16) as a base for the device and with a cover consisting of an FEP thin film
(McMaster 5805T11) and borosilicate glass (McMaster 8476K321) (Figure 4.3). A chemical
resistant PTFE adhesive (Reltek B4811 McMaster 7513A4) was used to bond etched Teflon
(PTFE) to FEP and borosilicate glass (Figure 4.3). Playdough was used to cover the base
channels while the adhesive was applied; this insured no adhesive got inside the channels.
After clamping the cover and base, the PTFE/FEP device was pulled apart to remove the
playdough inside the channels. All remaining residue of adhesive was wiped off the device.
The device was then clamped again to adhere base and cover. This technique was also used
for the construction of the macro-mixers detailed in Chapter 8.

Borosilicate Glass
FEP thin film
PTFE etched

Adhesive
Channel

Figure 4.3: Schematic showing the PTFE device with the FEP thin film adhered to the
etched side of the PTFE with a chemically resistant adhesive.

The cover includes both FEP thin film and glass (Figure 4.3) because of their
transparency and the similar surface energies of PTFE and FEP, which are 19.4mN/m (Ref.
14) and 19.1mN/m (Ref. 14). The PTFE device has rectangular dimensions because the
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PTFE base material was machined using a computer numerical control (CNC) method.
All CNC toolpaths were generated using a program called Mastercam. Dimensions of dc
= 0.78 mm and dd = 1.14 mm were machined for the continuous and dispersion channels
respectively. PTFE, as a hydrophobic material, easily forms water-oil (W/O) emulsions.
The water phase (W) included de-ionized water and the oil phase (O) included
fluorobenzene. “Push-to-connect” fittings (5/32-in McMaster 5779K104) were required.
In order to connect Tygon tubing (Masterflex 06409-16) and glass syringes (Fortuna
50ml) to the LOC device, they were manually screwed into the threaded plastic.

4.2.1.3 Fabrication of the FEP Device

An FEP (Figure 4.1c) film sheet (Holscot Fluoroplastics LTD) 1.5mm thick was
also evaluated for its ability to form water-oil (W/O) emulsions. Circular channels with
dimensions of dc = 0.78 mm and dd = 1.01 mm were machined for the continuous and
dispersion channels respectively. A solid model was created using NX solid modeling
program. The water phase (W) includes deionized water and the oil phase (O) includes
fluorobenzene (FB), PSFB (18wt/vol% polystyrene in fluorobenzene), and oil (light
mineral oil). Because the FEP sheet was only 1.5mm thick, syringe needles were used
instead of fittings to connect to the syringe pumps. BD needles of 19 gauge (Sigma
Z192503) and 21 gauge (Sigma Z192546) were used for the continuous and dispersion
channels. No tygon tubing was needed.
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4.2.1.4 Fabrication of the PVC Device

Lastly, polyvinyl chloride (McMaster 87545K721) was machined (Figure 4.1d) with
circular channels and dimensions of dc = 2.03 mm and dd = 2.54 mm for the continuous
and dispersion channels respectively. A solid model was created using NX solid
modeling program. Water-oil (W/O) emulsions were formed with de-ionized water as the
water phase (W) and light mineral oil as the oil (O) phase. Similarly to the fabrication of
PTFE/FEP device, the connection between the Tygon tubing (Masterflex 06409-16) and
60-ml Luer-lok syringes (BD 301035) to the "Push-to-connect" fittings (5/32-in
McMaster 5779K104) was the same.

4.2.2 Surface Energy Calculations

The solid-to-liquid surface energy values for all the different fluids and materials
used in these experimentations were calculated using Equation 2.4 with measured contact
angles and surface tension values. A VCA 2500XE contact angle system (AST Products)
was used to measure all contact angles4. All surface tension and interfacial tension was
measured using a tensiometer (Kruss K20 Easy Dyne) or through Augustine Scientific4.
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4.2.3 Dimensionless Number Analysis

A thorough analysis using dimensionless number (Ca and) fluid parameters (
and  ) to control the droplet size was performed for all the different materials
individually. Some will be demonstrated in the next sections, and most will be referred to
in the Appendix. Due to similarities in the trends between the length of the droplet and
the Ca, ,  and  values already seen with the surfactant-based emulsions in Chapter
3, they will not be shown in repetition. Selected trends will be shown in the next section,
especially those that are distinct; however, most will be referred to in the Appendix.

4.3 Results and Discussion

4.3.1 Influence of capillary number and velocity of continuous fluid on droplet size

The size of water-in-oil and oil-in-water emulsions, from 1.5mm to 15mm in
length was controlled by Ca number and by the velocity of the continuous fluid. The
velocity of the continuous fluid is a variable in the Ca definition and therefore displays
the same trend as the relationship between the droplet length and Ca number. An
example of this trend is shown for the formation of water-in-oil emulsions formed in a
PVC device with constant interfacial tension (a)

=48mN/m) and viscosity of the

continuous phase ( =26cp) (Figure 4.4). In order to compare the experimental results
with any change in squeezing to dripping regime, five different dispersion fluid
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velocities,  =0.26mm/s, 0.86mm/s, 2.14mm/s, 4.28mm/s and 8.6mm/s, were chosen for
experiments.
The droplet length decreases when Ca and  is increased for a fixed dispersion
phase velocity (Figure 4.4). A high Ca value (Ca=0.1) and oil velocity ( =0.02m/s)
formed water droplets 1.5mm in length. Larger droplets up to 18mm in length, or “plugs”
formed at low Ca value (Ca=0.007) and oil velocity ( =0.001m/s). For a water velocity
(dispersion fluid) greater than 8.6mm/s, a shift from squeezing regime to dripping regime
was observed (Figure 4.4). All experimental data points are for droplets formed in the
squeezing regime. Similar results are observed in microfluidic devices, in which for a
given flow rate of the dispersion fluid, the droplet size decreases as the continuous fluid
velocity is increased15 or Ca is increased16.
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Figure 4.4: The effect of the (a) capillary number and (b) velocity of the continuous
channel ( ) on the droplet length at the dispersion phase velocity ( ) of 0.26mm/s,
0.86mm/s, 2.14mm/s, 4.28mm/s and 8.6mm/s respectively.
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As described by Liu et al., the droplet stretches before pinching off and the
formation of large droplets (plugs) and small droplets as observed16 in the millimeter
PVC T-junction device (Figure 4.5). At Ca=0.009, droplets are formed and higher
continuous fluid velocities are achieved. On the other hand, at a lower Ca value of 0.003,
plugs are formed instead, and lower continuous fluid velocities are used. Here, the Ca
number increases as the velocity of the continuous fluid increases. Therefore, the
interfacial tension is not the dominate force in the droplet formation. As shown in Figure
4.5, the droplet proceeds a distance into the continuous channel before pinching-off17.
The space between the emerging droplet and the continuous channel wall observed at
high Ca (Figure 4.5a) indicates increasing shear stress on droplet formation18. This
increase in the space has been observed in the formation of all oil-in-water and water-inoil emulsions formed using different materials.

(a)
t=1

t=2

t=3

t=1

t=2

t=3

(b)

Figure 4.5: Sequences of images showing the formation of droplets: (a) Ca=0.009,
 =0.004m/s; (b) Ca=0.003,  =0.004m/s.
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4.3.2 Influence of flow rate ratio on droplet size

For all water-in-oil and oil-in-water emulsions, the influence of flow rate ratio on
droplet size demonstrated a positive, close to linear relationship for almost all channel
materials. Water-in-oil emulsions made using a PVC device demonstrate this typical
behavior (Figure 4.6a and b); however, oil-in-water emulsions made using a BK-7 glass
device showed atypical trends (Figure 4.6c and d). All other oil-in-water emulsions
formed using Bk-7 show typical behaviors and the data is presented in the Appendix.
The droplet length increases when  increases for a fixed dispersion fluid velocity
(Figure 4.6a and c), and continuous fluid velocity decreases (Figure 4.6b and d). For
water-in-oil emulsions made using a PVC device, the largest water velocity
( =0.0086m/s) and the lowest oil velocity ( =0.0219m/s) provided the largest  value
of 10 (Figure 4.4a and b) and yielded the largest water-in-oil emulsions, 15mm long.
Similar strong correlations between the ratio of the volumetric flow rates of two
immiscible fluids and the droplet length exists in microfluidic devices16,19,20.
The formation of oil-in-water emulsions using a Bk-7 glass device demonstrates a
positive relationship between the droplet length and the  value; however, a “hump” is
observed for low flow rate ratios (Figure 4.6c and d). A possible explanation of this
“hump” may be the increasing inertial forces (1<Re<120) affecting the droplet formation
process for droplets below 4mm in length. Here, a smaller =2 value produces an oil
plug 7mm long (Figure 4.6c), while a =0.8 value achieves an oil plug of 4.5mm long
(Figure 4.6d).
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Figure 4.6: The effect of flow-rate-ratio on droplet length for (a and b) water-in-oil
emulsions using a PVC device at different dispersion fluid velocities (from  =0.26mm/s
to 21.9mm/s) and (c and d) oil-in-water emulsions using a Bk-7 glass device at different
dispersion fluid velocities (from  =0.0006m/s to 0.05m/s).
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4.3.3 Influence of solid –to –air surface energy on flow-rate-ratio and droplet size

Overall, the broad range of flow rate ratio values (0.006<<9) are higher than
what is typically found in microfluidic droplet generation16 (0.004<  <0.056).
Considering the larger fluid velocities, droplets (1-18mm in length), and millimeter scale,
such larger flow-rate-ratios are expected. For all emulsions a strong linear relationship is
shown between droplet length and  (Figure 4.7). This linear trend is independent of the
different surface energy materials, oil phases (fluorobenzene, oil, polystyrene-influorobenzene), water phases (polyacrylic acid and water), interfacial tension (IFT) and
viscosity (Figure 4.7). Here, the velocity of the continuous fluid ( ) was varied while
maintaining a constant velocity for the dispersion fluid ( ).
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Figure 4.7: Effect of surface energy materials, fluids (dispersion and continuous), IFT
and viscosity on droplet length: (a) Oil-in-water and (b) Water-in-oil emulsions.

For water-in-oil emulsions, the lower surface energy materials (FEP and Teflon)
have a lower droplet-size-to- slope in comparison to the higher surface energy materials
(PVC and acrylic) (Figure 4.7b) and therefore slowly increases the droplet length as 
increases. This lower slope achieved by the low surface energy materials reaches the
largest =9 to form droplets 8mm in length.
A comparison is drawn for the highest achieved flow-rate-ratio and droplet length
for each different surface energy device forming either water-in-oil or oil-in-water
emulsions (Figure 4.8). For all emulsions and materials, there is no correlation between
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the highest flow-rate-ratio and droplet length achieved. With =6, for FEP and Teflon,
droplets were formed up to 6mm and 13mm long, respectively. Only the FEP device
produced droplets 6mm long because of the shorter length of the continuous channel.
For both Teflon and FEP devices, the maximum achievable  decreases as the
surface tension of the continuous fluid decreases (fluorobenzene, polystyrene-influorobenzene and oil). Because of this, the highest flow-rate-ratio will decrease from
forming a water-in-oil (
fluorobenzene)(sG9t

)  =30mN/m),

)  =28mN/m)

water-in-(polystyrene-in-

and water-in-flurobenzene (9t

)  =27mN/m).

The

surface tension is dependent upon the solid-to-liquid surface energy (Equation 2.7),
which contributes to the wetting characteristic and droplet formation. It may have an
impact on droplet size through dimensionless number .
Smaller flow rate ratios, for Bk-7 devices, are achieved when the viscosity of the
dispersion fluid (oil and polystyrene-in-fluorobenzne) increases (Figure 4.8). A
fluorobenzene-in-water (9t =0.6cp) emulsion achieves higher  than (polystyrene-influorobenzene)-in-polyacrylic acid (PSFB/PAA) (sG9t =44cp) or oil-in-water
( =26cp) emulsions. Since increasing the viscosity of the dispersion fluid increases the
'

viscosity-ratio, defined as ]=' >4uvwxu4yz {3|4> (Ref. 5), smaller droplet sizes will be
#yz}4z|y|u {3|4>

produced16. Overall, smaller flow-rate-ratios produce smaller droplets (Figure 4.8).
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Figure 4.8: The highest achieved flow-rate-ratio and droplet length for each combination
of channel material and emulsion type.

4.3.4 Influence of wetting characteristics on droplet formation

The large scale of the droplets, or "plugs" formed in millimeter T-junction devices
have a lower surface-area-to-volume ratio. This is because there is more contact between
the continuous fluid and the channel material. The wetting property, based on the solidto-liquid surface energy, is critical for forming droplets (Chapter 2, Section 2.2.5). The
difference in the solid-to-liquid surface energy between the dispersion
(

        )

and continuous fluid (

        )

is calculated for all

91

device materials (Figure 4.9). The difference between the solid-to-liquid contact angles
(

        -

        )

is also evaluated for all device materials.

Solid-to-Liquid Wetting Characteristic Difference
between Dispersion and Continuous Fluid
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Figure 4.9: A comparison between the difference in solid-to-liquid surface energies
(

        -

        )

and solid-to-liquid contact angle

(

        -

        )

for all water-in-oil emulsions.

For all non-surfactant based emulsions and lower surface energy materials (FEP
and Teflon), water-in-oil droplets have overall greater surface energy and contact angle
differences between their dispersion and continuous fluids. This implies that wetting by
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the continuous fluid is more highly favored over that by the dispersion fluid and easily
allows droplets to form. Optimal wetting, with a contact angle difference of 70-80°, is
observed for PVC (W/O), Teflon (W/FB and W/O), PTFE/FEP and FEP (W/FB). Less
favorable wetting, with a contact angle difference of 4-27°, is observed for the highest
surface energy material, Bk-7 glass. The smallest contact angle difference of 4° was
observed for the (polystyrene-in-fluorobenzene)-in-polyacrylic acid (PSFB/PAA)
emulsion using Bk7 glass. This unfavorable wetting may explain why forming a
PSFB/PAA emulsion yields the lowest dispersion fluid velocity ( =0.001m/s) across all
different materials for its transition from squeezing-to-dripping regime. This wetting
characteristic aids in the droplet formation3,21 (Chapter 2, Section 2.2.5).

4.3.5 Influence of contact angle on droplet size control

The contact angle influences the relationships of droplet size to Ca (Ca-to-dropletsize) and  (-to-droplet-size) (Figure 4.10) and therefore droplet formation. The
dispersion-fluid-to-solid and continuous-fluid-to-solid contact angles contribute to the
length of the droplet. As the dispersion-fluid-to-solid contact angle
(

        )

increases from 8° to 108°, the Ca-to-droplet-size trend shifts

downward and smaller droplets are formed (Figure 4.10a) for the same Ca values. For
oil-in-water emulsions a similar effect of the dispersion-fluid-to-solid contact angle is
observed: as the dispersion-fluid-to-solid contact angle increases from 7.7° to 66°, the
Ca-to-droplet-size trend is shifted downward and a Ca value of 0.002 produces 2mm
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droplets (Figure 4.10b). In contrast, as the dispersion-fluid-to-solid contact angle
decreases, the trend shifts upward and stretches so that a Ca value of 0.005 (2.5x larger)
forms 2mm droplets (Figure 4.10b). A non-wetting characteristic, or high contact angle,
for the dispersion fluid is favored in order to easily form droplets within the enclosed
channel material3,6,20.
The droplet length is also controlled by the continuous-fluid-to-droplet
(

        )

contact angle (Figure 4.10c and d). As the contact angle of the

continuous fluid decreases, the relationship between the Ca to droplet size shifts upward
(Figure 4.10c); higher Ca values are needed to form droplets up to 15mm in length
(Figure 4.10c). For the surfactant-based emulsions, lowering the contact angle and
interfacial tension is achieved by increasing the amount of surfactant. For water-in-oil
emulsions, the relationship between the -to-droplet-size is affected by the continuousfluid-to-droplet contact angle (Figure 4.10d): as the oil-to-solid contact angle decreases,
the greater the slope, and therefore the droplet length quickly increases as the  increases
(Figure 4.10d).
For microfluidic geometries, droplet production can be controlled by adjusting the
"static contact angle"22. The effect of a low contact angle has also been found to increase
the time for the emerging droplet to block the continuous channel, thereby forming larger
droplets20. Therefore, the droplet length decreases as the contact angle increases16.
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Figure 4.10: The droplet length controlled by (a and b) dispersion-fluid-to-solid
(

        )

and (c and d) continuous-fluid-to-solid (

        )

contact angle.

4.3.6 Influence of solid-to-liquid surface energy on droplet size control

Several overlaps between the two trends, relationships between Ca to droplet
lengths, are representative of an equivalent solid-to-liquid surface energy value between
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the two trends (Figure 4.10a, b, c and Figure 4.11). One overlap between the water-influorobenzene (W/FB) formation using both PTFE/FEP and Teflon (Figure 4.10a)
indicates that the lengths of droplets formed are influenced by their solid-to-continuousfluid surface energy. The solid-to-continuous-fluid surface energy is equivalent for
PTFE/FEP (s:9/9s

a) )

and Teflon (:

 a) )

devices because the contact

angle value of water is 110° for both materials (Figure 4.10a). Forming the water-influorobenzene using both PTFE/FEP and Teflon also indicates that the length of the
droplet formed in rectangular (PTFE/FEP, 1mm diameter) and circular continuous
channels (Teflon, 2.4mm diameter) are comparable.
Two overlaps in trends also demonstrate the equivalence of the contributions of
the solid-to-liquid surface energies of the two fluids in forming the emulsions (Figure
4.10b). An overlap is observed between the fluorobenzene-in-water (FB/W) emulsion and
the fluorobenzene-in-polyacrylic acid (FB/PAA) emulsion (Figure 4.10b). The Bk7 glassto-water (t~ 7 )
(t~ 7 )

sJJ

a) =22mN/m)

and Bk7 glass-to-polyacrylic acid

≈23mN/m) surface energies were calculated to be approximately

23mN/m. Another overlap is shown between the (polystyrene-in-fluorobenzene)-inpolyacrylic acid (PSFB/PAA) and (polystyrene-in-fluorobenzene)-in-water emulsions.
Both solid-to-liquid surface energies (t~ 7 )
t~ 7 )

sJJ

a) =22mN/m

and

≈23mN/m) are approximately 23mN/m.

Another overlap in the trends shows the equivalence in liquid-to-solid surface
energies calculated for a water-in-oil emulsion formed in an acrylic device
(0.05%Span®80, IFT=5mN/m, =26cp, )Y 

)  =41mN/m)

and in a PVC device

97

(IFT=48mN/m, =26cp, s%\

)  =42mN/m)

(Figure 4.10c). The solid-to-oil surface

energies of the two Ca trends are comparable and approximately 28mN/m (Equation 4.1).


8 ) 

−

)

cos

8 

= )Y

 )

− `

bGplc )  cos(`

bGplc )Y  )

Equation 4.1
28mN/m≈27mN/m.
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Figure 4.11: The size-to-Ca value dependency of water-in-oil emulsions formed in a Tjunction geometry using different device materials and solvents.

For water-in-oil emulsions, an overlap of two trends in acrylic and Teflon devices
are also observed (Figure 4.11). A comparable continuous-fluid-to-solid surface energy
is observed between Teflon-to-(polystyrene-in-fluorobenzene) surface energy
(:

 (sG9t) =8mN/m)

and acrylic-to-(oil+Span®80) ()Y

 (

bG )pl) =13mN/m)

surface energy. Thus, the continuous-fluid-to-solid surface energy is a dominant
parameter controlling the formation of droplets.
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4.3.7 Influence of interfacial tension and viscosity on droplet size

For surfactant-based water-in-oil emulsions, the effect of the contact angle on the
relationship of the droplet length to Ca trend is equivalent to the effect of interfacial
tension on the relationship of the droplet length to Ca (Chapter 3) (Figure 4.10c).
Lowering the interfacial tension by adding a surfactant increased the range of Ca values
available for producing water-in-oil emulsions (Figure 4.10c). Non-surfactant oil-inwater emulsions formed using Bk-7 glass (Figure 4.12a) also demonstrates the impact of
the interfacial tension on the droplet size control. As the interfacial tension decreases,
from 48mN/m to 22mN/m, with the use of different fluids, the range of fluid parameters
for forming droplets in the squeezing regime increases to produce droplets up to 18mm in
length (Figure 4.12a).
The effect of the viscosity of the continuous fluid on the droplet length to Ca
trend shows a shift to the right as the viscosity increases from 0.6cp (Fluorobenzene) to
26cp (light mineral oil) (Figure 4.12b). Based on Equation 2.3 in Chapter 2, a higher
viscosity fluid proportionally increases the plug length and broadens the range of Ca
values available for forming the emulsions (Figure 4.12b). Similarly to the performance
in microfluidic devices, a large viscosity ratio or a low viscosity of the continuous fluid
yields smaller droplets16.
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Figure 4.12: The effect of (a) interfacial tension and (b) viscosity on the relationship
between Ca and the droplet size.

4.3.8 Influence of fluid velocities on droplet size and regime

The droplet length is also controlled by the fluid velocities (continuous and
dispersion) forming the emulsions using different channel materials. All water-in-oil and
oil-in-water emulsions show a typical linear relationship (Figure 4.13a) between the
droplet-length-to-fluid velocities (Appendix). As an example, a water-in-oil emulsion
using a PVC device (Figure 4.13a) shows this typical behavior while an oil-in-water
emulsion using a Bk-7 glass device shows an atypical droplet-length-to-fluid velocities
relationship. The typical observation is the linear relationship between the droplet-lengthto-dispersion-fluid-velocity as the velocity of the continuous fluid ( ) changes from
1.4mm/s to 21.9mm/s (Figure 4.13a). The velocity of the continuous fluid primarily
controls the lengths of the droplets. It is also typical for the velocity of the dispersion
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fluid ( ) to control the transition point from squeezing to dripping regime. Here, a
velocity of water greater than 0.0086m/s shifts the regime from squeezing to dripping
(Figure 4.13a).
Oil-in-water emulsions formed on a Bk-7 glass device show an atypical nonlinear relationship between droplet length and fluid velocities. Here, both oil (dispersion)
and water (continuous) velocities influence the droplet formation regime (Figure 4.13b).
The velocity of the continuous fluid ( ) is also sensitive to the droplet formation regime;
a water velocity below 0.006m/s shifts from the squeezing to the dripping regime (Figure
4.13b). The non-linear trend for the relationship between the droplet length and fluid
velocities is also atypical. This wavy behavior, which increments in its curves as the
velocity of the continuous fluid decreases, may be due to the proximity of the squeezing
to dripping transition point (Figure 4.13b). For typical microfluidic devices, the Ca
number is the indicator of such transition in droplet regime5,10,23,24, which is influenced by
the velocity of the continuous fluid.
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Figure 4.13: The (a) typical and (b) atypical effect of the fluid velocities, dispersion ( )
and continuous fluids ( ), on droplet length and droplet formation regime.

The droplet formation transition from squeezing to dripping, as indicated by the
highest velocity of the dispersion fluid, was extrapolated for all water-in-oil and oil-in-
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water emulsions obtained using different channel materials (Figure 4.14). The highest
velocity of the continuous fluid is also compared for different emulsions and channel
materials (Figure 4.14). Overall, lower surface energy materials have higher transition
points from squeezing to dripping in comparison to higher surface energy materials. This
may be due to the higher difference in solid-to-liquid surface energies (Figure 4.9) of
high surface energy devices, which facilitates the formation of emulsions.

0.12
Dispersion Fluid
Velocity (m/s)

0.1

Continuous Fluid

0.08
0.06
0.04
0.02
0

Figure 4.14: The highest fluid velocities achieved for the formation of water-in-oil and
oil-in-water emulsions in different channel materials.

A comparison between the water-in-oil emulsions formed using FEP (1mm in
diameter), PTFE/FEP (1.1mm in width), and Teflon (2.4mm in diameter) are compared
separately because of the different dimensions. A smaller velocity of the dispersion fluid
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( =0.03m/s) is needed when forming water-in-(polystyrene-in-fluorobenzene)
emulsions in Teflon, due to the higher viscosity (sG9t =44cp) of the continuous fluid
(Figure 4.14). A higher velocity of the dispersion fluid ( =0.06m/s) is needed when
using fluorobenzene (9t =0.6cp) as the continuous fluid. However, all fluids required the
highest dispersion fluid velocity ( =0.06m/s) for forming droplets in a FEP and
PTFE/FEP device (Figure 4.14).
For the water-in-oil emulsions formed using a FEP device, a high oil velocity
( =0.07m/s) is needed to form water-in-oil emulsions (Figure 4.14). This may be due to
the greater contribution of the interfacial force, which is higher for water-in-oil
(48mN/m) in comparison to water-in-fluorobenzene (23mN/m). The interfacial forces
influence the velocity required for the continuous fluid to form the smallest droplets.

4.3.9 Influence of dimensionless Re, Ca, We and Bo numbers on droplet formation

The effect of dimensionless numbers Re, Ca, We, Bo on droplet formation for
water-in-oil and oil-in-water emulsion was thoroughly investigated (Figure 4.15). All
emulsions formed in this study occur at Re>1, indicating that high inertial forces are
present in droplet formation at the millimeter scale. Typical microfluidic devices with a
Re<1 are dominated by viscous rather than inertial forces20,21,25. The high continuous
fluid velocities in these experiments contribute to the high Re values. A Re≥30 is present
for all emulsions containing low-viscousity continuous fluids, such as water
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(a) =1cp), fluorobenzene (a) =0.6cp), or polyacrylic acid (PAA=4cp) (Figure
4.15a).
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Figure 4.15: The calculated (a) Reynolds (Re) and (b) Capillary (Ca), Weber (We), and
Bond (Bo) numbers for all water-in-oil and oil-in-water emulsions.
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A water-in-fluorobenzene (W/FB) emulsion formed using a low surface energy
material (Teflon, FEP, PTFE/FEP) has a Re>1 even when large plugs are formed (Figure
4.15a). A low viscosity continuous fluid contributes to these calculations and thereby
diminishes the viscous forces in large plug formations. Most oil-in-water emulsions,
including fluorobenzene-in-water (FB/W), fluorobenzene-in-polyacrylic acid (FB/PAA),
and (polystyrene-in-fluorobenzne)-in-water (PSFB/W) emulsions require inertial forces
(Re>1) to form large millimeter droplets (plugs) (Figure 4.15a).
The effect of the Ca, We, and Bo numbers are further investigated for all waterin-oil and oil-in-water emulsions made using different channel materials (Figure 4.15b).
All non-surfactant-based emulsions display typical microfluidic conditions1 of We<1,
Ca<1, and Bo<1. Surfactant-based emulsions contain high Bo numbers (Bo<3 for waterin-oil and Bo<2 for oil-in-water emulsions) due to the low interfacial forces from the
increase in surfactant concentration. For non-surfactant based emulsions, higher Bo
(0.06<Bo<0.2) numbers are calculated for larger channel dimensions
(^

   >2.4mm).

Though these values are higher than typically found in

microfluidic devices (Bo<0.01), gravitational forces are still negligible8,21 because Bo<1.
Overall, higher surface energy materials (Bk-7 glass, acrylic) require a higher We
number to form an emulsion, indicating increasing importance of inertial forces. Only for
the formation of fluorobenzene-in-water emulsion using the Bk-7 glass device, were the
We values ~1, indicating a comparable contribution from inertial and interfacial forces
for droplet formation. However, where We is below 1, the interfacial forces still dominate
the droplet formation. The small Ca number (Ca<0.2) also signifies the importance of
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interfacial forces in droplet formation. Non-surfactant emulsions all have a Ca≤0.1 and
therefore display minimal shear stress in the process of break-up19. Surfactant-based
emulsions are formed at higher Ca values (Ca≤0.17) and where shear stresses aids in the
droplet formation16. For the millimeter droplet formation, both interfacial and inertial
forces dominate the "pinch-off" phase for the squeezing regime.

4.4 Conclusion

Larger water-in-oil and oil-in-water emulsions in the millimeter scale, from 1mm
to 18mm in length, were formed using different channel materials for T-junction
geometry. These “plug” shaped droplets have a low-surface-area-to-volume ratio
emphasizing the importance of the wetting characteristics, solid-to-liquid surface energy
and contact angle, on droplet formation. Wherever the trend between the Ca and the
droplet length for different fluids and materials overlaps, an equivalent solid-to-liquid
surface energy was calculated. The relationship of droplet length to Ca trend shifts
upward as the continuous fluid-to-solid contact angle decreases, thereby enabling larger
droplets to form. The slope of the -to-droplet-length trend increases as the continuousfluid-to-solid contact angle decreases and allows for larger droplets to be formed quicker.
Low surface energy channel materials (Teflon, FEP, PTFE/FEP) possess the
largest dispersion fluid velocities ( =0.06m/s) for transition from squeezing to dripping
regime. This may be attributed to the large difference in solid-to-liquid surface energy
and contact angle between the fluids forming the emulsions. This feasible wetting
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between the fluids and solid enables droplet formation and allows for a larger transition
point from squeezing to dripping.
All emulsions display an increased role for inertial forces (Re>1); however,
interfacial forces still dominate the millimeter droplet formation (We<1, Bo<1, Ca<1).
The larger channel dimensions allows greater fluid velocities and diminishes the
importance of viscous forces (Ca<1 and Re>1) for forming droplets.
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5 A Double T-junction and Focus-Flow Approach to Form Oil-Water-Oil Double
Emulsions for Resorcinol Formaldehyde Shells

5.1 Introduction

The surfactant-based emulsions formed using T-junction geometry, discussed in
Chapter 3, built the platform for constructing an acrylic device having both a hydrophilic
and hydrophobic section in order to encapsulate oil-in-water-in-oil double emulsions for
making resorcinol formaldehyde targets1,2. In addition to inertial confinement fusion
applications, oil-in-water-in-oil double emulsions also have potential applications in food
science3, cosmetics4 and pharmaceuticals5. In order to produce oil-in-water-in-oil double
emulsions, oil droplets are first formed within the hydrophilic section. These droplets
then enter the hydrophobic section to be encapsulated within a water droplet. Three
different microfluidic approaches are presented in this chapter for forming oil-in-waterin-oil double emulsions, including two different double T-junction designs and a double
cross design.
A novel millimeter-size acrylic device using two different surfactants forms oilin-water-in-oil double emulsions with both double T-junction and double focus-flow
geometries2. The experimental data presented here will demonstrate the contribution of
the competing fluid forces, surfactant properties, and their control on the formation of
millimeter-size double emulsions using a double T-junction and focus-flow approach2.
These droplet-based microfluidic geometries have successfully formed surfactant-based

112

double emulsions in the micron scale6-13 where the interfacial tension dominates the
droplet formation14. Several challenges are presented for larger scale droplet formation as
discussed in previous Chapters 3 and 4. Larger droplets exhibit higher inertial forces and
gravitation forces contributing to the droplet formation. The interplay of two surfactants
also adds to the complexity because of the diminishing interfacial forces.
The fluid velocity, interfacial tension, and surface energy parameters, and their
interaction are described using two dimensionless numbers: Ca and ⱷ. Owing to a
combination of velocity ratios, shear stress, interfacial tension, and surface energy, there
is a limited flow regime where a series of two (double) T-junction designs6,15 can form
oil-in-water-in-oil double emulsions. Changing the orientation of the fluid channels to a
“focused-flow” geometry7,8 expanded the operating regime considerably: single droplets
were formed at the first intersection over a wide range of fluid parameters (0.03< ⱷ<0.17
and 0.0003<Ca<0.001), and double emulsions were formed over a more limited range at
the second intersection when ⱷ>0.5 and Ca<0.4 (Ref. 2).

5.2 Experimental Section

5.2.1 Material Selection, Design and Fabrication

Based on the initial T-junction design for single emulsions (discussed in Chapter
3), a double T-junction design was investigated for forming oil-water-oil (O1/W/O2)
double emulsions. This more complex scheme is needed to produce resorcinol

113

formaldehyde shells (Figure 5.1). The first oil (O1) phase is a light mineral oil and the
second oil (O2) phase contains the same light mineral oil containing a Span®80
surfactant. The water phase includes deionized water, dye, and Tween®80 surfactant.

5.2.2 Fabrication of Double T-junction Device I

Stacking two T-junctions in series to form a double emulsion in an acrylic device
with the aid of surfactants1, Span®80 and Tween®80, is discussed. The first junction will
form the O1/W droplet, O1 phase being the dispersion channel (dd=2.54mm) and W phase
the continuous channel (dc=2.54mm). It will then be encapsulated at the second junction
to form a (W/O2) droplet. Here, the W phase (containing the O1 droplet) is now the
dispersion channel (dd=2.54mm), while the O2 phase is the continuous fluid
(dc=2.54mm). The distance between the two “T’s” is a design variable (Figure 5.1).

Figure 5.1: A double T-junction design I (Ref. 2).
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This two-step emulsification approach uses the shear force in order to encapsulate
both the inner and outer droplet at the second junction6. This design was then changed as
the inner droplet could not be encapsulated in a controlled manner (in the squeezing
regime) at the second T-junction. Details will be explained in the results section. The
same fittings and tubing connection used in the acrylic single T-junction design, as
described in Chapter 3, were used for all acrylic double emulsions designs.

5.2.4 Fabrication of Double T-junction Device II

The second double T-junction design changed the orientation of the T-junction
geometry and decreased the distance between the first and second T-junctions2 (Figure
5.2). Both O1 and O2 fluid channels are considered the dispersion channels (dd=2.03mm)
and the W phase (dc=2.54mm) is the continuous channel. The intent was to encapsulate
both the inner and outer droplets in one step by decreasing the space between the two
junctions (approximately 762um).

Figure 5.2: A double T-junction design II with closely space T-junctions2.
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This "one-step" approach eliminates the challenge of aligning velocities at the two
junctions and may allow for the successful encapsulation of the inner droplet9. As before,
O1 is light mineral oil, O2 contains Span®80 surfactant, and W contains Tween®80
surfactant. This design successfully produced O/W/O double emulsions but only over a
very limited range of velocities. Further improvement had to be implemented in order to
produce a lab-on-chip device with adjustable fluid parameters able to control droplet
diameter and shell wall thickness independently.

5.2.4 Fabrication of Double Cross Design

The new double focus-flow design, also shown as a double cross (Figure 5.3),
successfully encapsulated oil-in-water-in-oil double emulsions over a slightly larger
range of fluid velocities. Further details will be discussed in the results section. Here, the
dispersion fluid is "hydrodynamically focused" by the continuous fluid, which results in
minimal wetting onto the channel surface9. This design also gives the incoming
dispersion fluid a protective sheath in order to remain encapsulated even if the liquid wets
the wall11.
As shown in Figure 5.3, the first junction contains two continuous channels
(dc=2.54mm) of W phase containing Tween®80 surfactant2. Similarly at the second
junction, there are two continuous channels (dc=2.54mm) of O2 phase containing
Span®80 surfactant. These circular channels eliminate any height step or stagnation point
which improves the stability of the hydrodynamic focusing9.
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Figure 5.3: A double cross design representing a focus flow design2.

5.2.5 Surface Energy Calculations

All solid-to-liquid surface energy calculated for these experiments used Equation
2.4, where )Y

        >)Y         ,

with measured contact

angles and surface tension values. A VCA 2500XE contact angle system (AST Products)
was used to measure all contact angles2. All surface and interfacial tension values were
measured using a tensiometer (Kruss K20 Easy Dyne) or provided by Augustine
Scientific2.

5.3 Results and Discussion

The preparation of oil-in-water-in-oil double emulsion (O1/W/O2) on an acrylic
device requires a hydrophilic junction (First T) and a hydrophobic junction (Second T).
The first T-junction will require a 0.1%Tween®80 in the water phase containing a dye
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solution to form an oil-in-water (O1/W) emulsion ()Y
)Y

 (a)bl.C%:plbY)



= `13 − 16cgh/g >

= `12 − 18cgh/g). The second T-junction will need

0.05%Span®80 surfactant in the oil phase to form a water-in-oil (W/O2) emulsion
()Y

 (a)bl.C%:plbY)

= `12 − 18cgh/g > )Y

 (

bl.ln%Gpl)

=

`13 − 14cgh/g). Surfactants decreased the solid-to-liquid surface energy and allowed
the continuous fluid to wet the channel more favorably to facilitate droplet formation.
This broad range of surface energy value is due to the surface roughness from the
machining of the plastic (Chapter 3). As a result, a difference of 0.5mN/m is evaluated
between the fluids forming the emulsions at the first and second T-junctions. This small
difference indicates less favorability in the wetting between the fluids and the channel
material and affects the flow-rate-ratio, droplet length, and velocities achieved for droplet
formation (Chapter 3 and 4).
The combination of 0.1%Tween®80 (4x CMC) in the water phase and
0.05%Span®80 (1x CMC) at the second T-junction considers the hydrophile, lipophile
balance (HLB) system for the formation of water-in-oil emulsions. HLB values from 1 to
10 promote oil as the continuous phase to form water-in-oil emulsions16. The initial
0.1%Tween®80 and 0.05%Span®80 calculates to an HLB=11 and should therefore form
oil-in-water instead16. However, experimentally, this combination of surfactants formed
water-in-oil at the second junction. The HLB had no effect on the emulsification system,
indicating that the wetting properties had a significant effect in the formation of droplets
on a lab-on-chip device. These minimal surfactant concentrations were used for the initial
experiment for all acrylic designs.
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After multiple runs of surfactant containing fluids on the acrylic channels, an
increase in surfactants was needed to form the emulsions because of the surfactant
residues on the surface of the channel. Due to acrylic’s material low chemical resistivity,
only a few solvents could be used to clean the device; though none are sufficient to
remove completely the surfactant residues. An increase from 0.1%Tween®80 to
1%Tween®80 was then required to form an oil-in-water emulsion at the first T-junction.
Therefore, at the second T-junction, an increase from 0.05%Span®80 to 0.2%Span®80
was also required to form a water-in-oil emulsion, with the water phase containing
1%Tween®80. This increase in surfactant decreases the interfacial tension, thereby
consequently the Ca value and potentially shifting from a squeezing to dripping regime.
This combination of 1%Tween80 and 0.2%Span80 yields a calculated value of
HLB=13 to still form oil-in-water emulsions2,16. However, experimentally, water-in-oil
emulsions were produced instead for the above combination of surfactants. This
reinforces the negligible effect of the HLB value for the emulsification for the acrylic labon-chip device. The solid-to-liquid surface energy is instead a stronger indicator of what
the emulsifier system will do: whether it will form an oil-in-water or water-in-oil
emulsion.

5.3.1 Double T-junction Design I

Building upon the T-junction design (Chapter 3) to form oil-water and water-oil
emulsions with the aid of surfactants, the idea of combining two T-junctions in series for
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producing O/W/O double emulsions was established2 (Figure 5.4). The surfactants
modified the solid-to-liquid surface energies to change the hydrophilic/hydrophobic of
the acrylic device1 (Figure 5.4). Oil-in-water emulsions were formed at the first Tjunction with the aid of 1%Tween®80 in the squeezing regime (0.0006<Ca<0.005). Low
Ca values (Ca<0.1) are an indicator of squeezing regime14, which allows for the best
control of droplet size. The interplay of both 1%Tween®80 and 0.2%Span®80 at the
second T-junction minimized the interfacial forces (IFT=0.8mN/m) and increased the
viscous shear forces11,17 (0.2<Ca<0.7). As a result, the droplet regime shifts from
squeezing to dripping, and no double emulsions were encapsulated at the second Tjunction. The T-junction geometry did not allow for the inner droplet to be encapsulated
in the dripping regime at the second T-junction.

Figure 5.4: The vision for the O1/W/O2 double emulsion formation using the Double Tjunction Design I.
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The velocity of the dispersion fluid at the second junction (Figure 5.4), which
contained water and 1%Tween®80 surfactant, exceeded the required
a)bC%:pl ~0.003g/ to remain in the squeezing regime. Forming a double emulsion
in the dripping regime instead of the squeezing regime stretches and breaks the inner
droplet. As the water droplet (dispersion fluid) fills up the channel (also known as the
filling stage), it allows for the inner oil droplet (oil-in-water) to be encapsulated. In the
dripping regime, the water droplet will be stretched and pushed to the side and will not
allow for any inner oil droplet to be encapsulated. Surfactant-based emulsions also have
been shown to appear flatter than non-surfactant emulsions during the pinch-off of the
droplets18. This adds complexity to the encapsulation of the inner droplet using Tjunction geometry.
In order for the inner oil droplet to be encapsulated, its diameter must be smaller
than the diameter of the continuous channel (2.54mm) and the second T-junction must
remain in the squeezing regime. However, a smaller oil emulsion would require the
a)bC%:pl ~0.02g/ and would increase the velocity of the dispersion fluid from
0.003m/s to 0.02m/s at the second junction. As a result, the dripping regime at the second
junction will not form any double emulsion. If larger oil droplets were formed, the
velocity of the dispersion fluid at the second junction will decrease from 0.003m/s to
0.001m/s and shift from the dripping to squeezing regime. However, the large oil
droplets, which appear as “plugs,” will break right at the intersection of the second Tjunction. The double T-junction design did not allow for any inner oil droplets, small or
large, to be encapsulated. The velocities of the fluids in the first T-junction affected the
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velocities and droplet regime in the second T-junction. A squeezing regime needed to be
maintained at both first and second T-junctions.
For the double T-junction design I (Figure 5.4), the velocity parameters were very
limiting. For oil-in-water droplets in the first T-junction,

< 0.0004g/ and

a)bC%:pl > 0.0027g/. Therefore, a Ca value of 0.0006<Ca<0.005, or flow rate
ratio value of 0.1<ⱷ<0.01, was required to form oil-in-water emulsions in the squeezing
regime. At the second junction, a)bC%:pl < 0.003g/ and 

bl.%Gpl

> 0.02g/,

and as a result Ca and  values of a 0.2<Ca<0.7 or 0.14<ⱷ<0.55 were required to form
droplets. A Ca value above 0.1 indicates a transition from squeezing to dripping regime14.
Moreover, small Re<1 and We<1 numbers indicate diminishing inertial forces
and more dominant interfacial forces17,19,20 (Ca<1). A significantly high Bo~10 number
emphasizes the gravitational forces present in the dripping regime to form water-in-oil
emulsions at the second T-junction. The inertial and gravitation forces in the T-junction
geometry contributed to the lack of encapsulation at the second T-junction.
The feasibility of forming W/O/W emulsions was also attempted in hopes of
successfully encapsulating double emulsions using 0.05%Span®80 in the inner oil phase
and 5%Tween®80 in the outer water phase (Figure 5.5). The dripping regime at the
second T-junction did not allow for any double emulsions to be formed. Similar velocity
and dimensionless numbers for the above O/W/O double emulsion were used.
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Figure 5.5: Photograph of W/O single emulsions at the first T-junction and O/W droplet
breaking at second T-junction.

Here, the combination of surfactants gives a calculated value of HLB=15,
favoring the oil-in-water emulsion at the second junction16. Oil-in-water emulsions were
formed at the second junction; however, similarly to the O/W/O observation, no inner
droplet was encapsulated at the second T-junction (Figure 5.5). It is concluded that the
HLB value does not impact the emulsification of the system during droplet formation
using T-junction geometry. This may be due to the low surfactant concentration at the
O/W interface which increases the dynamic interfacial tension effect18. Further increasing
the amount of surfactant concentration above its CMC will result in a more uniform
coverage of surfactant across the droplets, instead of an accumulation near the back end
of the droplet18,21.
At the first T-junction, the encapsulation of a W/O droplet required 0.04<Ca<0.1
and 0.03<<0.01; however, the velocity was adjusted to reduce the Ca<0.1 in order to
observe the squeezing regime14. Throughout literature, there is a difference in the
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threshold values of capillary number which may be due to the additional flow rates,
channel geometry, or viscous forces22. Oil-in-water emulsions were formed at the second
T-junction for the following values: 0.01<Ca<0.02 and flow rate ratio of 0.4<ⱷ<1, all
within the dripping regime. Even though the Ca at the second T-junction is below 0.1,
droplets were not formed in the squeezing regime. This may be due to the high velocity
of the dispersion fluid exceeding the transition point from squeezing to dripping regime
(

bl.ln%Gpl ~0.009m/s).

For a Ca<0.01, the flow stresses are already becoming

important and drop formation already starts transiting into dripping but not fully
dripping17. At Ca>0.2, the droplet formation is already in shearing mode17. In T-junction
geometries there is a strong influence of the droplet regime with the velocity of the
dispersion fluid ( ) in forming emulsions as well (Chapter 3 and 4).
A separate study was performed to identify conditions for forming oil-in-water
droplet at the second T-junction. The oil phase did not contain any surfactant, while the
water phase contained 0.1%Tween®80 and 1%Tween®80 surfactant with IFT values of
9mN/m and 4.8mN/m, respectively. A 0.001<Ca<0.004 and 0.03<  <0.4 is observed to
form oil-in-water droplets from 2.3mm to 5mm in length. High Re (<50) and Bo (<2)
numbers were observed indicating the increasing inertial and gravitation forces present in
forming the droplet in the dripping regime. Even though the Ca was not above 0.1 (to
mark the dripping regime14), the high Re value in combination with the Bo value
influenced the transition into the dripping regime.
Moreover, a low We<1 but a high Re (20<Re<60) and Bo~10 indicate increasing
inertial forces and gravitation forces at the second T-junction. However, interfacial forces
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(We<1 and Ca<1) are still dominant for the droplet formation. This combination of the
gravitation, increasing inertial forces and high  may have impacted the droplet
formation regime shift from the squeezing to dripping regime and may have contributed
to the lack of encapsulation at the second T-junction.

5.3.2 Double T-junction Design II

Repositioning the two T-junctions to bring them in closer proximity (Figure 5.6)
produced an O1/W/O2 double emulsion by encapsulating both the inner and outer
droplets at the first T-junction; however this success was only observed for a very narrow
range of fluid velocities. The encapsulation depended on maintaining the squeezing
regime at the first T-junction and a fixed velocity of oil 

bl.%Gpl =0.002m/s

(streaming) at the second T-junction. As the O/W droplet increased in volume at the first
T-junction, the water phase was encapsulated with a squeezing pinch-off mechanism.
This change in design, caused by close proximity (approximately 762 um) of two
channels, formed double emulsions in one step.
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(a)

(b)

Figure 5.6: Double T-junction Design II shows the successful encapsulation of an O/W/O
double emulsion when the inner oil-in-water droplet forms at the first T-junction in
squeezing regime (a). As the inner oil-in-water droplet shifts from squeezing to dripping,
no encapsulation is observed (b). The red line highlights the dripping regime, where the
double emulsion is pinched off further along the channel.

The inner oil-in-water droplet at the first T-junction must be maintained in the
squeezing regime in order to successfully encapsulate oil-in-water-in-oil double
emulsions (Figure 5.6a). As the oil droplet transitions from squeezing to dripping, no
encapsulation is observed (Figure 5.6b). The encapsulation is observed to be successful
(in the squeezing regime) despite the low interfacial tension of 0.8mN/m and a streaming
flow of surfactant based oil phase (0.2%Span®80). A 0.002<Ca<0.003 and <0.008 was
required to form the inner oil droplets. Oil-in-water-in-oil double emulsions formed at
12<ϕ<13 and Ca= 0.06. Here, a low Ca value of 0.06 favors the encapsulation of the
inner droplet for T-junction geometry. Failure of the encapsulation occurs when Ca>0.06
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and 3<ⱷ<13. This is a very limited fluid operating range (velocities, Ca and) for
producing emulsions with consistent sizes; therefore, a more robust design is needed.

5.3.3 Double Cross Design

The third iteration of the LOC design (Figure 5.7), using two additional channels,
successfully formed O/W/O double emulsions despite the low interfacial forces
(0.8mN/m). Formation occurring in the dripping regime at high Ca values. Tan et al.
elaborates on how shear forces increase using a focus-flow geometry17,23. As a result, a
higher Ca is observed and the wetting characteristic are minimal17,23. Better performance
was achieved using a focus-flow design (Figure 5.7), which formed an O1/W/O2 double
emulsion at the second junction2 (Figure 5.7b and c).
Oil-in-water droplets were formed over a wide range of fluid parameters
(0.03<ϕ<0.17 and 0.0003<Ca<0.001) at the first junction2 (Figure 5.8). As a result,
droplets from 2.7mm to 4mm in length were formed (Figure 5.8). In contrast, double
emulsions were formed over a more limited range (ϕ>0.5 and Ca<0.4) at the second
junction2 (Figure 5.9). Here, high Ca value, though in the dripping regime, still enables
the encapsulation of the inner droplet for a focus-flow geometry2. For cross-junction, a
Ca>0.1 indicates the transition from squeezing to dripping24.
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Figure 5.7: A “double-cross” design produced O/W/O double emulsions in an acrylic
device2. Droplets formed at (a) the first cross in the squeezing regime and at (b) the
second cross in the dripping regime. The focus flow double cross produced (c) O/W/O
double emulsions that (d) subsequently ruptured at Ca≥0.4 and <0.5 due to increased
shear forces2.
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Figure 5.8: An oil-in-water emulsion is formed in the squeezing regime at the first cross
junction at (a) low Ca value (<0.001) and (b) when  is below 0.2.

A significant limitation is that at low ϕ values (<0.5), the double emulsion
spontaneously ruptured into two smaller double-emulsion droplets (Figure 5.9). In order
keep the droplet intact, ϕ must be greater than 0.4 (Figure 5.9b). This is due to the
increasing viscous shear forces on the droplet as the Ca value increases to 0.4.
Additionally, a Ca value above 0.4 is where breakage is observed. At the second cross
junction, the dimensionless number for successful droplet formation is: Re<20,
Bo≈11and We<1. This emphasized the increased role of gravity and inertial forces in
forming double emulsions. Slightly lower Re<15, Bo≈2, and We<1 values were
observed at the first cross junction. This also identifies inertial and gravitational forces,
but the interfacial forces14 (We<1 and Ca<1) still dominate the formation of the single
and double emulsions formed at each cross junction.
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Figure 5.9: The size of the oil-in-water-in-oil double emulsions is controlled by (a) Ca
and (b) , where a (a) Ca>0.4 and (b)  <0.5 will rupture the inner oil droplet at the
second junction.

Another important observation is the production of both oil-in-water-in-oil double
emulsion and water-in-oil single emulsion (Figure 4.9b) at the second junction of the labon-chip device. A change in the design is needed to improve the yield of the double
emulsion production and possibly reduce breakage. It is recommended to use a focusflow design with closely spaced cross-junction in order to increase the yield of double
emulsions for the next double emulsion design.
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5.4 Conclusion

Different lab-on-chip geometries (double T-junction and focus-flow) were
evaluated on their ability to produce O/W/O double emulsions using different flow
parameters and dimensionless numbers. Surfactants were used to modify the surface
energy of the acrylic material to create separate hydrophobic and hydrophilic sides. The
resulting droplet size was compared with primary flow parameters, such as fluid velocity,
and also with coupled dimensionless parameters, such as the capillary number and flowrate ratios.
Stacking two T-junctions together is not recommended for the encapsulation of
double emulsions. Minimizing the space between the two T-junctions improved one of
the double T-junction designs to successfully encapsulate a double emulsion. However,
limited flow parameters were available and therefore a more robust design is needed. The
challenge was in the ability to encapsulate the inner droplet at the second T-junction. A
high Ca value, greater than 0.1, transitioned the squeezing regime into dripping and did
not allow for the successful formation of the double emulsion at the second T-junction. A
low IFT, due to the use of two surfactants, contributed to the high Ca value. Moreover
gravitation forces (Bo<10) were identified to be present and affected the droplet
formation.
A proof-of-principle experiment was established by creating a double-cross focusflow design to form the O/W/O double emulsions. Changing the geometry from Tjunction to focus-flow allowed for the double emulsion to be encapsulated despite high
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Ca values. Here, double emulsions were formed over a more limited range ( >0.5 and
Ca<0.4) at the second junction2. One limitation was that the double emulsion ruptured at
low  (<0.4) values.
Future devices for making O/W/O double emulsions will still require a more
robust design. For example, it is recommended that the spacing between the two
junctions decreased in order to increase the yield of double emulsions over single
emulsions. In order to decrease the Ca value, minimal surfactant use is recommended.
Based upon the successful results for forming the O/W/O emulsions, a focus flow design
was recommended for the fabrication of a lab-on-chip device tailored for polystyrene
targets.
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6 A Focus-Flow Device Used for Forming Water-Oil-Water Double Emulsion and
Fabricating Polystyrene Shells

6.1 Introduction

The experiments with non-surfactant-based emulsions formed using materials
having different surface energies discussed in Chapter 4, encouraged us to construct a
Teflon-coated/Bk7 glass device having both hydrophobic and hydrophilic sections in
order to encapsulate water-in-oil-in-water double emulsions for making polystyrene
targets1. The successful proof-of-concept results using a focused flow design, as
discussed in Chapter 5, to form oil-in-water-in-oil for the fabrication of resorcinol
formaldehyde targets influenced the designs discussed in this chapter for the production
of polystyrene shells1.
A renewed interest in the polystyrene targets was initiated because of its relatively
low atomic number (no O atoms), low mass density2,3 and Hamamatsu K.K.'s successful
microfluidic-based encapsulation techniques in producing shells with control of the wall
thickness and diameter4. In contrast to resorcinol formaldehyde targets, polystyrene shells
are made using a water-in-oil-in-water (W/O/W) double emulsion2-7. The oil (O) phase
consists of polystyrene dissolved in fluorobenzene. The inner water phase (W1) is
deionized water and the outer water phase (W2) contains PAA (polyacrylic acid) to
increase the IFT, sphericity and prevent the agglomeration of the shells4,5,8.
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The use of fluorobenzene requires the lab-on-chip device to be made from a more
chemically resistant material without comprising the transparency and solid-to-liquid
surface energy requirement to form the emulsions. Therefore, previously established nonsurfactant-based emulsion experiments (Chapter 4) using Bk7 glass, fluorinated ethylene
propylene (FEP), and polytetrafluoroethylene (PTFE)/FEP devices were used to construct
two lab-on-chip devices discussed in this chapter. PTFE/FEP and Teflon-coated/Bk7
glass devices were fabricated to form water-in-oil-in-water double emulsions. The
PTFE/FEP included a T-junction and focus-flow design, while the Teflon-coated/Bk7
glass contained a double focus-flow design.
The BK7/TeflonTM device containing the double focus-flow design, successfully
formed water–oil–water (W/O/W) double emulsions1. The double emulsions yielded
shells with an outer dimension1 ranging from 2.3±0.07 mm to 4.3±0.23 mm and a wall
thickness ranging from 70 µm to 800 µm. The flow-rate ratio at the second junction was
determined to be the most-effective parameter for controlling the inner diameter, outer
diameter, and wall thickness of the shell1.

6.2 Experimental Section

6.2.1 Materials Selection, Design and Fabrication

Polytetrafluoroethylene (PTFE) (McMaster 7998K16), fluorinated ethylene
propylene (FEP) (McMaster 5805T11), BK7 glass (Advanced Glass Industries),
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TeflonTM coating, and borosilicate glass (McMaster 8476K321) were materials used to
construct two LOC devices for the making of polystyrene shells. De-ionized water was
used as the first water phase (W1). The oil phase (O) consisted of 18wt/vol% of
polystyrene with a molecular weight of 123,000 (Pressure Chemical PS40915) in
fluorobenzene (Sigma F6001). The second water phase (W2) contained 0.05wt/vol%
poly(acrylic acid) (PAA) with a molecular weight of 1,250,000 (Sigma 306215).
Surface and interfacial tension measurements were acquired using the Du Nouy
ring method with a tensiometer1 (Kruss K20 Easy Dyne). A density meter (Anton Paar
DMA 4500M) was used to measure the density of the fluids1. All contact angle
measurements were obtained using a VCA 2500XE contact angle system1 (ASTA
Products). The fluid flow experiments were monitored and recorded using a monochrome
industrial camera (DMK23UX236). Viscosity measurements were performed using a
Brookfield viscometer (Xerox and Buflovak). The pendant drop method was also used
for interfacial tension measurements (Augustine Scientific). ImageJ software was used to
measure the outer, inner and shell wall dimensions of the polystyrene double emulsions.

6.2.2 Fabrication of PTFE/FEP Device

A combination of T-junction and focus-flow designed was incorporated into the
fabrication of PTFE/FEP device (Figure 6.1). Section 4.2.1.2 describes the construction
of the Teflon (PTFE) (McMaster 7998K16) etched material as a base for the device and a
cover consisting of a FEP thin film (McMaster 5805T11) and borosilicate glass
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(McMaster 8476K321). A FEP material was chosen because of its transparency and
similar solid-to-air surface energy to PTFE material9.

Figure 6.1: A T-junction and focus flow design on a PTFE/FEP LOC device.

The dimensions of the T-junction design are dcontinuous = 0.78 mm and
ddispersion = 1.14 mm. The continuous channel then continues to a focus-flow design
where dcontinuous = 2.54 mm and ddispersion = 2.03 mm. These dimensions are
rectangular because the PTFE base material was machined using a computer numerical
control (CNC) method. The arrows on Figure 6.1 show the direction of fluid flow for the
device.

6.2.3 Fabrication of BK7/Teflon Device

A double focus-flow design (Figure 6.2) positioned the two junctions in close
proximity (1-mm separation) with the goal of increasing the yield of double emulsions2.
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Recall that the previous double cross design used to make resorcinol formaldehyde
emulsions had a low yield of O/W/O double emulsions. The first cross intersected the
primary channel at an acute angle to provide sufficient space along the perimeter of the
LOC device for connecting the flow channels to the syringe pumps. This angled junction
eliminates any stagnation point in droplet formation, thereby improving the stability of
the hydrodynamic focusing10. Tube connecters at the ends of the LOC device connected
to the syringes.

(a)

(b)

Figure 6.2: (a) A double focus-flow device was constructed in BK7 glass2. Teflon was
added to the first intersection in the focus-flow device (b). A photograph of the device (b)
shows the flow directions and the dashed line shows the division between the first (left)
and second (right) junction of the device.

A conventional method of diamond core drilling through glass was employed to
make this device11. The glass was polished to see through the BK7 material. All channels
were circular. The Teflon AF coating on the inner surface of the first junction was added
by injecting the liquid Teflon through the channel using a pipette. The liquid Teflon was

140

then left to dry overnight to form the hydrophobic side of the device. The W1 phase
passed through the Teflon-coated side and is the dispersion fluid at the first cross
junction. The oil phase passed through two channels on the Teflon-coated side and is the
continuous fluid channel at the first cross junction. The oil phase becomes the dispersion
fluid at the second junction, where two channels transporting the W2 phase become the
continuous fluid.

6.3 Results and Discussion

6.3.1 PTFE/FEP Device Results

A high solid-to-liquid surface energy difference of 37mN/m between the fluids
forming the emulsions exists at the first junction, indicating a favorable wetting between
the fluids (s:9/9s

a)

= 43gh/g > s:9/9s

sG9t

= 6gh/g) and the channel

material in order to form water-in-(polystyrene in fluorobenzene) (W/PSFB) emulsions.
A smaller difference of 11mN/m between the fluids forming the emulsion is present
(s:9/9s

sG9t

= 6gh/g > s:9/9s

sJJ

= 17gh/g) at the second T-junction

and indicates a non-favorable wetting between the fluids and the channel material12,13.
Here, 

        <

        ;

therefore, the encapsulation would be

difficult or nonexistent. A different solvent was used as the continuous fluid at the second
junction to improve its wettability to the channel material and allow for the encapsulation
(

        >

        ).

Polyvinyl alcohol or PVA was used as an
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additional continuous fluid at the second junction. Now, s:9/9s
s:9/9s

s%J

sG9t

= 6gh/g >

= 5gh/g; however, the solid-liquid surface energy is practically

comparable. This indicates major difficulties for the emulsification of (polystyrene-influorobenzene)-in-PVA at the second junction.
Water-in-fluorobenzene (W/FB) and water-in-(polystyrene-in-fluorobenzene)
(W/PSFB) emulsions formed at the first junction with no difficulty. Minimal droplet
formation at the second junction was observed, as predicted with surface energy
calculations. Using 0.05wt%PAA as the continuous fluid in the second junction formed
PSFB-in-PAA emulsions in the dripping regime for 5 seconds (Figure 6.3). After the 5
seconds, the dripping regime transitioned into a jetting-to-streaming regime where no
emulsions were encapsulated. No droplet formation in the squeezing regime was
observed due to the close wetting competition between PAA and PSFB.

Figure 6.3: PSFB-in-PAA droplet formation is observed at the second junction of
PTFE/FEP device.
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Changing the solvent from PAA to PVA changed the droplet formation process
slightly. PSFB-in-PVA droplets formed at the second junction in the squeezing regime;
however, the yield was low and no consistent production of PSFB-in-PVA emulsions was
observed. Based on the surface energy calculations, there was a slight improvement using
PVA, which has a lower contact angle on PTFE (s:9
and FEP (9s

s%J

= 66° < 9s

sJJ

s%J

= 73° < s:9

sJJ

= 95° )

= 83°); however, the improvement was not

sufficient to consistently produce PSFB-in-PVA emulsions. The high interfacial tension
of PAA in comparison to PVA4,5 does not improve the wetting characteristics because it
does not impact the solid-to-liquid surface energy. Here, contact angle impacts the
wetting characteristics13-15 and impacts the droplet formation.
No oil-in-water emulsions, either PSFB/PAA or PSFB/PVA, were observed in the
second junction using the PTFE/FEP device, so this device is not suitable for the future
production of polystyrene shells. The droplets formed on the PTFE/FEP material had
poor visibility due to the PTFE base which lacked transparency. A more transparent
material is required for making polystyrene shells.

t=1

t=2

Figure 6.4: PSFB-in-PVA emulsions are observed in squeezing regime on PTFE/FEP
device.
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6.3.2 Bk7/Teflon Device Results

6.3.2.1 Forming water-in-oil-in-water (W/O/W) double emulsions

Chapter 4 discussed the water-in-PSFB (W/PSFB) and PSFB-in-PAA
(PSFB/PAA) using a Teflon and Bk7 material, respectively. A high solid-to-liquid
surface energy difference of 37mN/m between the fluids forming the W/PSFB emulsions
was evaluated. A lower solid-to-liquid surface energy difference of 18mN/m between the
fluids forming the PSFB/PAA was evaluated. However, this difference of 18mN/m is an
improvement compared to the comparable results approximating 6mN/m for the
PTFE/FEP device at the second junction. This combination of high and low surface
energy still allowed for the formation of water-in-oil-in-water (W/O/W) double
emulsions.

Vcinner

Vdinner

Vcouter
Vdouter

Vcinner
First Junction

Vcouter
Second junction

Figure 6.5: A focus-flow design in a Bk7 device included a Teflon-coated side at the first
junction and no coating at the second junction1. The arrows point to the flow of the fluids.
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The double focus-flow design successfully formed W/PSFB in the first junction
(Teflon coating) and PSFB/PAA in the second junction (Figure 6.5) using a Bk7 glass
material1. The inner W/PSFB emulsion formed at the first junction was encapsulated at
the second junction, forming W/PSFB/PAA double emulsions and single emulsions
(Figure 6.5). PAA was incorporated into the second water phase as a surfactant to reduce
agglomeration of the double emulsions as they were collected downstream from the
junctions. The use of deionized water instead of PAA would form W/PSFB/W double
emulsions based on the surface energy calculations (Chapter 4). The following data will
show how the yield of double emulsions approached 100% when properly specified fluid
parameters were used.
The dimensionless number analysis identified trends and was able to find
correlations between droplet diameters, Ca, and flow rate ratios. Experimentation showed
that velocities and relative volumetric flow ratios at the second cross junction have the
biggest contribution to all the trends (Figure 6.6). Similar to previous flow-rate-ratio
trends, the data indicate a linear relationship: As the flow-rate-ratio increases, the droplet
diameters (inner and outer) and shell wall thickness all increase. A flow-rate-ratio below
1 at the second cross yielded inner droplet diameters from 2mm to 3mm (Figure 6.6a),
outer droplet diameters from 2mm to 4mm (Figure 6.6b) and shell wall thickness from
70m to 800m (Figure 6.6c).
The flow-rate-ratio trends identified specific fluid parameters to approach 100%
production of double emulsions. Lowering the velocity of polystyrene-in-fluorobenzene
solution (continuous fluid) at the first junction (_  ) from 0.003m/s to 0.002m/s
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reduces the yield of double emulsions and produces single emulsions: _  needs to
be maintained at 0.003m/s to yield close to 100% production. The velocity of the water
(dispersion fluid) at the first junction (_  ) must also be maintained at 0.001m/s to
yield close to 100% production of double emulsions. A slightly lower
_  =0.0009m/s will reduce the yield of double emulsions and form single emulsions.
The velocity of the dispersion fluid (_

 )

at the second junction (polystyrene-in-

fluorobenzene fluid and W/PSFB droplets) must also remain constant at 0.003m/s in
order to form close to 100% double emulsions.

Inner Droplet Diameter (mm)
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Vd_outer=0.003m/s

2.6
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2.2
2
0

0.5
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Figure 6.6: The effect of the flow-rate-rate at the second junction on the (a) inner
diameter, (b) outer diameter and (c) shell wall thickness for various fluid velocities.
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A narrower range of flow-rate-ratio, <0.3, is required to achieve close to 100%
production of double emulsions. In this range, inner droplets from 2.1mm to 2.7mm in
diameter, outer droplets from 2.7mm to 3.7mm in diameter and shell wall thickness from
300m to 500m are produced. These larger droplets appeared as “slugs” in the
continuous channel and were more likely to break at the end of the channel.
The Ca dimensionless analysis was only significantly useful at the second
junction, or Caouter (Figure 6.7), because of the small distance (~1mm) between the
junctions. The velocity of the dispersion fluid at the second junction is strongly affected
by all the velocities of the first junction (water and polystyrene-in-fluorobenzene)
strongly influencing the flow-rate-ratio and Ca at the second junction. Similarly to
previous Ca trends, as the Ca value decrease, the droplet size decreases (Figure 6.7). A
Ca value below 0.1 was observed in the squeezing regime. A Ca value below 0.003 yields
100% double emulsion production (Figure 6.7).
All double emulsions were formed with microfluidic characteristics12,16,17, where
Re<1, Ca<1, Bo<1 and We<1. Interfacial forces dominated the formation of the
polystyrene shells. The small Re (0.1<Re<0.9), Bo (Bo=0.1), and We (0.0003<We<0.07)
values all indicate diminished gravitational and inertial forces present in the millimeter
device. Here, the formation of the largest double emulsion, 4mm in outer diameter, still
demonstrates typical microfluidic conditions indicating dominant interfacial tension
forces.
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Outer droplet diameter (mm)
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Figure 6.7: The dependency of the droplet’s outer diameter on the Ca of the second
junction (

 )

is shown for different flow parameters.

6.3.2.2 Polystyrene Shell Production

A proof-of-concept for producing dried polystyrene shell from the Teflon/Bk7
glass device was performed. Since the lab-on-chip process is not sufficiently developed
to produce dry shells, traditional methods for centering4,8,18 and drying4-7,19,20 the shells
were used to process shells produced by the LOC device.
Water-in-oil-in-water (W/O/W) double emulsions were collected from the device
and rotated for two days at ~50 rpm at room temperature horizontally (Figure 6.8) to
simultaneously form uniformly thick shell walls and to remove fluorobenzene, leaving a
solid polystyrene shell. The rotational speed generates a viscous shear force that is
responsible for making the shell concentric5,8,19. A microscope was used to measure the
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outer diameter and shell wall thickness of the polystyrene double emulsion (n=4) at day
two. The outer diameter was 2.6±0.02 mm, and the shell wall was 480±0.05 µm thick1
(Fig. 6.8). The polystyrene was not fully dried after two days of being rotated1 (Figure
6.8).
There were several challenges to collecting and measuring the wet polystyrene
double emulsions. The emulsion droplets with diameters larger than the diameter of the
channel (2.4mm) would break as they exited the device. Changing the diameter of the
center channel from 2.4mm to 6mm at the end is recommended to increase the survival
and yield of shells. This will transfer the “slug” shaped double emulsions into more
spherical droplets at the end to prevent rupture before collection. The transfer of the
emulsions from the lab-on-chip to collection device caused some droplets to pop.
The drying rate for removing the fluorobenzene was reduced from 33 days (at
room temperature) to 9 days by increasing the temperature to 30°-50°C. Polystyrene has
been solidified in both high5-8 and low temperature19-21. However, rapid solvent removal
may lead to larger pores in the shell wall21 and possible rupture of the shell.
A second batch of polystyrene double emulsions was collected dried at 30-50°C
for 9 days to reach complete solidification. A rotary evaporator RE300 (Yamato) was
operating at 40rpm, and a water bath (Yamato BM500) at 50°C during the day and 30°C
at night was used for this process. At 40rpm, few collisions between emulsions are
observed which is preferred for preparing shells with good sphericity and wall thickness
uniformity5. At high rotations the emulsions can break due to shear forces8. The
evaporating flask was angled at 45° to ensure that all the solution was immersed in the
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water bath. Single emulsions that form polystyrene beads were used to make sure that
sufficient time had lapsed to form a rigid polystyrene material.

Figure 6.8: Polystyrene double emulsions collected after two days of agitation using the
centering procedure for forming shells1.

Shells observed under the microscope were not transparent due to the thickness of
the shell (Figure 6.9a) and numerous air bubbles (voids) in the shell wall (6.9ba). An
unanticipated benefit of these voids is that the size can provide insight into the
mechanism that causes them to occur. The significance of this polystyrene shell
collection is the large size of the shell wall to accurately show the apparent vacuoles.
Solvent-exchange shells intended for inertial confinement fusion experiments go
through a manual 2-to-3 week process and then proceed to a drying process to remove the
liquid inside the shell8,22. As this is not necessary for evaluating the shells, they were
instead punctured to remove the inner water phase. A 0.5mm hole was drilled so that the
water could be removed by evaporation overnight in an oven at 52°C. Despite emptying
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the shells, they could still not easily be imaged under a microscope. Instead, the shells
had to be cut in half in order to measure the shell-wall thickness (Figure 6.9b). The outer
diameter of the 7 samples was measured to be 2.1±0.19mm. Approximately 40% of these
samples achieved uniform shell wall thickness of 0.07±0.01mm, or about 70g. The
other 60% had uneven shell wall distribution where the thin side measure 0.05±0.02mm
and the thicker side measured 0.15±0.03mm.

(a)

(b)

Figure 6.9: Dried polystyrene shells possess depressions in the (a) surface of the shell and
(b) voids in the wall of a shell cut in half.

To improve the wall uniformity of larger shell wall thicknesses, the density of the
inner droplet (W1/O) and the outer water phase (W2) must be matched as closely as
possible6. The density difference HD /I − H1 is 0.0159g/ml for the fluids used in drying
the shells. The density difference between W1 and W2, HD − H1 , is -0.007 g/ml which
may improve the wall uniformity6; however, only 40% of the shells had uniform shell
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walls. A density difference between -0.015g/ml to -0.007g/ml would increase the yield
from 18% to 47%, of acceptable polystyrene shells6. The density differences for the
fluids used in this study were outside the optimal range for improved wall uniformity6.
The temperature dependency of density adds to the complexity of density matching as
well8.
The depressions seen on the surface (Figure 6.9a) are due to the water in the oil
phase that becomes supersaturated in the polystyrene as the fluorobenzene diffuses into
the adjacent liquid phases22. At room temperature, the solubility of fluorobenzene in
water (0.15g/100g of solvent) is higher than the solubility of water in fluorobenzene8
(0.03g/100g of solvent). The solidification process has been shown to be controlled by
the fluorobenzene dissolving rates from the oil phase to the water phase23. It has been
found that delaying the solidification rate and therefore slowing the fluorobenzene
diffusion will ensure good sphere uniformity23. Like the density of the fluids, the
solubility is also temperature dependent.
Solidifying, or drying, the shell removes the water droplets, leaving vacuoles22.
Vacuoles also add roughness to the surface22 which affects the implosion performance in
ICF experiments. This roughness does not meet the desired target quality where the
heights of the defects found on the surface are all under 1µm. Phase separation creates
this macroscopic heterogeneity from these two immiscible liquids24,25.
The addition of salts may eliminate vacuoles and reduce the tendency for water to
enter the oil phase22,26,27. This results in an osmotic transport22 of the inner water phase
W1 to the exterior water phase W2. Salts, like CaCl2, have found to reduce vacuoles22 but
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vacuoles still form near the inner surface of the shell, leaving additional particulates in
the shell26. Shells made using CaCl2 in the exterior water phase5-7,20 require several
washes with deionized water and ethanol to remove residuals on the outer surface.
The stability of the shell, having a balanced osmotic pressure between inner (W1)
and outer water (W2) phases, may be improved by adding ethanol to the outer water
phase25. Adding ethanol will create an osmotic pressure to allow the inner water (W1)
phase to be extracted by diffusion8,22. Slow solvent evaporation may eliminate large
perturbations with hydrodynamic effects25. A stable shell through phase separation will
reduce possible defects in the shell.

6.4. Conclusions

The size of the water-in-oil-water double emulsions can be controlled to produce
shells with an outer diameter of 2.3±0.07mm to 4.3±0.23 mm and with a wall thickness
between 70 µm and 800 µm. Knowing the correlation between Ca, ϕ, and droplet size
enabled the control of the outer and inner diameter and shell-wall thickness1. The critical
flow parameter controlling the size of the droplet is the flow-rate-ratio at the second
junction; similar to previous data (Chapter 3 and 4), there is a linear relationship between

ϕ and the size of the droplet.
This study defined the fluid velocities for consistently producing double emulsion
in a focus flow device. Even though the conditions that produce double emulsions 100%
of the time lie within a small range of fluid parameters, shells with a wide range of outer
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diameters (2.8mm to 3.8mm) and wall thickness (300µm to 500µm) can be produced
solely by adjusting these parameters.
Overall, a proof-of-concept of producing polystyrene shells from a focus flow
design has been demonstrated1. Improvements to the chemical processing are needed to
convey “wet” double emulsions into “dried” shells, however, that is beyond the scope of
this work. This work has demonstrated the microfluidic conditions for forming emulsions
that do form polystyrene shells, which includes all the necessary chemicals.
Based on these successful findings, it is recommended to explore the next step in
fabricating a polymeric target on a lab-on-chip. A droplet-based solvent exchange
procedure using ethanol, as discussed, is necessary for the solidification of polystyrene
shells to improve the shell's quality. It is also essential for the fabrication of resorcinol
formaldehyde, where the inner oil phase must be exchange with isopropyl alcohol, which
is miscible in liquid carbon dioxide, in order to proceed with supercritical drying.
Solvent-exchange macro-mixers for the fabrication of resorcinol formaldehyde targets
will be discussed in the next chapter.
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7 Fluid Transport across Resorcinol Formaldehyde Shell Using a Microfluidic
Mixer Approach

7.1 Introduction

An integrated droplet-based macro-reactor is needed to continuously form double
emulsions, center the inner droplet, exchange solvents, solidify and dry the polymeric
targets on a lab-on-chip device. These integrated steps in fabricating polymeric targets
will allow for assessing the quality of the target, which is necessary for inertial
confinement fusion experiments1. Recent studies have shown that an integrated lab-onchip procedure for fabricating trimethylolpropane triacrylate (TMPTA) targets produce
uniform shells with 99% concentricity and sphericity1. Thus, a lab-on-chip approach for
the solvent exchange procedure is investigated for the fabrication of resorcinol
formaldehyde targets.
The objective for these experiments is to replace the current batch process for
exchanging mineral oil in a resorcinol formaldehyde (RF) shell emulsion with isopropyl
alcohol2 (IPA) with a process that interfaces with the microfluidic concept discussed in
previous chapters. Currently, the solvent in polymerized resorcinol formaldehyde (RF)
shells is exchanged using a soxhlet extractor3, allowing the oil/water mixture to be
replaced with IPA within 3 days3, compared to 2 to 3 weeks when done manually3.
Isopropyl alcohol is then removed using supercritical carbon dioxide drying to provide
dry targets2,3. For the experiments described here, the RF targets contained isopropyl
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alcohol instead of mineral oil. A microfluidic mixer approached was used to evaluate the
fluid transport across the RF shell.
Two different millimeter mixer designs, serpentine and sinusoidal serpentine,
were evaluated. A similar serpentine approach to micrometer mixers was shown to
enhance fluid-to-fluid mixing for chemical synthesis4,5. The curvature of the channel
slows the velocity of the RF target relative to the fluid stream to increase the dispersivity6
and enhanced mixing in comparison to straight tubes7. Increasing the diffusion across the
target requires slowing the motion of the shell relative to the fluid stream to remove the
oil from the shell’s boundary layer. Cvetkovic et al showed a successful solvent
evaporation of an acetonitrile-water mixture using a serpentine channel with a heater8.
The mixer designs discussed in this paper are a passive mixing approach because no
external forces is applied beyond pumping. Numerical results have shown that a
sinusoidal design has a better mixing performance than square-wave, and straight
channels7,9. Therefore a sinusoidal serpentine design was also investigated.
Compared to the existing solvent exchange procedure currently used for foam
targets and considering the laminar flow regime in that process, the serpentine mixer
could replace the fluid faster. A larger scale allows for increased inertia forces (Re>1)
and effective mixing7,10. The confined space in the LOC device allows for a rapid
replenishment of solvent around the capsule. The benefit of operating at higher Reynolds
number (~30) to increase the flow of the fluid over the target and promote faster
mixing7,10 is investigated. Computational fluid dynamic software was used to simulate
fluid flow and estimate the velocity inside the mixers. The relationship between the
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efficiency of solvent exchange and the Re value, velocity differences between fluid and
RF target (   -:)/ ), and the residence time of both fluid and RF target will also be
discussed.

7.2 Experimental Section

7.2.1 Material Selection, Design and Fabrication

Resorcinol formaldehyde (RF) target shells provided by General Atomics, 1000 to
1050m in diameter, have pores ~0.1m in size, approximately 63m, and density of 98110mg/cc. They are suspended in isopropyl alcohol (IPA) solution (VWR BDH1133) and
will be exchange with light mineral oil (M3516 Sigma) in mixer device. The interfacial
tension between mineral oil and IPA has a literature value11 of 0.107mN/m. A
monochrome camera (DMK 23UX236) was used to measure the velocity of the target
through the mixers.
The concept of the mixer design was to flow RF targets through a channel while
having two streams of the exchanging fluid flow around the target (Figure 7.1). A focusflow design was used to connect three fluid flows, including RF targets, to a mixer
(Figure 7.1a). Two different mixer designs were fabricated to promote mixing between
fluids. RF targets flowing through the mixer path (sinusoidal serpentine) will tumble
along the path (Figure 7.1b) thereby promoting fluid transport across the target wall.
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Figure 7.1: Schematic of the (a) serpentine mixer device and (b) a photograph of the
sinusoidal serpentine mixer path.

A clear chemically resistant type I polyvinyl chloride (PVC) material (McMaster
87545K721) was used to make the device because of its transparency and excellent
chemical resistance against IPA. A computer numerical control (CNC) was used to
machine different mixer designs discussed below (Figure 7.2a).
The challenge in the construction of the device was adhering the cover plate to the
bottom base without getting any adhesive inside the channels (Figure 7.2a). Several
methods were attempted: welding the PVC base plate and cover sheet using
tetrahydrofuran (THF); and adhering both the machined part and the cover with epoxy
(Stycast 1266). A mold (Model Magic Crayola) was used to cover the channel when the
epoxy was added to prevent the epoxy spreading into the channel (Figure 7.2b). The mold
was then removed before the cover was sealed to the base. The cover piece was designed
to minimize the surface area of epoxy and the pins were used to align the cover to the
machined base (Figure 7.2a). This is a similar approach to that used for the construction
of the PTFE/FEP device (Chapter 4).
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“Push-to-connect” fittings (5/32-in McMaster 5779K104) were used as adapters
to connect the device to tygon tubing (Masterflex 06409-16) and glass syringes (Fortuna
50ml). A peristaltic pump (Masterflex 75423-30-30) was used to pump the shells through
the mixer, and a damper (Cole Parmer ZW-07596-20) helped to minimize the pulsation
by that pump.

(a)

(b)
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Figure 7.2: Exploded view of the (a) mixer assembly. The mixer machine base (4) is
attached to a cover (3) using a two part epoxy. Pins (1) were machined into the device to
align the cover (3) with the base (4). Fittings (2) were manually screwed into threaded
holes in the PVC base. (b) A photograph of a mixer device with the clay mold inside the
channels.

7.2.2 Fabrication of Serpentine Device

As shown in Figure 7.3, the design consisted of three syringe pumps pumping
fluid into the mixer device. Light mineral oil was pumped through rectangular cross
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section channels A (1.5mm x1 .7mm) and B (0.99mm x 1.7mm), while IPA containing
the target shell was pumped through channel C (1.5mm x 1.7mm). All three fluid lines
(A, B, C) intersect before entering the serpentine path (Figure 7.3). The fluid parameters
of interest lie on the serpentine path shown within the dotted red line. The serpentine
design has a rectangular cross section 1.5mm x 1.7mm with a total length of 557mm.

A

D

B

C

Figure 7.3: Mixer serpentine design consists of three syringes (A, B, C) pumps. Light
mineral oil (A, B) and (C) IPA with target shells through the mixer device. Target shells
are collected at the exit (D).
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Figure 7.4: Detail of curved section of serpentine structure.
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More curvature was added to the serpentine path is added to enhance mixing by
slowing the shell velocity relative to the stream velocity. The arc length was measured to
calculate the total distance traveled by the target shell through the device (Figure 7.4).
Fifteen curves are present along the serpentine path.

7.2.3 Fabrication of Sinusoidal Serpentine Device

The second mixer design features sinusoidal curves along each straight serpentine
path (Figure 7.5). It has a rectangular cross section (1.45mm x 1.98mm) along the
serpentine path. It has a square cross section of 1.98mm x 1.98mm along the curves. The
total length of the mixer area-of-interest is 646mm. The area-of-interest for analyzing the
fluid parameters lies within the dotted red line (Figure 7.5). The experimental setup for
this design has point A (1.14mm x 1.98mm) and C (1.14mm x 1.98mm) pumping light
mineral oil while point B (1.14mm x 1.98mm) pumps the target shell immersed in IPA
solvent. Here, the target will flow from center channel (Point B) versus one of the sides
of the channel (Point C). This enhances the velocity of the fluid stream around the shell
and may improve the fluid transfer across the shell.
The additional sinusoidal curvature along the channel (Figure 7.6) was added to
enhance the fluid transport performance by tumbling the RF shell along the channel,
essentially increasing the Re number of the fluid thereby increasing the fluid transport
across the shell.
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Figure 7.5: The second mixer has a sinusoidal serpentine path. Three syringes (A, B, C),
containing light mineral oil (A, C) and IPA (B) with target shells, are pumped into the
mixer device. Target shells are collected at the exit (D).

1.98mm
0.53mm
1.57mm
Figure 7.6: Sinusoidal serpentine path dimension (top view).

7.2.4 Fluid rate calibration of syringe and peristaltic pumps

All syringes for the mineral oil and peristaltic pumps for the IPA were calibrated
by measuring the amount of liquid pumped at a particular flow-rate. The difference
between the actual volume measured using a graduated cylinder and the measured
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volume pumped from the pumps, was used to calculate either a percentage of volume
overfill or underfill. A low and high flow-rate for each pump was assessed.
The peristaltic pump had an average overfill of 15.12% at both high (0.1ml/sec)
and low velocities (0.06ml/sec). The velocity reached steady state values after 200s of
operation. One of the syringe pumps had an average overfill of 0.83% in volume while
the second syringe pump had an average overfill of 1.4% in volume at both low (0.02nl/s)
and high (0.07ml/s) velocities.

7.2.5 Fluid Flow Modeling and Simulation

Computational fluid dynamic (CFD) software, ANSYS FLUENT, was used to
model and simulate the velocity inside the mixers. Geometric solid models were
constructed of the mixers, and a mesh was generated for each model. After an appropriate
mesh is provided, simulation of fluid flow is performed using appropriate boundary and
initial conditions.

7.2.6 Solvent Exchange Measurements

All solvent exchange measurements were assessed visually. The RF targets from
the mixers were collected into a graduated cylinder to estimate the percent of volume
submerged into the exchanging oil phase. If an RF target is halfway submerged into the
oil phase, then a 50% solvent exchange is recorded.
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7.3 Results and Discussions

The fluid velocities prior to entering the mixers were calculated from the
conservation of mass continuity equation (Equation 7.1), where A (g ) is the cross
sectional area and U (m/s) is the velocity.
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The velocity,, where all the fluids intersect (Figure 7.3 and 7.5) is calculated from the
sum of the volumetric flow rates, Q, (Equation 7.2) corrected for area, A.

=

∑=
J

Equation 7.2

The theoretical fluid velocity calculations could not estimate the fluid flow inside
the mixers. Therefore, ANSYS FLUENT was used to simulate the fluid flow and
estimate the change in velocity along mixer paths (serpentine and sinusoidal). A
simulation of the velocity profile at the intersection of all three channels (Figure 7.3 and
7.5) was generated to estimate the length of boundary condition (Figure 7.7a). A
boundary length of 0.0002mm in width and height was identified for the rectangular cross
sectional area (Figure 7.7b)
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(a)

(b)

Figure 7.7: (a) ANSYS FLUENT simulation of the velocity profile of mineral oil and
IPA at the intersection of all fluids prior to entering the mixer. (b) Boundary layer
distance (Y) of 0.0002m is indicated by the dotted line.

The residence time of the fluid flow, also of interest, was calculated using
Equation 7.3, where A is the cross section area, d is the distance of the mixer, and Q is
the volumetric flow rate. The residence time of the RF target is the time it takes for the
target to pass through the mixer path. The target velocity measurements were also
measured by dividing the distance (mixer path) by its residence time. The distance is
known for each mixer design and the time was manually calculated.

 ^ ] g . ^ =

J∗
=

Equation 7.3
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Fluid flow inside the mixers is also characterized using the Peclet number12-14
(Pe), calculated using Equation 7.4, where  is the width of the channel, lis the initial
velocity of the fluid and  is the diffusion coefficient. The Peclet number is a
dimensionless number expressing the ratio of convection to diffusion13. The time,& , it
takes for two stream of fluids in the mixer to diffuse10,13 is estimated using Equation 7.5.
The distance, , the stream of fluids must travel to diffuse13 is estimated using Equation
7.6.
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For diffusion calculations, the mineral oil is the solute and IPA is the solvent. As
per Lambert et al’s group, the diffusion coefficient is estimated using Wilke-Chang
equation15 for unassociated liquids (Eq. 7.5), where (sJ is the viscosity (cP) and

(sJ is

the molecular weight of the solvent, T is temperature (°K)and ¡I is the molal volume of
solute at normal boiling point (cc./g.mole).

 ≈ 7.4 ∗ 10
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Equation 7.5
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The diffusivity of mineral oil in IPA is  ≈ 2.35 ∗ 10

Cl

g /. For a wall

thickness of 63g and initial fluid velocity of 0.02m/s, an estimated time of diffusion is
16s for a distance traveled of 0.32m. A high Pe number of 5079 is evaluated, indicating a
slow diffusive mixing12,14. In order to reduce the mixing length of 0.32m, transverse
components of flow that stretch and fold volumes of fluid, like a serpentine design, are
necessary.
The factors controlling the transport of water from the RF shell (water phase) into
the exterior oil phase requires a mass transfer model2. Lambert et al established the rate
of water lost from the shell (Equation 7.6), where ¦ is the temperature, § is related to the
degree of agitation and  is the viscosity of the oil phase. Therefore, in order to increase
the rate of mineral oil loss over time, high temperature and agitation are used to promote
the solvent exchange. For these experiments, only the agitation can be influenced by
increasing the flow-rate of fluid streams.




∝
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Equation 7.6

The results from both mixers were recorded and compared to assess all trends
associated between velocities of the fluids (oil and IPA including RF target) and the
efficiency of the solvent exchange process (Figure 7.8). This difference in velocities and
its relationship with Re value, residence time of the fluid and target in mixer is also
discussed.
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Figure 7.8: The correlation between the difference in fluid and target velocity with
solvent exchange.

Maintaining a difference between the fluid and target velocities promotes solvent
exchange: velocity differences between 0.004m/s up to 0.006m/s promote 40% to 80% of
solvent exchange (Figure 7.8). A difference in fluid and target velocity above 0.01m/s
and under 0.003m/s produces minimal fluid transfer across shell wall (≤30% solvent
exchange) (Figure 7.8).
The difference in velocities (   -:)/ ) and its relationship with the Re value
was evaluated (Figure 7.9a). The purpose is to identify a Re value to the velocities of
interest (0.004m/s to 0.006m/s). The Re value was calculated using the velocity at the
intersection point of all the fluids. No correlation is observed between the velocities of
interest. A large range of Re values from 2 to 5 correlated to the 40 to 80% solvent
exchange. The relationship between the Re value and percentage of solvent exchange was
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also analyzed (Figure 7.9b). No trends were identified between the efficiency of
exchanging and the Re calculated for the fluids prior to entering mixer.
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Figure 7.9: Association of Reynolds number and the difference in (a) Fluid and Target
velocities and (b) solvent exchange.

The relationship between difference in velocities (   -:)/ ) and residence
time of both fluid and target displays a weak negative correlation (Figure 7.10). As the
velocities differences between the fluids and target decreases, the residence time
increases for both the fluid (Figure 7.10a) and target (Figure 7.10b). A residence time of
5 to 16 seconds for the fluid flow inside the mixer is optimal to stay within the velocity of
interest (0.004m/s to 0.006m/s). A residence time of 5 to 20 seconds for the target flow
inside the mixer is also recommended to promote a 40% to 80% of solvent exchange.
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Figure 7.10: Correlation between difference in the fluid and target velocities and the
residence time of (a) the fluid and (b) RF target in the mixer.

Considering the correlation between the efficiency of the solvent exchange and
the differences in target and stream velocities, a comparison was done between the
residence time and solvent exchange (Figure 7.11a). No correlation was found between
the residence time of either the target or the fluid with the efficiency of solvent exchange
process. The correlation between the velocities of both fluid and target and their
residence time in the mixer shows a strong exponential trend (Figure 6.14b). The results
indicate that the velocity for both target and fluid should range from 0.027m/s up to
0.11m/s to accelerate the solvent exchange process.
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Figure 7.11: The relationship between residence time and both (a) solvent exchange and
(b) velocities of fluid and target.

7.3.1 Fluid Flow Modeling and Simulation of Mixers

An estimation of the fluid velocity inside the mixer was obtained using ANSYS
FLUENT simulations for the different mixers and a comparison was drawn for the target
velocity. The analysis is based on a no-slip assumption and the mass flow parameters of
the most successful solvent exchange: mass flow of mineral oil is 1.4x10-5 kg/s for two
channels while mass flow for IPA is 4.3x10-5 kg/s. These optimal mass flow conditions
are used to generate the simulations for both mixers because these conditions reveal the
best solvent exchange for both mixers.
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7.3.1.1 Serpentine Mixer Device

For the simulation for the serpentine mixer, a color legend is used to illustrate
velocities. Each color represents a different velocity, with blue showing the lowest while
red showed the highest velocity. An estimated velocity of 0.06m/s is extrapolated from
the simulation (Figure 7.2). The calculated velocity before entering the serpentine path
was 0.05m/s so there is an increase of about 20% in the velocity of fluid.
A velocity average of 0.06m/s is estimated throughout the serpentine path. A
higher velocity of 0.09m/s is observed on some sections of the serpentine path. An
increase in velocity is observed inside the mixer, by the change in color, from light blue
(0.03m/s) to sea green (0.06m/s). By the third curved channel (Figure 7.12a), an increase
in velocity is observed (Figure 7.12a).
The simulation for the velocity distribution taking the cross sectional area of the
serpentine path demonstrated a higher velocity achieved (0.08m/s) at a corner of the
serpentine path (Figure 7.12b). This showed that there are areas inside the serpentine
mixer where the flow rates of the fluids achieve faster speeds. However, the velocity
profile is not uniform, creating a large variability from 0.01m/s to 0.08m/s in fluid
velocity. Therefore, the average fluid velocity of 0.06m/s is used for all calculations.
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Figure 7.12: Simulation for serpentine mixer using mass flow conditions which promote
a 30-50% exchange reveals all the changes in fluid velocities inside mixer using a (a) top
view of the mixer and a (b) cross sectional area of the serpentine.

The velocity of the fluid flow inside the channel was captured to observe any
change in fluid flow throughout the serpentine path (Figure 7.13a) and its curvature
(Figure 7.13b). The fluid flow of the IPA coming through one side of the channels shows
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fluid flow at the center channel (intersection of oil and IPA) divided in two streams
(Figure 7.13a). Movement of the fluids is apparent going through the first curve (Figure
7.13a). After the first curve, the fluid appears more stabilized. The fluid flow through the
curve and the RF target along the serpentine path is also captured (Figure 7.13b). The RF
target tumbles on the side of the channel but still has enough space through the
rectangular cross section (1.5mmx1.7mm).

(a)

IPA
oil
oil

(b)

(c)

Figure 7.13: The fluid flow through the serpentine channel (a) and curvature (b) is
capture. The flow of the (c) RF target is also captured.
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7.3.1.2 Sinusoidal Serpentine Mixer Device

The sinusoidal mixer has an estimated velocity of 0.065m/s inside the mixer
(Figure 7.14), in comparison to 0.034m/s, which is the calculated velocity before entering
the mixer path. Here, there is an increase of 91% in the velocity of fluid. This increase in
velocity may contribute to the successful 60 to 80% solvent exchange. An increase in
fluid flow is observed by the 2nd channel (Figure 7.14). This demonstrates a better mixing
performance than serpentine design, which shows the increase in velocity by the 3rd
channel.

oil

IPA
oil
2

Figure 7.14: Simulation for sinusoidal serpentine mixer using mass flow conditions
which promote 60 to 80% solvent exchange reveals all the changes in fluid velocities
inside mixer.
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From previous simulation of serpentine design, it can be assumed that inside the
sinusoidal mixer, velocities of greater value will be reached. A velocity range for the
fluids (oil and IPA) of 0.065m/s to 0.097m/s are reached based on the top view of the
mixer (Figure 7.14). The average velocity of 0.065m/s will used for all calculations.

(a)

(b)

(c)

Figure 7.15: The fluid flow through the serpentine channel (a) and curvature (b) is
captured. The flow of the (c) RF target is also captured.

Fluid flow through the sinusoidal serpentine mixer (Figure 7.15a) and curvature
(Figure 7.15b) is captured. The IPA fluid (middle channel) flows in between the two oil
streams at the intersection of all fluids (Figure 7.15a). The flow of IPA solvent is
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apparent through the sinusoidal mixer (Figure 7.15a) and curvature (Figure 7.15b). The
RF target flowing through the sinusoidal curvature path is also captured (Figure 7.15c).
Here, the RF target (~1mm) appears more within a confined space of approximately
1.13mm (Figure 7.15c). The reduced areas of fluid flow increase the velocities of fluids
throughout the sinusoidal mixer.

7.4 Conclusion

A proof-of-concept study demonstrating an immediate 60-80% solvent exchange
for the fabrication of resorcinol formaldehyde (RF) target on a lab-on-chip device was
completed. This efficient exchange of isopropyl alcohol inside the RF target to the
surrounding oil used a sinusoidal serpentine mixer. A narrow target residence time of 16
to 20s, and a velocity difference between fluid and target (   -:)/ ) of 0.004m/s to
0.006m/s correlated with a 40-80% solvent exchange. The simulation results revealed an
increase in velocity for the fluids prior to entering the mixer (0.034m/s) and inside the
sinusoidal channels (0.065m/s). This 91% increase in fluid velocity for the sinusoidal
mixer contributed to the successful exchanging of fluids across the RF target wall.
A serpentine mixer device generated a 30-50% exchange of isopropyl alcohol to
oil for RF targets. Here, a lower target residence time of 5 to 20s in comparison to the
serpentine mixer (16 to 20s) was measured. A minimal 20% increase in the velocity of
the fluids prior to entering the mixer (0.05m/s) and inside the serpentine (0.06m/s) was
estimated.
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These promising results encourage the continuation of other integrating steps for
the fabrication of resorcinol formaldehyde targets. The formation of the oil-in-water-inoil double emulsions and the efficient solvent exchange demonstrated on a lab-on-chip
device strengthens the lab-on-chip vision for the fabrication of polymeric targets.
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8 Concluding Remarks

In this dissertation, several microfluidic lab-on-chip techniques were adapted to a
larger scale to fabricate millimeter polymeric targets. This lab-on-chip approach is
envisioned to fully transform the batch process for making polymeric targets into a
continuous mass-production operation. The main goal is to establish the first step in
making a target, forming a double emulsion, on a lab-on-chip device. The two polymers
of interest, resorcinol formaldehyde and polystyrene, require the formation of oil-inwater-in-oil and water-in-oil-in-water double emulsions, respectively. The summarized
experimental findings contributed to the understanding of the droplet formation
mechanism at the millimeter scale.
A droplet-based microfluidic T-junction geometry was used to form large waterin-oil and oil-in-water emulsions, from 1mm to 18mm in length. In Chapter 3, large
surfactant-based water-in-oil and oil-in-water emulsions, from 1mm to 15mm in length,
were formed through the aid of surfactants on an acrylic T-junction device. The velocity
of the dispersion fluid (Vd) primarily controls the transition from squeezing to the
dripping regime while the velocity of the continuous channel (Vc) influences the droplet
size. Inertial and gravitational forces are present for both water-oil (0.05 <Re<2 and
2<Bo<3) and oil-water (3<Re<60 and 1<Bo<2), illustrating atypical microfluidic
conditions for millimeter droplet formation in the squeezing regime. The need to use
surfactant concentrations at their CMC or 4 times their CMC, made it difficult to clean all
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surfactant residue from the channels. This inspired interest in using other, more chemical
resistant materials for lab-on-chip devices.
In Chapter 4, other materials having different surface energy for T-junction
devices were fabricated to form water-in-oil and oil-in-water without the need of
surfactants. All emulsions also display an increased role for inertial forces (Re>1);
however, interfacial forces still dominate the millimeter droplet formation (We<1, Bo<1,
Ca<1). The larger channel dimensions allow greater fluid velocities and diminish the
importance of viscous forces (Ca<1 and Re>1) for forming droplets. Wetting
characteristics, such as solid-to-liquid surface energy and contact angle, also impact the
relationship trend between Ca and droplet length.
Building upon the established results from surfactant-based emulsions, Chapter 5
discusses the formation of surfactant-based oil-in-water-in-oil double emulsions, which
was developed using a double cross focus-flow geometry on an acrylic device. This
change in geometry from the T-junctions to focus-flow implemented a favorable shearing
effect in order to form a double emulsion regardless of the regime as observed with
previous double T-junction geometries results. However, the double emulsions were
formed over a more limited range ( >0.5 and Ca>0.4), so a more robust design was
needed.
All previous efforts in making the lab-on-chip devices for an oil-in-water-in-oil
double emulsion and results from non-surfactant based emulsions directed the success for
the production of water-in-oil-in-water double emulsion on a Teflon/Bk7 glass device
and fabrication of polystyrene shells discussed in Chapter 6. A double focus-flow
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geometry successfully formed double emulsions with an outer dimension ranging from
2.3±0.07 mm to 4.3±0.23 mm and a wall thickness ranging from 70 µm to 800 µm using
a  <1. A narrower range of flow-rate-ratio, <0.3, is requirement to form close to 100%
production of double emulsions. As a result, inner droplets from 2.1mm to 2.7mm in
diameter, outer droplets from 2.7mm to 3.7mm in diameter and shell wall thickness from
300m to 500m are produced. The flow-rate ratio at the second junction was
determined to be the most-effective parameter for controlling the dimensions of the shell.
All of these successful findings encouraged the continuation of the next step,
exchanging of solvents across a shell wall, in fabricating a polymeric target on a lab-onchip, discussed in Chapter 7. A proof-of-concept was established to demonstrate an
immediate 60-80% exchange of inner aqueous fluid across a resorcinol formaldehyde
shell wall, with its surrounding oil fluid using a sinusoidal serpentine macro-mixer. A
91% increase in surrounding fluid velocity inside the mixer contributed to the successful
exchange of fluids across the shell wall.
Overall, these promising results strengthen the recommendation to continue
integrating the remaining batch processes of the polymeric targets onto a lab-on-chip
methodology. An integrated droplet-based macro-reactor is needed to continuously form
double emulsions, center the inner droplet, exchange solvents and solidify and dry the
polymeric targets. This will allow for assessing the quality of the target, which is critical
for inertial confinement fusion experiments.
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Appendix A

The supporting information for Chapter 3: A T-junction Approach for Surfactant-Based
Emulsions on an Acrylic Material.
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Figure A.1: The effect of Ca on droplet length for water-in-oil emulsions, using (a)
0.05%Span®80 and (b) 0.1%Span®80, when the velocity of the oil phase is
independently varied.
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Figure A.3: The effect of the flow-rate-ratio on droplet length for water-in-oil emulsions,
using 0.1%Span®80, when (a) velocity of the oil phase and (b) velocity of the aqueous
phase is independently varied.
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Appendix B

The supporting information for Chapter 4: A T-junction Approach for Producing WaterOil and Oil-Water Emulsions using different Surface Energy Materials
B.1: Water-Fluorobenzene (W/FB) on PTFE/FEP Device
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Figure B.1: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) fluorobenzene ( ) and the (d) water ( ) is varied.
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B.2: Water-in-oil (W/O) on Teflon Coated Bk7 Device
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Figure B.2: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) oil ( ) and the (d) water ( ) is varied.
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B.3 Water-in-fluorobenzene (W/FB) on Teflon Coated Bk7 Device
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Figure B.3: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) fluorobenzene ( ) and the (d) water ( ) is varied.
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B.4: Water-in-[polystyrene-fluorobenzene (PSFB)] (W/PSFB) on Teflon Coated Bk7
Device
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Figure B.4: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) 18wt%polystyrene in fluorobenzene ( ) and the (d) water ( ) is varied.

198

B.5 Water-in-Oil (W/O) on FEP Device
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Figure B.5: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) oil ( ) and the (d) water ( ) is varied.

B.6: Water-in-Fluorobenzene (W/FB) on FEP device

(b) 8
Vd=.003m/s
Vd=0.03m/s
Vd=0.06m/s

droplet length (mm)

7
6
5

Dripping

4
3
2

6
5
4

2
1

0

0
0.0005
Ca

0.001

Dripping

3

1
0

Vd=0.003m/s
Vd=0.03m/s
Vd=0.06m/s

7
droplet length (mm)

(a) 8

0

0.01

0.02
Vc (m/s)

0.03

0.04

200
(c) 8

(d) 3
2.5

6

droplet length (mm)

droplet length (mm)

7

5
4
3
2

Vd=0.003m/s
Vd=0.03m/s
Vd=0.06m/s

1

(e)

3

droplet length (mm)

2
4
Flow Rate Ratio

2.5

1.5
1
Vc=0.02m/s
Vc=0.03m/s

0.5

0
0

2

6

0
0

0.5

1
1.5
Flow Rate Ratio

2

Dripping

2
Vc=0.02m/s
Vc=0.03m/s

1.5
1
0.5
0
0

0.02

0.04
Vd

0.06

0.08

Figure B.6: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) fluorobenzene ( ) and the (d) water ( ) is varied.
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B.7 Water-in-[Polystyrene-Fluorobenzene (PSFB)] (W/PSFB) on FEP Device
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Figure B.7: The water droplet length is controlled by (a) Ca, (b)  , (c and d) , and (e)
 . The flow-rate-ratio trends demonstrate droplet-size control where the velocity of the
(c) 18wt%polystyrene in fluorobenzene ( ) and the (d) water ( ) is varied.

B.8: Fluorobenzene-in-Water (FB/W) Emulsion on BK7 Glass Device
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Figure B.8: The fluorobenzene droplet length is controlled by (a) Ca, (b)  , (c and d) ,
and (e)  . The flow-rate-ratio trends demonstrate droplet-size control where the velocity
of the (c) water ( ) and the (d) fluorobenzene ( ) is varied.
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B.9: Fluorobenzene-in-PAA (FB/PAA) Emulsion on BK7Glass Device
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Figure B.9: The fluorobenzene droplet length is controlled by (a) Ca, (b)  , (c and d) ,
and (e)  . The flow-rate-ratio trends demonstrate droplet-size control where the velocity
of the (c) 0.05wt%polyacrylic acid ( ) and the (d) fluorobenzene ( ) is varied.
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B.10: Polystyrene-Fluorobenzene (PSFB)-in-Water (PSFB/W) Emulsion on BK7
Glass Device
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Figure B.10: The polystyrene-fluorobenzene droplet length is controlled by (a) Ca, (b)  ,
and (c) .
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B.11: Polystyrene-Fluorobenzene (PSFB)-in-PAA (PSFB/PAA) Emulsion on BK7
Glass Device
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Figure B.11: The polystyrene-fluorobenzene droplet length is controlled by (a) Ca, (b)  ,
and (c) .
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B.12: The influence of capillary number on droplet size
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Figure B.12: The effect of Ca on droplet length for (a) oil-in-water and (b) water-in-oil
emulsions.
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Appendix C

The supporting information for Chapter 7: Fluid Transport across Resorcinol
Formaldehyde Target using a Microfluidic Mixer Approach
C.1 Calibration of fluid velocity for peristaltic pump
The peristaltic pump had an average overfill of 15.12% at both high (0.1ml/sec)
and low velocities (0.06ml/sec) (Figure C.1). At high velocities (0.1ml/sec), an overfill of
14.31±1.05% in volume was observed while at the low velocities (0.06ml/sec), an overfill
of 13.32% ± 1.55% in volume was recorded. The velocity reached steady state values
after 200s of operation (Figure C.1). All calibrations were assessed for any underfill or
overfill variations at both low and high velocities.

(b)

Peristaltic Pump at 3.3 ml/min
(0.06ml/s)

Velocity (ml/sec)

0.064
0.062
0.06
0.058
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200

400

Time (s)

600

Peristaltic Pump at 6 ml/min
(0.1ml/s)
0.118
0.116
0.114
0.112
0.11
0.108
0.106
0.104
0.102
0.1
0.098
-150

Peristaltic Pump Velocity (m/s)

(a)

50

250

450

650

Time (s)

Figure C.1: Calibration of the fluid velocity generated by a peristaltic pump operating at
(a) 0.06ml/s and (b) 0.1ml/s.
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C.2 Calibration of fluid velocity for the syringes
One of the syringe pumps had an average overfill of 0.83% in volume measured
based on the calibration results shown on figure C.2. At higher flow rates (0.07 ml/s), an
underfill of -0.1 ± 0.4% in volume and at low flow rates (0.02 ml/s), an underfill of -0.2 ±
1.6% in volume was measured. A similar trend was seen at flow rates of 0.02ml/s (Figure
C.2a) however at 0.07ml/s, the trends are distinct thereby showing velocity fluctuations.

(a)

Syringe #1 at 60ml/hr (0.02ml/s)

(b)

0.022
0.02
Velocity (ml/sec)

Velocity (ml/sec)
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Syringe #1 at 250ml/hr (0.07
ml/s)
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0.0715
0.071
0.0705
0.07
0.0695
0.069
0.0685
0.068
0

100

200

300

400

Time (s)

Figure C.2: Calibration of the fluid velocity from one syringe pump at (a) low (0.02ml/s)
and (b) high motor speeds (0.07ml/s).

The second syringe pump had an average increase of 1.4% in volume based on
the calibration results (Figure C.3). At low flow rates (0.02ml/sec) the average overfill of
0.80 ± 1.28% in volume while at high flow rates, an average underfill of -0.01 ± 0.66% in
volume.
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Figure C.3: Calibration of the fluid velocity of the second syringe pump operating at both
high (a) and low (b) motor speeds.

