93
Chapter Il

A Bubble Is Born (Nucleated): Microfluidic Flow Focusing Reveals
Early Stages of Bubble Growth

Time and space are modes by
which we think and not conditions

in which we live.

Albert Einstein

The idea to use flow-focusing was first proposed by Prof. Julie Kornfield.
The idea to perform flow-focusing with a capillary-based microfluidic device came
from a chance lunch-time discussion with Prof. Stuart Prescott (UNSW, Australia).
Dr. Orland Bateman led initial development of an acrylic-sheet microfluidic channel
and assisted with the development of the final capillary-based design. Dr. Thomas
Fitzgibbons (Dow) suggested the use of PEEK sleeves to maintain a high-pressure
seal around the observation capillary. Dr. Valerie Scott was instrumental in loaning
us the ISCO 260D high-pressure syringe pump from the Jet Propulsion Laboratory
(NASA). Steve Weigand (Argonne) designed and set up the experiment to test the
signal from SAXS.

While Chapter II focuses on the mother phase of polymer with dissolved
CO,, this Chapter and those that follow focus on the bubbles born by this mother
phase upon reducing the pressure. If the pressure is reduced enough, bubbles may be
born without the assistance of a surface by homogeneous nucleation, as discussed
in Chapter I. Experimental measurements of homogeneous bubble nucleation in
polymers have been limited by its stochasticity in space and time, its rapid depletion
of dissolved gas, and the difficulty of eliminating heterogeneous nucleation, how-
ever. Here, we describe our experimental method for overcoming these challenges
with a custom microfluidic channel and high-speed optical microscopy. To mitigate
stochasticity in space, we localize supersaturation near the centerline of flow through
a channel in a custom high-pressure (> 10 MPa) microfluidic flow-focusing appa-
ratus. Due to the roughly linear decrease in pressure with distance from the inlet,
there is a range of axial positions at which the supersaturation is sufficient to drive

homogeneous bubble nucleation. We mitigate stochasticity in time by observing
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those positions where homogeneous nucleation occurs often enough to detect many
bubbles (several per second) and rarely enough that bubbles can be studied individ-
ually. Previously, it was thought that the stochasticity of bubble nucleation posed
a fundamental limitation that “[did] not lend itself [nucleation] to generating large
amounts of reliable, tightly bunched data” [1]. Because the flow is continuously re-
plenished, we can observe bubble nucleation at a specific degree of supersaturation
for as long as desired (at least, for several hours), making possible the generation of
such data and overcoming the challenge of rapid depletion of dissolved gas by ho-
mogeneous bubble nucleation. Finally, the apparatus isolates the nucleating stream
within a sheath of pure polymer, which prevents heterogeneous nucleation along

walls (although there is still a possibility of small particles in the nucleating stream).

Although we designed the microfluidic channel for compatibility with small-
angle X-ray scattering (SAXS) and light scattering, we determined that high-speed
optical microscopy would offer the richest data source; the possibilities of measuring
bubble nucleation with SAXS and light scattering are discussed in Section III.S6
of the Supplementary Information. Due to the diffraction limit of light, optical
microscopy can only detect the early growth of bubbles larger than about 1 um,
whereas nucleated bubbles may be as small as 10 nm. Therefore, the method
described in this Chapter does not directly observe bubble nucleation. How we fit a
model to the observable period of bubble growth and use it to extrapolate the growth

backward in time to the moment of nucleation is discussed in Chapter V.

III.1 Studying Homogeneous Bubble Nucleation: Challenges and Solutions
Have you ever seen something just as it disappeared? A shooting star? A

bolt of lightning? Short, stochastic events like these can be as frustrating as they are

fascinating. Because they are stochastic, we do not know where and when to look;

because they are sudden, they disappear as soon as we do.

Single-Shot Studies of Bubble Nucleation Are Cluttered and Tedious
Homogeneous bubble nucleation is one such short, stochastic event. Tech-
niques with the spatial resolution to distinguish nanoscopic bubble nuclei, such as
small-angle X-ray scattering (SAXS) [2] or scanning electron microscopy (SEM)
[3-20], lack the time resolution to capture them live, only reporting measurements
of bubbles in a solidified matrix. Techniques that could achieve sub-microsecond
time resolution to capture the nucleation event, such as optical microscopy of batch
foaming [3, 9, 11, 14, 19, 21-34], lack the spatial resolution to distinguish the
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nucleation event itself, only reporting micron-scale images of the early growth. As
discussed in Section 1.4, this dilemma has prevented direct experimental observation
and quantification of homogeneous bubble nucleation, leaving us uncertain of the
validity of the theoretical models available. The problem is further exacerbated by
the rapid depletion of dissolved gas by homogeneous bubble nucleation relative to
heterogeneous bubble nucleation due to the presence of nucleation throughout the
bulk. Due to this challenge, measurements of homogeneous bubble nucleation in
the literature are performed in batch processes and, therefore, require new sample
preparation for each measurement, slowing down data acquisition. Measurement
of homogeneous bubble nucleation also requires an exceptional degree of cleanli-
ness and isolation from surfaces to prevent heterogeneous bubble nucleation from

depleting the dissolved gas before homogeneous bubble nucleation is possible.

Nevertheless, given the challenges of direct observation, researchers have
learned a tremendous amount about effects on bubble nucleation from indirect
observations. Among the most common indirect observation methods is SEM
analysis of the cell structure after foaming. While SEM achieves high spatial
resolution, it is limited to analysis of the cells of the final solidified foam, using
the number of cells as an estimate of the number of nucleation events despite the
coalescence and ripening of bubbles during foaming. By counting cell number
and size distribution of foams with SEM, researchers have elucidated how bubble
nucleation is affected by photopolymerization [14], the addition of nucleant particles
like talc [16], the rate of depressurization [15], wall effects [11], formulation [11],
polymer glass transition temperature [4], polymer branching architecture [17], two-

stage foaming [13], and polymer crystallization from the melt [7].

Other researchers have sought more direct observation at the expense of
spatial resolution, observing the nucleation of bubbles upon depressurization of
polymer—gas mixture in high-pressure cells with high-speed microscopy, which
can capture bubble growth on the micron spatial resolution and millisecond time
resolution. These batch foaming experiments, many of which were based on the
apparatus designed by Guo et al. [21], have uncovered how bubble nucleation is
affected by photopolymerization [14], depressurization rate [27], shear [29], exten-
sional stretching [19, 20, 30], polymer crystallization [28, 30, 33], foaming agents
(sodium bicarbonate [34], talc [19], and nano-clays [35]), temperature [33], physical
blowing agent (e.g., CO; [3, 9, 22, 24], N, [24], hydrocarbons like cyclopentane
[3, 9], pentane [36], and isopentane [37], and alcohols [22]), wall effects [11], for-
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mulation [11], and melt retraction [25]. While microscopy studies are limited to a
two-dimensional field of view by significant light scattering from bubble surfaces,
a study by Perez-Tamarit ef al. acquired three-dimensional scans of early bubble
growth during polyurethane foaming with X-ray tomography at a synchrotron X-
ray source, which they used to study the nucleating effect of nanoparticles [38].
Scattering likewise probes a three-dimensional volume of the foam and allows for
the estimation of the bubble size distribution, as demonstrated with Mie scattering
[39], diffusing wave spectroscopy [11], and small-angle X-ray scattering [2], but the
latter typically requires too long of acquisition times (seconds) to study nucleation

directly.

Although the studies above have provided tremendous insight into bubble
nucleation in polymer foaming, they are performed in batches, often requiring a
waiting period to dissolve CO, into a highly viscous polymer sample to prepare for
foaming [40]. Ando et al. offered an elegant method for repeated homogeneous
nucleation of bubbles by local heating with a laser [41]. The heated region nucleates
a single bubble in the bulk and quickly returns to equilibrium afterward for another
measurement. This technique has not been applied to polymer foams, however.
Within the context of polymer foaming, Tsujimura et al., and later, Taki et al.,
developed transparent, high-pressure continuous flow cells for observing the onset
of foaming of polymer—gas solutions as it flowed through a channel between two
thinly spaced glass plates [27, 42, 43] or in an injection molding cell [44]. Because
the foaming fluid is in contact with the glass plates, however, much of the nucleation
was likely heterogeneous along the glass surfaces, leading to a non-uniform foaming
front and preventing study of homogeneous bubble nucleation due to the higher level

of supersaturation that it requires.

Turning Time into Space

Almost all the studies discussed above suffer from the same dilemma be-
tween time resolution and spatial resolution; those that do not suffer from parasitic
heterogeneous nucleation. This dilemma only exists for short, stochastic patterns
in time; in space, we can thoroughly scrutinize short (in length), stochastic patterns
like Turing patterns and glasses as long as we want. Is there a way to map a time

sequence onto space to permit thorough scrutiny as well?

Novice jazz musicians like myself have long grappled with the same problem,

particularly when studying “bebop.” Only the most talented of musicians can
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decipher a “lick” from this style of mid-century jazz known for its rebelliously
fast tempos and unpredictable patterns [45]. Record it onto a vinyl disk, however,
and even the novice can pick out the notes by slowing down playback and looping
each section in her quest to play like the pros; the sudden and stochastic becomes

intelligible.

Such a mapping of time onto space naturally exists for heterogeneous bubble
nucleation, for which bubbles are continuously nucleated at the nucleation site with
little effect on the bulk concentration. The bubbles then rise at a predictable velocity
due to their buoyancy, allowing the observer to correlate each position to a point
in the bubble’s lifetime (see Figure 1.2b). On the contrary, homogeneous bubble
nucleation quickly depletes the bulk of excess dissolved gas necessary for further

nucleation.

At the turn of the millennium, the Austin group demonstrated how to put
kinetics “on repeat” with a microfluidic technique they called “flow-focusing” [46,
47]. The technique flows a fluid stream of interest inside another fluid stream,
often studying the kinetics of reactions occurring along their interfaces. Due to the
microscopic dimensions of their channels, the Reynolds number Re remained in
the laminar regime despite low viscosities and high speed, so the fluid flowed along
straight streamlines and maintained a constant speed [48]. Constant flow speed
allowed the researchers to correlate the time that particular portion of protein was in
contact with the buffer to the distance it had traveled along the channel by dividing
that distance by the speed. The researchers could then scrutinize each millisecond
in the timeline of the protein-folding kinetics for long periods of time by observing
the corresponding location along the length of the capillary, allowing for observa-
tion with techniques that require long exposure times, such as small-angle X-ray
scattering (SAXS) [47]. The design of similar devices took off as the fabrication of
precise microfluidic channels polydimethylsiloxane (PDMS) with photolithography
became more widely available [49] due to its small sample-size requirements and
laminar flow. Unlike the original devices produced by the Austin group, focused
on generating an unperturbed interface between nearly identical fluids, many of the
devices that followed considered unlike fluids with an interfacial tension, such as oil
and water. Even a small amount of interfacial tension drives the rapid formation of
droplets due to the Plateau—Rayleigh instability [48]. The resulting droplet-based
devices permitted the observation of millisecond-scale kinetics of processes like

gelation [50], enzymatic reaction[51], and ice nucleation [52], often leveraging the
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unique mixing behavior of droplets [53].

High-pressure Microfluidics

Due to the permeability of PDMS, experiments with these devices must be
maintained near atmospheric pressure; an experiment performed at 50 psi is already
considered “high pressure” [54]. The study of homogeneous bubble nucleation
requires significantly higher pressures, however, both to achieve sufficient supersat-
uration and, in the case of polymer foams, to pump highly viscous fluids through
microscopic channels. High-pressure microfluidics therefore faces its own dilemma:
how does one design a design (1) strong enough to withstand high pressure (MPa-
scale) and (2) transparent enough to allow optical observation? Glass and silicon
became materials of choice due to their high pressure resistance (up to 40 MPa),
compatibility with photolithography to etch precise microfluidic channels, and high
optical transparency [55, 56]. To connect glass and silicon chips to laboratory de-
vices while maintaining high pressures and small dead volumes, pressure-resistant
connections from these chips to pumps and sampling devices were developed, some
designing custom fittings [57, 58] and others adapting existing fittings [59]. To
provide high pressure with precise flow control, these devices use high-pressure
syringe pumps, such as those produced by Teledyne ISCO. Nevertheless, etching
glass microfluidics requires a budget and resources not available outside dedicated

microfluidics or photolithography labs.

An alternative, more accessible method for high-pressure microfluidics is
capillary-based microfluidics, which flow fluids through capillary tubes instead of
etched channels. Utada ef al. initially pioneered the use of tapered microcapillaries
to flow one fluid inside a sheath of another fluid, which we will refer to as “sheath
flow” [60]. Marre ef al. adapted this coflow microcapillary device to ensheath
supercritical CO, with water at high pressure (8—18 MPa) [61], which was later
modified to operate at higher temperatures and pressures [62]. Although the cap-
illary walls are thin, the interior surface area is also smaller, reducing the force
applied to the wall material, such that defect-free silica capillaries can withstand
tens of MPa in pressure [63]. Leakage is most common at the connections between
capillaries and other parts of the microfluidic device. Standard compression fittings
such as Swagelok or VICI Valco fittings cannot be applied directly to silica due to
its brittleness. Many methods for sealing these connections to withstand pressures
over 10 MPa have been demonstrated in the literature, but most require irreversible

chemical bonding [64, 65]. Some groups have achieved high pressure with remov-
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able fittings. Maharrey and Miller reached pressures as high as 28 MPa using HPLC

stainless steel compression fittings on a quartz capillary ensheathed by a polyether
ether ketone (PEEK) sleeve [66]. Luther and Braeuer reported a pressure toler-
ance of 8.5 MPa for a connection between fused silica capillary epoxied in a sleeve
and a reusable stainless steel port-connector [63]. Chen-Jolly et al. demonstrated
that high pressures can be maintained in flexible perfluoroalkoxy (PFA) tubing in a

slightly larger, millimeter-scale device [67].

III.2 High-pressure Microfluidic Hydrodynamic Focusing Localizes Super-

saturation in Space and Time

By combining concepts from flow-focusing and high-pressure capillary mi-
crofluidics, we developed a continuous-flow microfluidic channel to observe ho-
mogeneous nucleation and early growth of gas bubbles in the polymer during rapid
depressurization from industrially Trelevant pressures (about 10 MPa). Unlike many
other capillary-based flow-focusing devices in the literature, which flow unlike fluids
and thus generate droplets [68, 69], we consider fluids with sufficiently low interfa-
cial tension and with high enough viscosities to suppress the breakup of the inner
stream into droplets. We begin with a discussion of how the design of the apparatus
produces sheath flow, followed by a discussion of its implications for the pressure
along the flow and its role in localizing bubble nucleation. We then describe our
fabrication method and some of the limitations of the device that were overcome
by a careful balance of the operational parameters. We close this chapter with a
discussion of the high-speed optical microscopy setup with which we captured the
early bubble growth, whose measurement and modeling we will discuss in Chapters

IV and V, respectively.

Flow-focusing Principle

One of the primary motivations behind flow-focusing is to surround the flow
of the fluid of interest with a sheath of another fluid, isolating it from the inner
walls of the flow channel. The microfluidic dimensions of the channels maintain
this “sheath flow” throughout the apparatus. A schematic of the apparatus, expected
flow, and principle behind taking measurements is shown in Figure II1.1. An example

validation of sheath flow is shown in Figure II1.S2.

In capillary-based flow focusing [63, 68, 69], sheath flow is produced inside a
tee junction by enveloping a capillary that extends across the tee junction (the “inner

capillary”) with the outer fluid before entering a transparent capillary for making
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Figure III.1: Schematic of capillary microfluidic flow-focusing and flow profile
for mapping timeline of kinetic process along length of a transparent capillary.
Polymer with dissolved gas (CO;) passes through a tee junction inside a narrow
inner capillary to the entrance of the transparent observation capillary. Pure polymer
enters through the top of the tee junction and ensheaths the inner stream before
entering the observation capillary. Because of the high viscosities (up to 5 Pa.s)
and narrow dimensions (300 um inner diameter of observation capilary, 30—50 um
inner stream), the Reynolds number Re < 10, so the flow is laminar and the miscible
inner and outer streams flow along straight streamlines with minimal mixing. On
the right, the velocity profile predicted from Stokes flow is shown, with a higher
velocity gradient in the inner stream due to the lower viscosity. Due to the loss
of dissolved gas to the outer stream along the interface of the inner stream from
diffusion, nucleation is most likely at the center, where the concentration of CO is
highest. The speed at the center v(r = 0) is consistent and stable, so the time for a
fluid element at the center to reach a distance d along the observation capillary is
to = d/v(0). A microscope or other imaging device (eye schematic) can observe
that location to watch the subsequent ~ 1 ms of bubble growth immediately after 7.
By translating along the length L (100 mm), the average bubble behavior from the
inlet pressure p;, to the outlet pressure p,,, can be imaged. See Figure II1.2 for the
estimated pressure profile.

observations (the “observation capillary”), as shown schematically in Figure III.1.
During operation of the instrument, a polymer—gas mixture flows from the left of the
diagram through the inner capillary to the right end of the tee junction, where it exits
the inner capillary near the entrance of the observation capillary. We considered
mixtures of polyol and CO;, but bubble nucleation could be studied in other viscous
liquid—gas mixtures as well. Meanwhile, pure polymer flows from the top of the
diagram around the inner capillary before flowing to the right into the observation
capillary, where it ensheaths the polymer—gas mixture. At this point, the fluid
pressure is p;,, which we kept at least 10% higher than the saturation pressure of
the dissolved CO; py,, to prevent heterogeneous bubble nucleation along the inside

surface of the inner capillary. Once ensheathed, the inner stream is isolated from
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the inside surface of the observation capillary, preventing heterogeneous nucleation
(unless a solid contaminant enters the flow—see the discussion of this problem
in Chapter VI). This sheath flow continues 100 mm to the end of the observation
capillary where it reaches the outlet pressure p,,;, which we kept at atmospheric
pressure. Unlike droplet-based microfluidics [53], the inner and outer streams here
are miscible, having the same composition besides a small fraction of gas in the
inner stream. Given that we will show that the flow is laminar as well, the interface
between them remains unperturbed in the absence of bubbles, only diffusing a small

amount of gas a few microns into the outer stream.

In comparison to many microfluidic devices, the inner diameter of our ob-
servation capillary is large (300 ym) and the flow speeds are fast (up to 1 m/s), but
the flow remains laminar due to the high viscosity of the outer stream polymer and
the narrow dimension of the inner stream (30-50 pm), as shown in the flow diagram
on the right of Figure III.1. We show that the flow is laminar by estimating the
Reynolds number for the inner and outer streams, which have different flow due to
the significantly lower viscosity of the inner stream as a result of the dissolved CO».
The Reynolds number is defined as Re = p% for fluid density p, speed U, length
scale L, and viscosity 1. For the outer stream, p ~ 1000 kg/m3, U<05m/s, L=
300 um (ID of observation capillary), and n ~ 5 Pa.s (see polyol “1k5f” in Table
II.1), yielding Re < 0.1, indicating Stokes flow (Re < 1). For the inner stream, p =
1000 kg/m?, U ~ 1 m/s, L < 50 um, and 5 > 0.01 Pa.s, yielding Re < 5, indicating
laminar (Re < 2000) but not Stokes flow. While the inner stream may not always
be in the Stokes flow regime, we assume Stokes flow and note that the polymers
are Newtonian (see Figure III.S1 in the SI for measurement of viscosity in a shear
rate sweep) to estimate the velocity profile as a function of the radial coordinate
v(r). This velocity profile is depicted in Figure III.1 and is similar to Poiseuille
flow with a steepened gradient at the center due to the lower viscosity; see Section
III.S1 for the derivation. While the velocity gradient is steep near the surface of
the inner stream, bubbles generally nucleate at the center of the inner stream, where
the velocity gradient is smallest, due to the loss of CO; to the outer stream along
the edges. Consequently, when we observe a bubble nucleate at the center of the
stream, we can estimate the time since that fluid element entered the observation
capillary by dividing the distance d from the entrance of the observation capillary
by the velocity at the center stream v(0), giving 7o = d/v(0). The distance along
the capillary therefore maps directly onto the timeline of the flow. We then capture

around 1 ms of the growth of the bubble on high-speed video as it travels along the
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field of view of our microscope, as discussed later in this Section. Once bubbles
nucleate downstream, however, the viscosity drops significantly and the flow is no

longer completely laminar.

Due to the small dimensions, the flow rates can be kept below 300 uL/min
for the outer stream and 100 uL/min for the inner stream, such that a few hundred

milliliters of fluid was sufficient for a full day of experiments.

Pressure

Relative to previous high-pressure capillary microfluidics [63], the fluid
undergoes a steep pressure gradient along the observation capillary (about 100
MPa/m over 100 ms). This rapid rise in supersaturation of the dissolved gas drives a
significant increase in the rate of homogeneous bubble nucleation over the range of
our translation stage. Because of the high supersaturation required for homogeneous
nucleation, we can set up experimental conditions under which bubbles do not
nucleate before reaching the last third of the observation capillary. Most of the
flow 1s thus bubble-free and, as discussed earlier, remains in or near the Stokes flow
regime. Because the polymers are Newtonian (Section II1.S1), we assume a roughly
constant pressure gradient along most of the observation capillary, an example of

which is shown in Figure III.2.

In this example experiment, CO, was dissolved into the polyol for the inner
stream at a pressure of 7 MPa, just below the critical pressure (7.39 MPa [70]).
The flow rates were chosen to keep the pressure at the inlet higher, p;, = 10 MPa,
and prevent nucleation of bubbles along the walls of the inner capillary. Assuming
a constant pressure gradient, we estimate the pressure profile with the plot in the
lower half of the figure along the 100 mm length of the observation capillary.
The polymer—CO; mixture remains below the saturation pressure for the first 30
mm, so no homogeneous bubble nucleation is observed. After, the pressure in the
channel drops below the saturation pressure, supersaturating the solution. Because
homogeneous nucleation requires high degrees of supersaturation, we do not observe
bubbles until about 70 mm downstream, where the pressure is about 3 MPa. Within
the field of view (about 1 mm), we observe a bubble grow to the width of the inner
stream. The change in pressure during this growth is about 0.1 MPa, a decrease of
about 3%, so we conclude that most of the growth is the result of the diffusion of
CO, into the bubble rather than expansion of the gas due to the decreasing pressure

(although we account for this change in pressure in our model of bubble growth in
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Figure III.2: Schematic of the pressure profile along the microfluidic capillary
described in Figure III.1. In this example experiment, CO, is dissolved in polyol at
a saturation pressure p,; = 7 MPa. The inlet to the observation capillary is kept at a
higher pressure (p;, = 10 MPa) to prevent heterogeneous bubble nucleation along the
interior of the inner capillary before sheath flow. Because the fluids are Newtonian
before bubbles nucleate (see Figure I11.S1), we assume a constant pressure gradient.
When a considerable number of bubbles has nucleated and produced a foam near
the end of the capillary, the pressure gradient decreases signficantly and we can
no longer assume Newtonian behavior. The estimated pressure profile is shown
in the bottom plot. The fluid is subsaturated (light blue region) near the entrance
of the observation capillary; bubbles are not observed (gray eye schematic). Once
supersaturated (dark blue region), bubbles are not observed until reaching high
supersaturation (black eye schematic), in this case, at p s;r5; = 3 MPa (yellow star).
The bubble can be observed over a field of view of about 1 mm, such that the
pressure at the last observation has dropped only to p;,s; = 2.9 MPa (blue star). The
distance along the observation capillary is shown at the bottom.

Chapter V). Near the end of the observation capillary, bubbles have grown large
enough and nucleation is frequent enough that the inner stream becomes a foam.
The location of this transition depends on the flow rates and concentration of CO,
and can be varied anywhere along the observation capillary. Due to the significant
reduction in viscosity upon foaming, we expect a significantly smaller pressure
gradient here. This lower pressure gradient results in an error in our estimation of
the internal pressure of the capillary. This error is usually on the order of only a few

percent for most of the capillary, so we generally ignore this effect.
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Device Fabrication

After exploring several designs to implement this flow-focusing principle
(see Section III.S5 in the SI for their descriptions), we found the most success and
simplicity with a design based on a tee junction machined out of a block of acrylic
(see Figure II1.S4 in the SI for dimensions). A digital image of the instrument built
with this design mounted in a red, 3D-printed polylactic acid (PLA) case is shown
in Figure II1.3. The image at the top shows the inner and outer streams entering
through stainless steel tubing (Restek 316 stainless steel tubing #27768, 1/16” OD,
0.040” ID) into the acrylic tee junction and meeting just before (to the left of) the
entrance of the observation capillary (outlined in a white solid line). Due to the high
viscosity of the outer stream, we did not insert the inner stream capillary into the
observation capillary, as is done in some capillary devices for a more robust sheath
[68, 69], which would have added significant pressure resistance at the entrance
of the observation capillary. Rather, we extended the inner stream tubing with a
small capillary (800 um OD, 500 ym ID, Cynken #CKS1824, 304 stainless steel)
that spanned across the entrance of the outer stream up to 1 mm from the entrance
of the observation capillary, which we attached with silver epoxy. While the inner
stream flowed slightly off center (see example snapshots in Figure II1.3 due to the
imprecision of this technique and the one-sided flow from the outer stream (better
designs include flow from two sides [47] but require an additional pump), it was

simple to assemble.

To withstand the high pressures inside the acrylic tee junction (up to 15
MPa), we connected the tubing to the tee junction with VICI Valco nuts and ferrules
(316 stainless steel, 1/16”, nuts #2N1-10, and ferrules #ZF1S6-10). While they
are rated to 10,000 psi (about 70 MPa) when used in stainless steel fittings, they
permitted a gradual leak after about an hour of 10 MPa flow in the acrylic tee
junction. This leak could have been prevented by epoxying the fittings into the
acrylic, albeit at the expense of removability. Although the acrylic tee junction
tolerated the high pressure as well, it showed some cloudiness from stress (seen
faintly along its internal channels in Figure III.3). Additionally, the outer stream
eventually indented a small cusp in the opposing wall (not seen in Figure II1.3). We

did not observe any effects on the flow as a result of these changes, however.

Because the observation capillary was too brittle to apply the VICI Valco
ferrule directly, we inserted it into a hollowed-out extreme-pressure PEEK sleeve
(McMaster Carr #51085K48, 1/16” OD, 0.03” ID) before applying the ferrule.
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Figure II1.3: Image of custom microfluidic capillary and acrylic tee junction in red
3D-printed microscope mount. A polymer—CO, mixture saturated at pressure pg;
enters from the left (light blue arrow) and travels through a narrow inner capillary
to the entrance of the observation capillary (outlined in white). Pure polymer enters
through the top (dark blue arrow) and ensheaths the inner capillary and inner stream
of polymer—CO,. This sheath flow enters the 100 mm observation capillary at
pressure p;, > psqr and exits at p,,;, atmospheric pressure. Behind the observation
capillary is a transparent acrylic sheet that forms the base of an oil reservoir that
reduces lensing from the curved surfaces of the observation capillary. The edges of
the reservoir are sealed with 