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Abstract We explore the microfluidic generation of
bubbles in a flow-focusing junction using a pressure-con-
trolled device rather than the more common flow rate-
controlled devices. This device is a prototype for extending
microfluidic drop generation methods to molten polymers.
We show that the bubble generation process is highly
sensitive to pressure: small changes in pressure induce
large changes in bubble size and bubble formation fre-
quency. A simple resistance circuit model can explain this
pressure dependence. Briefly, we show that bubble gener-
ation is possible only within a finite pressure range. Near
the ends of this pressure range, the ratio of the flow rates of
the dispersed to continuous phase is highly sensitive to
pressure, and therefore so also is the bubble generation
process. The circuit model offers a way to use existing
models of drop generation (which are based on flow rate-
controlled operation) to predict pressure-controlled opera-
tion. We also examine drop formation using a highly
viscous polymer as the dispersed phase. Drops are formed
far downstream of the flow-focusing junction, and they are
far smaller than the microfluidic channel dimensions.
These results suggest that existing microfluidic drop gen-
eration methods may be exploited to make complex par-
ticles from thermoplastic polymers.
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1 Introduction

In a majority of microfluidics research, the flow is driven
by external syringe pumps. Since these are positive dis-
placement pumps, the flow rate is specified; in this article,
we will refer to this situation as “flow rate-controlled”. In a
minority of situations, however, flow is driven by an
applied pressure, typically maintained with a gravitational
head or with pressure regulators. Such “pressure-con-
trolled” devices are advantageous in some applications in
that flow can be started or stopped rapidly, limited only by
the speed of valve actuation (Bong et al. 2010). In contrast,
when syringe pumps are used, there is often a long transient
associated with the compliance of the tubing connecting
the device to the pump (Stone et al. 2004). We are inter-
ested in microfluidics using molten polymers (Moon and
Migler 2010; Moon et al. 2008), and for that purpose,
pressure-controlled flow is especially convenient as will be
discussed briefly below.

This article is concerned with bubble or drop generation
under controlled pressure conditions. Two-phase micro-
fluidic devices that generate drops or bubbles have been
studied intensively for several years (Thorsen et al. 2001;
Christopher and Anna 2007; Cubaud and Mason 2008;
Sugiura et al. 2001). Most such devices operate passively,
i.e., the two fluids are combined together at a junction and
drops are formed spontaneously by an interfacial tension-
driven pinch off process. Such passive drop-generating
devices can be operated in flow rate-controlled fashion
(Nie et al. 2006; Anna et al. 2003; Cubaud et al. 2005), or
in pressure-controlled fashion (Thorsen et al. 2001), or in a
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combination of the two (Garstecki et al. 2004). In elegant
experiments, Ward et al. (2005) compared pressure-con-
trolled versus flow rate-controlled drop generation in the
same device. The controlled parameters were the ratio of
flow rates of the two phases (in the flow rate-controlled
experiments) and the ratio of the pressures (in the pressure-
controlled experiments). The most important difference
noted between the two cases was the sensitivity: in the
pressure-controlled situation, the drop size and frequency
were highly sensitive to the pressure ratio, whereas in the
rate-controlled situation, the sensitivity was much less. The
authors did not fully explain the reasons for these differ-
ences but speculated that there was a fundamental differ-
ence between drop generation in these two situations. This
paper develops a simple circuit model to explain the rea-
sons for this difference.

Before proceeding with the main results of the paper, we
will briefly provide some motivation for these experiments.
This article is a part of an effort to develop a new platform
for two-phase drop microfluidics with molten polymers.
The goal is to use microfluidic devices to fabricate complex
particles from thermoplastic polymers. Drop-based micro-
fluidics has been used previously to prepare particles with
complex shapes or chemical anisotropies(Marre and Jensen
2010; Nie et al. 2006; Dendukuri et al. 2005; Chen et al.
2009; Serra and Chang 2008), and much of this research
has been reviewed in an excellent book on this
topic(Kumacheva and Garstecki 2011). Most of those
methods rely upon using a UV-curable monomer as the
drop phase: after the drop is generated, it is crosslinked
rapidly by UV exposure. The requirement of rapid cross-
linking by UV radiation limits this approach to a relatively
narrow range of material chemistries. Other approaches of
solidifying drops such as sol-gel chemistry, phase separa-
tion, or solvent extraction can access a wider range of
material types including ceramics or polymers (Marre and
Jensen 2010; Shum et al. 2010). However, an even greater
range of material properties may be accessed using ther-
moplastic polymers. The overall idea then is to develop
microfluidic devices that generate polymer drops at high
temperature under molten conditions, and then convert
them into particles by simply cooling the flow stream.

The requirements of operating at high temperature and
with fluids of high viscosity raise new challenges in fluids
handling. Recent research has developed devices and fluids
handling methods that address these practical challenges
(Moon and Migler 2010; Moon et al. 2008). Most impor-
tantly, Moon et al. fabricate microchannels using etched
metal foils and use gas pressure rather than syringe pumps
to drive flow. Beyond resolving these practical challenges,
however, for our present goal of drop generation, there is
also a fundamental difficulty: the viscosity of molten
polymers is typically 4-7 orders of magnitude higher than
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of small molecule systems, and thus, it is not clear whether
passive drop breakup—which is entirely driven by inter-
facial tension—can successfully pinch off drops within
reasonable timescales. The experiments in this article were
conducted chiefly to test the last question. Specifically, we
examine bubble and drop generation when the fluids have a
high viscosity typical of molten polymers. The experiments
were conducted at room temperature for convenience;
however, the device was designed to be readily adaptable
to high temperature.

2 Experimental

Experiments were conducted at room temperature with
polydimethylsiloxane (PDMS) as the continuous phase
fluid. The experiments discussed here used a viscosity of
30 Pa.s; however, we have conducted similar experiments
with PDMS of viscosity 10 and 500 Pa.s and obtained
essentially identical results (Peng 2012). Although these
viscosities are many orders of magnitude higher than
encountered in aqueous systems, they are typical for mol-
ten polymers. In most of this article, the dispersed phase
was nitrogen gas. In the last section, we will briefly discuss
experiments with another polymer, polyisoprene (Kuraray
America), as the dispersed phase. It had a viscosity of
120 Pa.s.

The microfluidic device (Fig. la, b) used here is based
on an approach developed previously (Moon and Migler
2010; Moon et al. 2008) in which the microchannels were
laser-machined out of thin brass foils. Such metal foils
can be used at high temperatures with molten polymers,
although this article only refers to room temperature. The
foils are sandwiched between a lower acrylic plate and an
upper acrylic block which also provided the fluidic con-
nections. The entire assembly was bolted to a bottom
aluminum plate with a long slot (Fig. 1b) to permit
imaging with an inverted microscope. The acrylic block
had two fluid reservoir chambers which could be pres-
surized using gas pressure regulators (Masoneilan 78—4)
supplied by a nitrogen tank. The pressure was monitored
downstream of the regulator using Honeywell 26PC15
pressure sensors connected to a computer. Drop genera-
tion was observed using an Olympus CKX inverted
microscope with a 4x objective using an Edmund Optics
EO-1312 M camera operating at 13 frames/s. At the
driving pressures used, the high viscosity fluids give rel-
atively low drop production frequencies (on the order of a
few Hz) which can be resolved even without a high speed
camera.

The junction of the channel had a “flow-focusing”
geometry which was realized using three stacked metal foil
layers. The channels machined into each layer are
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Fig. 1 a Picture of the microfluidic device. The metal foil is visible
as a slim yellow line near the base of the device. b Inverted view of
the device showing the channels. ¢ Channels machined in the middle
layer of metal foil. d Channels in the fop and bottom layers of metal

illustrated in Fig. lc, d, and upon stacking them, the flow-
focusing junction of Fig. le was realized.'

A few drops of PDMS were placed in the reservoir
chamber for the continuous phase, whereas the other res-
ervoir was left empty. Upon applying pressure, the PDMS
as well as the nitrogen were forced from the reservoir into
the microfluidic channels. Each experiment started with a
specific pressure P, applied to the continuous phase PDMS,
and the pressure P, of the dispersed phase nitrogen was
increased in a stepwise fashion. Each pressure was main-
tained for at least 3 min to verify that the drop generation
process remained invariant. During these 3 min, the pres-
sures varied by <0.01 psi.

3 Results

Figure 2 shows the results of a typical experiment of
increasing P, from an initially small value while keeping
P, fixed. At low values of P, no bubbles were generated;

! As mentioned in the Introduction, this project is motivated by our
interest in drop microfluidics with molten polymers. Unlike with
oil/water systems, with immiscible polymers, we are unable to find
suitable surfactants that can guarantee that the walls of the device
remain wetted by the continuous phase. Thus, it is crucial to ensure
that the dispersed phase does not contact the walls, which is the
purpose of the three-layer design.
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foils. e Schematic of the microfluidic flow-focusing junction. Note
that the air supply channel is in the middle layer only. The numbers in
c and d are channel widths in microns

instead, backflow of the PDMS into the nitrogen supply
channel was observed. At some value of P, the backflow
stopped and the gas flowed into the junction forming
bubbles with frequencies in the 0.5-5 Hz range (discussed
later). Images of bubbles in the junction and in the
downstream channel are shown in Figs. 2a, b. Upon
increasing P, the bubble size and frequency both increased
(Fig. 2c, d) until at some value of P, bubble pinch off no
longer happened; instead, an irregular coflow of gas and
PDMS was observed (Fig. 2e, f). After the onset of coflow,
P, was reduced back to a low value, and the entire pro-
cedure repeated at a different value of P.. In a limited
number of experiments, the P, was reduced gradually, and
in these cases, no hysteresis was apparent: the bubble size
and frequency as P, was reduced matched that as P; was
increased. Sample movies of the bubbles and coflow at
P.= 8 psi are provided as Online Supplementary informa-
tion. Figure 2g maps the conditions of pressure under
which bubbles were formed. It is immediately obvious that
the process is extremely sensitive to pressure: at fixed P,
the transition from back flow to bubble generation to co-
flow all happened over at most 10 % changes in
pressure P,;.

We will now examine the bubble size, which is usually
quantified in terms of the length, L. In many cases, the
bubbles had a small concave region at the back end making
it somewhat difficult to identify L from the image directly.
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Fig. 2 a-f Images of bubbles at the pressure values indicated on the
left of the images. The left column of images was taken at the junction,
and the right column in the downstream channel. g The combinations
of pressure at which two-phase flow was observed. Dashed and solid
lines refer to Eqs. (10) and (11), respectively, in the text

Accordingly, a simple image analysis procedure was used
to obtain L as described in the Online Supplementary
Information. Figure 3a plots bubble length as a function of
P, at various P, values. The most important trend evident
in the results is the severe dependence of L on pressure:
with small (<10 %) change in P, the bubble length
changes from the lowest values observed (roughly 200 pm)
to over 600 pm before the onset of irregular coflow. The
bubble generation frequency also shows a similarly strong
dependence on pressure (Fig. 3b): the same few-percent
changes in P, induce a roughly twofold change in fre-
quency. Incidentally, while it is not the focus of this paper,
we mention in passing that the capillary number (calculated
from the measured velocity and the surface tension
between air and PDMS) ranges from 0.5 to 2.5 (Peng
2012).

Most drop microfluidic experiments in the literature are
conducted in flow rate-controlled mode, and in those
experiments, similar changes in drop size require much
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larger changes in relative flow rate of the two phases. For
example, many researchers (Dietrich et al. 2008; Gordillo
et al. 2004; Ganan-Calvo 2004; Ward et al. 2005) have
found that drop length varies in a power-law fashion with
the ratio of the flow rates of the two phases. Typically, the
exponent is small—usually ranging from 0.25 to 0.4—thus
indicating a weak dependence. The frequency dependence
is also found to be weaker in flow rate-controlled experi-
ments. To the best of our knowledge, the article by Ward
et al. (2005) is the only publication to directly compare
flow rate-controlled versus pressure-controlled drop gen-
eration in a single fluid system in a single microfluidic
device. These authors conducted experiments on generat-
ing water drops with an oil matrix in a flow-focusing
geometry and reported results that were very similar to
those observed here: in pressure-controlled experiments,
drops could be generated over a relatively narrow range of
pressures, and the size of the drops varied strongly as
pressure was changed. Similar to our experiments, they
also reported that drops could not be generated if the
pressure of the dispersed stream was too low because the
dispersed phase could not penetrate into the contraction
(Ward et al. 2005). They provided an empirical correlation

2
that the drop length scaled as o (%) . However, this

correlation must necessarily fail when the dispersed phase
pressure reduces below the critical value at which drop
generation stops, i.e., this empirical correlation must be
restricted only to some finite range of pressures. More
generally, it is not clear that the ratio of the two pressures,
P,/P., is the appropriate parameter to represent the results.
This is because the absolute value of the pressure needed to
drive the flow depends not only on the geometry of the
drop-generating junction, but also on the channel lengths
upstream or downstream of the junction. Thus, one may
imagine two flow-focusing devices that are identical in all
respects except that the downstream channel is very short
in one device and very long in the other. If the pressures
were adjusted to realize identical drop generation in both
devices, the two devices would have very different P,/P,
ratios; specifically, the device with the long downstream
channel would have a P,/P,. ratio approaching 1. One may
be tempted to instead cast the results in terms of the
pressure difference (P, — P.) rather than the pressure
ratio, but in this case, if for instance the dispersed phase
channel supplying the junction was made much longer,
identical drop generation would need a higher value of
Py — Po).

Here, we will attempt modeling of pressure-controlled
drop generation from the approach illustrated in Fig. 4a.
We start by postulating that the local dynamics of bubble
generation are essentially identical regardless of whether
the flow is pressure-controlled or flow rate-controlled.
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Fig. 3 a Bubble sizes, b bubble generation frequency, and ¢ bubble
flow rate measured experimentally. Solid lines in a and c are
discussed in the text and correspond to Egs. (12) and (7)

Thus, existing empirical or theoretical models of drop or
bubble formation, which are usually expressed in terms of
flow rates, should remain valid. The flow rates required in
these models are unknown of course; our task then is to relate
these unknown flow rates to the known pressures. In the
following, we will derive a very simple “resistance circuit”
model (Fig. 4b) of a pressure-controlled drop/bubble
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Fig. 4 a Modeling approach of calculating flow rates from pressures
and drop sizes from flow rates. b Circuit diagram representing the
microfluidic channels. Note that the resistance R, represents both legs
of the continuous fluid supply. ¢ Flow rates as a function of pressure
using the values R, = 9.7 x psi.s/um3 and R./Ryy = 0.6. d The ratio
of flow rates Q,/Q, corresponding to ¢
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generation device which relates flow rates to the pressures.
Therefore, existing predictions for drop generation can be
rewritten in terms of the applied pressures. We will show that
the resulting equations very naturally capture the high
pressure sensitivity of the drop generation.

3.1 Model

The essential idea of Fig. 4b is to relate the flow rates of
each phase to the corresponding pressure drops via the flow
resistances in each leg of the flow-focusing junction. One
may therefore write

Pc_Pi:Rch (1)
Pd — P[ = Rde (2)
P; — Py = Rout(Qc + Qd) (3)

where P; is the pressure at the intersection, and R.., R, and
R,y are the flow resistances of the continuous phase sup-
ply, dispersed phase supply, and the outlet channels,
respectively. The outlet pressure P, will be arbitrarily set
to zero. The flow resistances in the upstream legs of the
channel, R. and R;, can be described by simple creeping
flow equations and may be expected to be proportional to
the channel length, proportional to the viscosity of the
fluids flowing in those channels, and depend in some more
complex fashion on the channel width and height. The
resistance of the outlet leg is more complex since the flow
in this channel is a two-phase flow. The flow resistance for
a drop train varies in a complex way on the drop size and
on the relative viscosity of the two phases (Ho and Leal
1975; Brenner 1971; Adzima and Velankar 2006; Olbricht
1996). Thus, Eq. (3) may be regarded as approximation to a
more complex and likely nonlinear relationship between
pressure drop and flow rate.
The above equations can be solved readily to obtain

_PdRc + PcRd

P = 4)
R; + R, (% + 1)
P+ Py(fe+ 1)
Qi = p (5)
Ri+Re (e +1)
R4
—Py+P, (R— + 1)
Qc = (6)

Rd‘i‘Rc(%‘F 1)

For our specific situation, since the dispersed phase is a
gas, R; is expected to be far less than R. or R,,.
Accordingly, Egs. (5) and (6) can be rewritten as

ooob [ om0

Rc out
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and

QC:RL[_Pd—'_PC] (8)
c

Equation (7) suggests that the bubble flow rate varies
linearly with both the pressures. In our experiment, the
flow rates are not measured directly. However, the flow
rate of the gas phase, Q,, can be estimated by writing

Qi = F X Viubble 9)

The method of estimating bubble volume Viuupe from
bubble images is described in the Online Supplementary
Information. The corresponding plot of gas flow rate is
shown as a function of P, in Fig. 3c. An approximately
linear dependence on P, appears reasonable from the data,
and indeed by adjusting the two parameters, R, and R./R;
in Eq. (7), all of the data of Fig. 3c can be fitted simulta-
neously, suggesting that the model captures the basic
physics of the problem. Later, we will compare the fitted
values of R, = 9.7 x psi.s/um3 and R./R,, = 0.6 against
estimates from creeping flow equations.

Having established that the circuit model is physically
reasonable, we can now understand the reason why drop
generation is highly sensitive to pressure. Figure 4c illus-
trates the behavior of the two flow rates as P, is varied
keeping P, fixed at 8 . This graph was drawn with the
same values of R. and R./R,, obtained above, and with
R; = 0; however, the comments below are general
regardless of whether R, is taken as zero or not. As P, is
increased at fixed P, the dispersed phase flow rate
increases whereas the continuous flow rate decreases.
Forward flow of both fluids requires that both Q. and Q, be
positive:

P R
0.>0 henceP—d <=L 41 (10)
C out
Pd Rout
>0 h _> 11
Qd enee Pc Rc + Rout ( )
Note that for our specific case, % = 0.6, and the corre-

sponding Eq. (11) plotted as a solid line in Fig. 2g captures
the onset of bubble formation well. Furthermore, R; is
small and hence Eq. (10) simplifies to P; < P.. This is
shown as a dashed line in Fig. 2g and lies far above the
data; our experiments were stopped at the onset of coflow
and such high values of P, were not examined.

These equations identify the range of pressures within
which two-phase flow may be expected; outside of this
range, backflow will occur and the dispersed phase will
invade the inlet of the continuous phase or vice versa. The
noteworthy feature is that near the ends of this pressure
range, the ratio of the flow rates Q,/Q. is highly sensitive to
pressure changes as illustrated in Fig. 4d. This provides a
simple explanation for the high sensitivity of the drop
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generation process to pressure. Specifically, many articles
have shown that the drop length scales as

_ 24\ _
Lﬁ(Q) g

where the latter equality is obtained from substituting Eqs.
(7) and (8). Values of o values ranging from 0.25 to 0.4
have been reported. Regardless of the exact value, since the
ratio Q,/Q. is predicted to be highly sensitive to pressure,
so too must be the bubble lengths. In particular, Eq. (12)
suggests that the drop length will reduce sharply as the
minimum P, [corresponding to Eq. (11)] is approached.
Indeed, a value of o = 1/3 provides good fits to the mea-
sured data (solid lines in Fig. 3c) with the prefactor f
(which captures the geometry and viscosity dependence) as
the sole fitting parameter. We emphasize that in obtaining
the solid lines in Fig. 3c, the ratio of the resistances was not
varied; R./R.,; was kept fixed at 0.6 as found from Fig. 3a.
It is important to recognize that—as compared to the

o
—PC+Pd(,§‘u’[+ 1)
_Pd +Pc

(12)

2
empirical correlation L (%) presented by Ward

et al.(Ward et al. 2005)—Eq. (12) is automatically limited
to a finite pressure range within which two-phase flow is
possible. Incidentally, referring back to the comments at
the end of the Sect. 3, Eq. (12) also shows that the drop
length is neither a simple function of the pressure ratio nor
of the pressure difference; thus, representing the drop for-
mation in terms of either of those quantities would not be
appropriate.

We may also compare the values of the resistances
obtained from the fits to those expected from creeping flow
equations. One direct comparison may be made by evalu-
ating the fotal resistance of the microfluidic channels from
the inlet (pressure P.) to the outlet at atmospheric pressure.
The calculations are illustrated in the Online Supplemen-
tary Information. The net resistance calculated,
4.6 x 107® psi.s/m>, is on the same order of magnitude as
(Re + Row) = 2.6 x 10 8psi.s/um® obtained from the fit-
ting. A second comparison may be made of the value of
R./R,y. This is potentially more complicated since it
requires a judgment of what portion how the junction
resistance (R3 in the notation of Fig. S1) is to be split
between the upstream and downstream channels. However,
in our specific case, the value of the junction resistance is
small and makes little difference how it is split. If we
arbitrarily assign half of the junction resistance to the
upstream and the other half to the downstream channel, R/
Roue = 0.38 is found as compared with 0.6 from the fitting.
In both comparisons, the discrepancies are significant, but
perhaps not unreasonable given the assumptions that the
two-phase downstream channel can be treated as a single-
phase flow of the continuous phase, and that interfacial

phenomena associated with drop formation do not con-
tribute to the pressure.

We have also conducted limited experiments (Peng
2012) with PDMS of viscosities 10 and 500 Pa.s. We find
that the minimum gas pressure required to initiate bubbles
does not change with viscosity and that the Q, versus P,
data can be fitted with nearly the same value of R./Rgy,
with R. being roughly proportional to viscosity. All of
these observations are consistent with the circuit model.

To summarize, these results indicate that the basic idea
of Fig. 4a—relate the pressures to the flow rate, and the
flow rates to the drop formation—appears reasonable. The
high sensitivity of the drop formation process to pressure is
chiefly because the ratio of the flow rates is sensitive to
pressure. Indeed, if R./R., is small, the pressure range
specified by Egs. (10) and (11) becomes small, i.e., two-
phase flow, and hence, bubble generation can happen over
only a very narrow range of pressures and the process
becomes especially sensitive to pressure. This immediately
suggests a way to reduce the sensitivity, viz. to keep the
value of R./R.y, large. Practically, this may be done by
minimizing the flow path length downstream of the junc-
tion and/or increasing the channel cross sectional dimen-
sions downstream of the junction. It must be emphasized
that the circuit model does not account for any details of
drop formation; it only seeks to identify whether two-phase
flow will occur or not. Thus, Eq. (12) predicts L can
approach very small or very large values, whereas in our
experiments [or in the experiments of Ward et al. (Ward
et al. 2005)], drops much smaller than channel dimensions
were never observed. More sophisticated models of drop
formation may be used instead of Eq. (12), which may
predict that upon onset of bubble formation, the bubbles
already have a certain minimum size rather than L = 0.

Finally, we will comment briefly on generating drops
rather than bubbles in this microfluidic device. As men-
tioned in the Introduction, the motivation underlying this
project is to develop two-phase molten polymer microflui-
dics to prepare particles from thermoplastic polymers.
Accordingly, we have also conducted experiments using a
polymer, polyisoprene, as the dispersed phase. Like PDMS,
this polymer is liquid at room temperature, and hence, we
were able to test the possibility of drop formation at room
temperature. In the device described above, drop formation
was generally not observed; instead, a coflow was observed
in which a filament of PI flowed through the center of the
channel, surrounded by the PDMS continuous phase. This
filament was highly stable all the way from the junction to
the exit of the device. Such filament formation was dubbed
“threading” previously (Cubaud and Mason 2008). Limited
experiments with fluids of viscosity intermediate between
air and polyisoprene suggest that the filament formation is
attributable to viscosity ratio effects (Peng 2012).
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We have also conducted additional experiments with a
different microfluidic device with substantially smaller
dimensions, and in this case, filaments were observed to
breakup far downstream in the channel into a sequence of
drops. These results, some of which are shown in the
Online Supplementary Information, suggest that in spite of
the high viscosity of polymers, microfluidic generation of
drops by passive drop breakup is indeed possible. We are
conducting research on operating this device at a high
temperature with thermoplastic polymers so that the drops
may then be frozen into particles.

4 Conclusion and future prospects

In summary, we have examined bubble generation in a
pressure-controlled microfluidic device. This article makes
two chief contributions. First, our results suggest that the
high sensitivity of bubble size to pressure may simply be a
consequence of the fact that in a pressure-controlled flow,
two-phase flow is possible only in a finite pressure window.
Near the ends of this window, the relative flow rate of the
two fluids is highly sensitive to pressure, and hence so is
bubble generation. A simple circuit model which relates
pressures to flow rates is able to capture the main features
of bubble generation. The circuit model also suggests that
minimizing the flow resistance downstream of the drop-
generating junction will reduce the sensitivity and expand
the window of pressures within which bubbles may be
generated.

Second, we have extended previous research (Moon and
Migler 2010; Moon et al. 2008) on polymer melt micro-
fluidics toward drop generation devices. We show that in
spite of the high viscosity of polymers, drop generation is
indeed possible, and in fact, because drops are generated by
a downstream capillary instability, the drop size can be
much smaller than the device dimensions. Moreover, cre-
ating multilayer devices is no more difficult than creating
single layer devices, thus allowing complex flow paths to
be realized (Moon and Migler 2010). While this research
was conducted at room temperature, the metal foil-based
fluid channels and the fluid-handling approach are both
well-suited for handling thermoplastic polymers. In par-
ticular, since the channels are etched in metal foil, they can
withstand temperatures of 300 °C, adequate for almost all
thermoplastic polymers. Such metal foil-based devices are
not limited to polymers either. Recently microfluidic drop
generation of room temperature-liquid metal has been
demonstrated (Thelen et al. 2012); using a high tempera-
ture device based on metal foils, the same research could
be extended to metals that are solid at room temperature.
The chief challenge of conducting research at high tem-
peratures is window materials: while sapphire or glass can
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easily handle temperatures of 300 °C, constructing devices
with windows that are thin enough to accommodate the
small working distance of microscope objectives is chal-
lenging. Finally, we note that such particle fabrication
using thermoplastic polymers is readily scalable. The
polymer industry routinely manufactures multicomponent
polymer fibers from a variety of plastics by extrusion
(Fourné 1998; Nakajima 2000). The corresponding extru-
der feed blocks, made by traditional machining or chemical
etching techniques, combine multiple molten polymers
streams along extremely complex pathways to extrude as
many as 100 fibers simultaneously (Hills 1992). Thus, if
the technology of controlling interfacial tension-driven
filament breakup is developed, it can be scaled up readily
using existing plastic extrusion techniques.
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