
Dynamic Article LinksC<Lab on a Chip

Cite this: DOI: 10.1039/c1lc20108e

www.rsc.org/loc COMMUNICATION

D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 o
n 

08
 A

pr
il 

20
11

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1L

C
20

10
8E

View Online
Air-bubble-triggered drop formation in microfluidics†
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In microfluidic devices, droplets are normally formed using T-

junction or flow focus mechanisms. While both afford a high degree

of control over drop formation, they are limited in maximum

production rate by the jetting transition. Here, we introduce a new

drop formation mechanism that is not limited by jetting, allowing

much faster drop production.
Fig. 1 Schematic of bubble-triggered drop maker. The device consists of

three junctions: a jetting junction into which the dispersed phase is
Microfluidic devices can form emulsions with controlled properties,

in which all the drops are identical in shape and of a size that can be

selected.1–5 The controlled properties of these emulsions make them

attractive for a range of applications. For example, the droplets can

be used as templates by which to synthesize particles with a variety of

properties, including spherical colloids, non-spherical microgels, and

core-shell capsules.6–10 Alternatively, the drops can be used as tiny

‘‘test tubes’’ within which to perform chemical or biological reactions;

due to the uniformity of the drops and their small size, large numbers

of reactions can be performed with precision, and using a minimal

amount of reagent.11–15

Drop formation is normally achieved using either T-junction or

flow focus mechanisms.16–18 While both can form monodisperse

drops, they are limited in maximum production rate by the dripping-

to-jetting transition.19,20 At jetting, the system transitions from the

periodic formation of monodisperse drops to the formation of long

jets that break into polydisperse drops.21 The polydispersity of

emulsions formed at these flow rates limits their attractiveness for

most applications; consequently, withmicrofluidic devices using these

mechanisms, drops are almost always formed under slow, controlled

flow conditions. For the rate of drop formation to be increased, for

faster production of particles or processing of reactions, a new

mechanism is needed that can operate under the high flow rates of

jetting.

In this paper, we introduce a new drop formation mechanism that

can operate under the high flow rates of jetting; consequently, it can

form drops much faster than either T-junction or flow focus mech-

anisms. To form drops, we create a jet of the dispersed fluid in

a microfluidic channel by flowing at very high flow rates. In the

absence of other forces, the jet is stable and does not break into
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drops.17,22,23 However, by forcing air bubbles alongside the jet and

confining both in a narrow channel, we create curved regions in the

water–oil interface that are unstable to the Rayleigh–Plateau insta-

bility. The fluid between consecutive bubbles becomes the drops, so

that by adjusting bubble spacing we control drop size, and by using

evenly-spaced bubbles, form monodisperse drops. The mechanism

can be used to form single and double emulsions.

To form drops with this mechanism, we construct a microfluidic

device consisting of three components: a jetting junction for the

creation of a stable jet of the dispersed phase, a bubbling junction for

formation of monodisperse air bubbles, and a triggering junction, in

which the bubbles are squeezed into the jet, to break it into drops.

The jetting and bubbling junctions sit upstream in the device, with

their outlets intersecting at the triggering junction, as pictured in

Fig. 1. The dispersed phase is injected into the inlet of the jetting

junction, and air and continuous phase into the T-junction. This

creates a jet of the dispersed phase that extends into the triggering

junction, while the T-junction forms air bubbles flowed alongside the

jet. Even though the flow velocities are very high to enable jetting of

the dispersed phase, the air does not jet due to its flow characteristics.

For example, due to the low density of air, the inertia of the flow is

small even for very high velocities. Additionally, due to the high

surface tension of air with liquids, interfacial forces are larger by

comparison, enabling faster pinching of the air stream. Combined,

these characteristics enable periodic, monodisperse bubble formation
injected, a bubbling junction into which the air and continuous phases are

injected and the bubbles formed, and the triggering junction, where the jet

and bubbles are forced together, and drops are formed. If the bubbles

were not present, the jet would be stable due to the very high flow rates,

exiting the device without breaking into drops. However, the air bubbles

deform the jet, creating pinched regions that are unstable to the Ray-

leigh–Plateau instability. When the pinched regions break, the fluid

between consecutive bubbles becomes the drops.
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Fig. 2 Formation of monodisperse double emulsions using bubble-

triggered drop formation, as visualized with a fast camera. To form

double emulsions, a coaxial jet is broken into drops. The coaxial jet is

formed by injecting octanol and water into a cross-junction just upstream

of the pictured triggering junction. By injecting the octanol into the

central channel of the cross-junction and water into the side channels,

a coaxial jet of octanol surrounded by water is formed; the coaxial jet

appears as a bright jet of octanol surrounded by a darker sheath of water.

The bubbles are formed in a T-junction also upstream, and deform the jet

when forced alongside it in the triggering junction; the bubbles appear as

the very dark circles with a bright spot in the centre. The octanol, water,

and fluorocarbon oil are injected at flow rates of 50, 100, and 400 mL h�1,

respectively, and the air at a pressure of �140 kPa. The drop formation

frequency is 6.0 kHz. The channel is 25 mm in width, with a square cross

section. The arrows follow a single bubble as it pinches off a double

emulsion droplet.
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even at very high flow rates. After the bubbles are formed, they

approach the triggering junction where they are forced alongside the

jet, as illustrated in Fig. 1. In this example, single emulsions are

formed by breaking apart a homogenous jet.

To form double emulsions with this mechanism, we use a cross

channel for the jetting junction; this allows two fluids to be injected,

for the creation of a coaxial jet. For example, the inner fluid of the

double emulsion can be injected into the central inlet, and the middle

fluid into the two side inlets. This forms a coaxial jet, consisting of the

inner fluid surrounded by the middle fluid. The coaxial jet extends

into the triggering junction, where it is deformed by the air bubbles

and pinched into double emulsion drops.

To investigate the physics of the coaxial jet pinching, we record

movies of the process with a fast camera. The bubble-triggered

double emulsion maker is fabricated in poly(dimethylsiloxane)

(PDMS) using the techniques of soft lithography (see ESI† for

drawings of the device).24 The device is treated to make it hydro-

phobic by flushing Aquapel through the channels, and then baking

them in an oven set to 65 �C for 20 min. As fluids for the double

emulsions, we use octanol for the inner phase, water with sodium

dodecyl sulfate at 1 wt% as the middle phase, and HFE-7500 fluo-

rocarbon oil with the ammonium salt of Krytox 157 FSL at 1.8 wt%

as the continuous phase.

The octanol and water are injected into the central and side inlets

of the cross-channel junction, forming a coaxial jet of octanol within

water in the triggering junction, as shown to the far left for t¼ 0ms in

Fig. 2. Air is injected into the inner-phase inlet of the T-junction, and

fluorocarbon oil is injected into the continuous phase inlet, forming

bubbles that then enter the triggering junction. As the bubbles

approach the triggering junction, they are forced alongside the

coaxial jet. The channels intersect at an angle in this region, creating

sloped walls. This forces the bubbles into jet gradually, minimizing

the stresses on the bubbles, so that they are not sheared apart by the

high-velocity flow. The jet deforms as the bubbles are forced along-

side it, because it has a lower Laplace pressure than the bubbles, as

indicated by the arrows for t ¼ 0.12 to 0.21 ms in Fig. 2. The forces

involved in this process can be estimated from the curvatures of the

jets and bubbles. For the curvatures we observe, and the known

water–oil and air–oil surface tensions, we calculate a Laplace pressure

of 2.6 kPa for the bubbles, compared to only 0.6 Pa for the jet; the

bubbles are thus less deformable, allowing them to pinch the jet. As

each bubble is wedged into the channel, fluid is expelled from the

portion of the jet beside it, as shown for t¼ 0.12 to 0.21 ms in Fig. 2;

this creates a pinched region in the jet consisting of a narrow bridge of

liquid connecting two bulges on either side, as shown for t¼ 0.21 and

0.24 ms.

The pinched geometry is unstable, because the uneven curvature of

the interface generates a pressure differential in the jet that pumps

fluid out of the connecting bridge; as the fluid drains, the bridge gets

smaller, and is unstable to the Rayleigh–Plateau instability, eventu-

ally causing it to break. The time required for this to happen is an

important parameter in this drop formation mechanism, because it

determines how long the geometry must be maintained for the pinch

off to complete; this, in turn, limits the maximum rate of drop

formation.

To estimate this pinch time, we calculate the time required for the

bridge to drain. The uneven curvature of the interface creates

a pressure differential in jet that pumps the fluid out of the connecting

bridge. We measure the water–oil surface tension to be �4 mN m�1
Lab Chip
with our surfactant. Based in the curvatures of the water–oil interface

at the pinch and bulges on either side, we estimate a pumping pres-

sure of 1.4 kPa. This pumping is resisted by the viscous drag of the

fluid within the bridge. ForHagen–Poiseuille flow, andmodelling the

bridge as a cylinder with radius of 2 mm and a length of 6 mm, we

calculate a hydrodynamic resistance of 2 kg mm�4 ms . For the given

pumping pressure, this produces a drainage rate of fluid out of the

bridge of 1 pL ms�1. The bridge has a total volume of 0.1 pL, so that

we estimate an approximate pinch time of 0.1 ms. This is consistent

with the pinch time we observe in movies of the process taken with

a fast camera, as shown in t ¼ 0.24 to 0.30 ms in Fig. 2.

For the breakup to complete, the pinched geometry must be

maintained longer than the pinch time; otherwise, the jet will exit the

channel without breaking into drops. This time thus limits the

maximum rate of drop formation. For the flow velocities investigated

here, the bubble travels alongside the jet only 32 mm over this time;

breakup thus occurs almost instantaneously compared to the rest of

the flow dynamics. If the velocities were increased sufficiently,

however, the bubble could exit the channel before pinch off

completed.

Like other drop formation mechanisms, bubble-triggered drop

formation can produce monodisperse drops, though it does so at

much faster rates. With bubble-triggered drop formation, it is also

possible to control drop size, because this parameter depends on the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Drop diameter as a function of triggering frequency and, inset,

drop volume as a function of trigger period. In bubble-triggered drop

formation, the size of the drops formed depends on the bubble spacing,

which can be controlled by adjusting the bubble frequency and the flow

velocities of the inner and middle phases. The solid curves in both plots

correspond to the scaling predicted by triggered drop formation.
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volume of fluid partitioned between consecutive bubbles. To char-

acterize the ability to control drop size, we vary the bubble spacing

and measure the corresponding drop sizes. When no bubbles are

present, the jet is entirely stable, exiting the device as a continuous,

unbroken stream of fluid, as shown for F ¼ 0 kHz in Fig. 3. As we

increase the air pressure we begin to form bubbles at a low frequency;

this results in a large spacing between bubbles, and long jet plugs, as

shown for F ¼ 1.9 kHz in Fig. 3; after pinch off, these plugs pull

themselves into large drops. As the air pressure is increased, the

bubbles are formed more rapidly; the plugs between consecutive

bubbles become shorter, resulting in smaller drops, F ¼ 2.8 to 6.0

kHz, Fig. 3. If the air pressure is increased further, the bubbles enter

even more rapidly; at this point, however, the spacing is no longer

uniform, and the resulting drops are polydisperse, as shown for F ¼
7.4 kHz Fig. 3.

This change in behaviour at high bubble frequency can be

understood by considering the Laplace pressure at the tip of the liquid

jet. If the bubbles are introduced too rapidly, there is little time for the

tip to extend into the triggering channel before being squeezed by the

bubble; consequently, the tip is small and has a large Laplace pres-

sure. Thismakes the tip harder to deform and, in some instances,may

cause the bubble to slide over the tip without pinching off a drop.

When the next bubble is injected, a slightly larger drop will be

produced, because it will be composed of the fluid collected over the

two bubble cycles. This can lead to alternating sequences of small and

large drops, or polydisperse drops, as shown for F ¼ 7.4 kHz in

Fig. 3. It limits the smallest size that the drops can be formed:
Fig. 3 The size of the drops formed depends on the bubble injection

frequency: slower bubble injection results in a long spacing between

bubbles, and correspondingly larger drops, while a faster injection

frequency results in a shorter spacing, and smaller drops. The octanol,

water, and fluorocarbon oil are injected at flow rates of 50, 100, and 400

mL h�1, respectively, and the air pressure is varied between 120 and 145

kPa. The channel is 25 mm in width, with a square cross section.

This journal is ª The Royal Society of Chemistry 2011
Typically, drops no smaller than the triggering channel can be

formed.

Drop size can thus be controlled by adjusting bubble spacing,

which can, in turn, be controlled with two parameters. For fixed jet

flow rate, reducing bubble frequency increases bubble spacing,

leading to larger drops. Similarly, for fixed bubble frequency,

increasing jet flow rate increases bubble spacing, also leading to larger

drops. Drop volume thus depends on the product of the dispersed

phase flow rate and bubble period,V¼ (Qin +Qmid)T. To investigate

whether this scaling is correct, we plot the drop diameter as a function

of the bubble frequency in Fig. 4; we also plot the bubble volume as

a function of the period inset in the figure, for easier comparison with

the functional form. In both plots, the drop size scaling agrees with

this functional form, demonstrating that with bubble-triggered drop

formation, drop size can be controlled.
Conclusions

Bubble-triggered drop formation allows monodisperse drops to be

formed with controlled size, even under jetting flow conditions. This

allows production of monodisperse emulsions at rates much faster

than conventional mechanisms, including T-junction and flow-focus

mechanisms. Another advantage of this approach is that it requires

a minimal amount of continuous phase to form the drops, because

a majority of the volume in the continuous phase is occupied by the

bubbles, making this a cost-effective drop formation strategy as well.

One complication, however, is that in addition to drops, the resultant

emulsion contains air bubbles, which may need to be removed from

the emulsion, depending on the application. For example, if addi-

tional operations must be performed on the drops, such as injecting

them with reagents or splitting them, the bubbles may get in the way.

In these cases, they should be removed inline using passive hydro-

dynamic sorting;25,26 this removes the bubbles by exploiting their

different flow characteristics compared to the drops, for example,
Lab Chip
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based on differences in their size and viscosity. If the bubbles do not

need to be removed inline, the emulsion could be collected and the

bubbles allowed to float to the surface, where they could be easily

skimmed away. The speed and simplicity of thismethod shouldmake

it useful for applications that require extremely high-throughput drop

formation. This, coupledwith the ability to createmultiple emulsions,

should make it attractive for large-scale synthesis of polymer spheres

and core-shell capsules.

We thank Christian Holtze for helpful discussions. This work was

supported by the NSF (DMR-1006546), the Harvard MRSEC

(DMR-0820484), and the Massachusetts Life Sciences Center.
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