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Microfluidic devices can produce highly monodisperse drops at kilohertz rates using flow-focus
drop formation. We use single-layer membrane valves to control, in real time, the dimensions of the
flow-focus drop makers. This allows drop size and frequency to be controlled in real time and
without adjusting flow rates. © 2009 American Institute of Physics. [DOI: 10.1063/1.3067862]

Picoliter drops made in microfluidic devices can serve as
individual compartments for chemical reactions' and can be
processed at kilohertz rates with high precision.2 This com-
bination of speed and containment is very useful for high-
throughput screening, for discovering novel drugs,3 for sort-
ing analytes and worms,” and for directed evolution of
enzymes and cells.” For applications in microfluidics, preci-
sion control of the drops is essential. In droplet based screen-
ing, drops must be formed, merged, and sorted in a particular
sequence and with precise timing. This has stimulated the
development of microfluidic systems that provide excep-
tional control of drops.6’7 Drop-on-demand microfluidics al-
lows drop formation to be actively controlled by creating
drops as needed.® This allows operations between drops,
such as drop merger, to be carefully timed and controlled.
However, drop-on-demand devices are difficult to operate;
they require sophisticated external devices, such as auto-
mated pumps, actuators, and computers, to carefully monitor
and execute all operations. The intermittent nature of the
devices also significantly limits their speed and their useful-
ness for high-throughput screens.

Alternatively, continuous-flow microfluidics can operate
at very high throughput.2 As with drop-on-demand devices,
continuous-flow microfluidics can be structured like an
assembly line, enabling complex tasks to be efficiently
performed.7 With soft lithography, devices can be reproduc-
ibly engineered and easily fabricated.” This allows imple-
mentation of passive forms of control. For example, channel
dimensions can be carefully selected to cause drops to flow
as pairs in preparation for electrically induced merger.z’lo
Drops can be steered based on size,'" slowed in large incu-
bation chambers,7 and ordered into a linear array for indi-
vidualized detection.'>"? However, continuous-flow microf-
luidics can be difficult to operate robustly. Coupled devices
can display long-lived or chaotic oscillations in which flows
vary uncontrollably over time and never reach a steady
state.'* To increase control, sensors can monitor flows and
automatically adjust pumps to compensate for variations.
However, due to compliance of the pumps and devices, flow
rate changes controlled at the pump can have a slow response
time, lagging bgf seconds, or even minutes, on different parts
of the device." For typical drop production frequencies of
1 kHz, this is a significant limitation. Moreover, changes in
flow rate affect the performance of the device as a whole and
cannot control individual components in a microfluidic cir-
cuit. An optimal system would combine the simplicity and
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throughput of continuous-flow microfluidics, with the timing
and control of drop-on-demand devices.

In this paper, we introduce a simple system that provides
localized, fast response-time control of drops in continuous-
flow microfluidics. We use single-layer membrane valves to
adjust the local dimensions of the drop formation junction.
We introduce two methods to control flow focusing with
valves. First, we use membrane valves to control the dimen-
sions of the drop formation orifice, thereby enabling drop
size to be controlled. Second, we also use membrane valves
to control the dimensions of the flow-focus side channels,
thereby enabling drop frequency to be controlled. Both forms
of control are localized at the flow-focus junction. Neither
requires adjustment of the total flow rate. Together, they en-
able drop formation to be controlled in real time, over a wide
range, and on a single, simple to fabricate microfluidic
device.

The microfluidic devices are fabricated using single-
layer soft lithography in poly(dimethylsiloxane) (PDMS).
We produce water drops in HFE-7500 fluorocarbon oil with
5% (vol/vol) 1H,1H,2H,2H-perfluoro-1-octanol (Sigma),
stabilized by 1.8 wt % of the fluorosurfactant ammonium
carboxylate of DuPont Krytox 157.'° For the valves we use
single-layer membrane valves, which exist in the same plane
as the microfluidic channels they control, thereby enabling
the entire microfluidic device to be fabricated conveniently
in a single-layer mold."” For optimal valve performance, the
PDMS membrane must be as thin and flexible as possible.17
To make thin membranes that can be reliably fabricated, we
design the membrane width to be 20 um; due to limited
resolution of the fabrication process, they reliably turn out
at approximately 13 um in width in the PDMS device. To
make the membranes very flexible, we use a 12-to-1 PDMS-
to-cross-linker ratio and bake the devices at 65 °C for 1 h.
To actuate the valves, we pressurize the valve control chan-
nels. For the size control device, we pressurize the channels
with a hand-held syringe filled with water. For the frequency
control device, we use an electronically controlled pressure
regulator (Parker Hannefin, VSO series); this allows high-
frequency actuations to be applied to the valve, which we use
to impose high-frequency signals onto the drop trains.

We introduce two forms of valve-based flow focusing. In
the first, we use valves to control drop size. For a flow-focus
drop maker in the dripping regime, the drop size is propor-
tional to the width of the flow-focus orifice and inversely
proportional to the continuous phase flow speed. This is evi-
dent in the approximation for a channel with circular cross
section, 7.u.d;~ yd,, where 7, is the viscosity of the con-
tinuous phase, u,. is the flow rate of the continuous phase, d;
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FIG. 1. (a) Schematic of size control drop maker; the valve control channels
are indicated by the black arrows; the device is 50 wm tall and the nozzle is
20 pm in width. Photomicrographs of size control device with (b) valve
unactuated so that large drops are produced, (c) valve actuated so that small
drops are produced, and (d) over a cyclical range of valve actuations; flow
rates are 200 wl/h for the dispersed and continuous phases. (e) Schematic
of frequency control drop maker with valve edges indicated by black ar-
rows; the device is 50 wm tall and 20 um in width. Photomicrographs of
frequency control devices with (f) valves unactuated so that drops are pro-
duced slowly, (g) valves actuated so that drops are produced more quickly,
and (h) valves actuated over a cyclical range; flow rates are 500 ul/h for
the dispersed phase and 2000 ul/h for the continuous phase. Scale bars for
all figures denote 100 wm.

is the diameter of the drop produced, vy is the surface tension,
and d, is the diameter of the drop formation orifice.'® We
thus position valves on both sides of the drop formation ori-
fice to control its width, as shown in the diagram in Fig. 1(a);
the valve control channels are indicated by the black arrows
in the diagram. (AUTOCAD design files of the devices, as well
as movies of their operation, are available online).19 We de-
sign the side channels of the flow-focus junction to be
60 wm wide so that the vertical deflection of the membrane
does not affect the continuous phase flow rate. The 20 um
wide and 50 um tall orifice produces large drops when the
valves are not actuated and small drops when the valves are
actuated even at fixed volumetric flow rate. To measure drop
size, we record high speed camera movies of the flow-focus
junction (available online)."® From the images, we extract the
drop diameter and orifice width using image analysis. When
the valves are not actuated, the orifice is fully open so that
large drops are produced, as shown in Fig. 1(b). By contrast,
when the valve is actuated, the orifice width is reduced and
the local flow velocity increased so that small drops are pro-
duced, as shown in Fig. 1(c); example images from a cyclic
actuation are shown in Fig. 1(d). The size control device
allows drop size to be controlled from 200 down to 7 um at
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FIG. 2. (Color online) Raw time traces of the valve actuation signal (upper
orange curve) and fluorescent drop signal (lower green curve with spikes);
each spike corresponds to a drop flowing past the optical detector.

fixed flow rate of 200 ul/h for the dispersed and 200 wl/h
for the continuous phases.

The frequency with which drops are produced depends
on the flow speeds of the dispersed and continuous phases as
they are injected into the flow-focus junction.M’20 To produce
drops at a high frequency, we use a narrow drop formation
orifice that is 10 wm wide and 50 wm tall, and high flow
rates of 500 ul/h for the dispersed and 2000 wl/h for the
continuous phases. To control drop frequency, we position
valves on the side channels of the flow-focus junction, as
shown in the diagram in Fig. 1(e); the edges of the valves are
indicated by the black arrows; bypass channels allow excess
fluid to circumvent the flow-focus junction. When the valves
are not actuated, the continuous phase flow rate is at a maxi-
mum so that drops are produced slowly, as shown in Fig.
1(f). By contrast, when the valve is actuated, the continuous
phase flow rate is reduced so that drops are produced at a
higher volume fraction and more quickly, as shown in Fig.
1(g); example images from a cyclic actuation are shown in
Fig. 1(h)."” Actuating the valve thus allows the periodicity of
the drops to be controlled while changing their size very
little. To measure drop frequency, we flow fluorescein-filled
drops past a 488 nm laser and collect the emitted fluores-
cence with a photomultiplier tube (PMT) behind a 532 nm
band pass filter. An example fluorescent drop signal is plot-
ted as a function of time in Fig. 2; each short spike represents
a fluorescent drop that has moved past the optical axis of the
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FIG. 3. (Color online) Response functions of (a) drop size d as a function of
orifice width w, and (b) drop production frequency f as a function of side
channel width w,. (c) Drop size distributions for different valve actuations;
the inset shows the optically measured width of the orifice as a function of
the pressure applied to the valve. (d) Drop production frequency distribu-
tions for three valve actuations.
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FIG. 4. (Color online) Time traces of (a) orifice width and drop diameter
and (b) side channel width and drop frequency. Power spectra of time traces
for (c) orifice width and drop diameter and (d) side channel width and drop
frequency.

PMT. We also plot the valve control signal, which is the
upper, slowly varying sinusoidal curve in the figure. The
spacing of the spikes changes in response to the actuation of
the valve because the drop frequency changes, as shown in
Fig. 2.

Drop size and frequency can thus be controlled by actu-
ating the flow-focus valves. The response of the drops de-
pends on the amplitude and frequency of the valve actuation.
To quantify this control, we measure the response functions
of the drop properties to the valve actuation [Figs. 3(a) and
3(b)]. For the size control device, we simultaneously mea-
sure the drop formation orifice width and the drop size, plot-
ted in Fig. 3(a). The drop size depends nonlinearly on the
orifice width because as the valve is actuated, the orifice
width is reduced and the local flow velocity is increased;
both effects reduce drop size, as expected from the approxi-
mation and illustrated by the sharp decrease in drop size at
small orifice widths. Nevertheless, for each actuation pres-
sure, monodisperse drops of a controlled size are produced,
as shown by the narrow drop size distributions in Fig. 3(c).

By contrast, for the frequency control device, the re-
sponse function is linear and has a negative slope as a func-
tion of the side-channel width; increasing the side-channel
width reduces the drop production frequency for fixed actua-
tion amplitude of 2 um and frequency of 30 Hz, as shown in
Fig. 3(b). As with the size control device, for each actuation
pressure, monodisperse drops are produced with controlled
frequency, as shown by the frequency distributions for dif-
ferent actuation pressures in Fig. 3(d).

Valves enable drop properties to be controlled in real
time by local adjustment of flow-focus geometry. To illus-
trate this, we apply an oscillatory actuation to the valves and
observe the oscillatory response of the drops. For the size
control device, the control and drop signals are plotted as a
function of time in Fig. 4(a). The curves are in phase with
one another, demonstrating that actuation of the valve modu-
lates, in real time, the size of the drops. To quantify this
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correlation, we compare the power spectra of the two curves,
given in Fig. 3(c). The power spectra track one another up to
about 2 Hz and have a peak at 0.4 Hz, which is the average
frequency of the valve actuation and shows that the oscilla-
tory control signal is transferred to the drop train as a modu-
lation in drop size.

For the frequency control device we impose a 10 Hz
periodic signal on the drop train. The control and drop sig-
nals are plotted as a function of time for the frequency con-
trol device in Fig. 4(b). The curves oscillate in antiphase with
one another due to the negative slope of the response func-
tion and demonstrating that actuation of the valve modulates,
in real time, the frequency of the drops. To quantify this
correlation, we again compare the power spectra of the two
curves, given in Fig. 4(d). The power spectra track one an-
other up to about 50 Hz and have a peak at 10 Hz, which is
the frequency of the control signal. The maximum periodic
frequency we could impose on the drop trains, limited by our
pressure regulator, was 1 kHz. The valve itself shows no
signs of failure up to that frequency.

Valve-based flow focusing allows drop size and fre-
quency to be controlled in real time, over a wide range, and
without adjusting flow rate. This control is localized at the
flow-focus junction. The localized control increases the
modularity of the devices, making them simple to integrate
into existing microfluidic chip designs. Valve-based flow fo-
cusing should be useful for prototyping new devices or prob-
ing large parameter spaces not accessible by changing flow
rate alone. It should also be useful for synchronizing coflow-
ing drop trains in droplet microfluidic devices or for encod-
ing information for droplet based logical devices.
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