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Microfluidic sorting with high-speed single-layer membrane valves
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Sorting is one of the most important applications of microfluidic devices; however, current sorters
place specific requirements on the density, size, and electrical properties of the objects to be sorted,
limiting applicability. We present widely applicable microfluidic sorting. We use high-speed
single-layer membrane valves to control flows in a bifurcating channel junction, to direct the paths
of objects. This allows sorting at hundreds of hertz. Moreover, since the sorting action is
mechanical, it is very widely applicable—to drops, particles, and even living cells. © 2010

American Institute of Physics. [doi:10.1063/1.3431281]

Microfluidic devices are useful for many applications,
including chemical separations,l_3 particle synthesis,“_6 and
the study of individual cells.” An essential component is
sorting: the ability to extract specific objects from a larger
population, for example, extracting individual cells from a
population of cells. Sorting in microfluidics can be done in
many ways. Particle dispersions can be sorted based on den-
sity or size;'™!" however, this approach is passive, and the
specific requirements of density and size limit applicability.
Alternatively, dielectrophoresis can be used very effectively
to sort droplets with an electric field."*™ Combined with
fluorescence techniques, this approach is useful for a range
of biological studies, including for artificial selection assays
and directed evolution."” However, dielectrophoresis is only
applicable to sorting drops, because it requires a large dielec-
tric contrast with the continuous phase; it cannot be used
with cells in suspension, because they are mostly water.

A more general sorting approach is to use mechanical
membrane valves.'®™” The valves squeeze the channels, in-
creasing their resistance, and thereby diverting flows to sort
objects. Since this sorting action is mechanical, it is widely
applicable; however, current valve sorters are slow, capable
of operating at only a few hertz. To fully realize the potential
of microfluidic technologies for sorting, a system is needed
that combines the speed of dielectrophoresis with the gener-
ality of valves.

In this paper, we introduce sorting with high-speed
single-layer membrane valves. We use a membrane valve in
combination with an asymmetric channel junction. The
asymmetry causes objects to naturally flow into a waste
channel unless acted on by the valve. When the valve is
actuated the asymmetry is inverted, directing objects into a
collection channel. Since only a slight change in channel
dimensions is necessary to invert the asymmetry, the sorter is
fast, operating at several hundred hertz. Moreover, since the
sorting action is mechanical, it is widely applicable, to drops,
particles, and even cells.

Our microfluidic sorter is fabricated using soft-
lithography in poly(dimethylsiloxane) (PDMS).”’ It has a
constant channel height of 50 wm. For the sorting, we use a
single-layer membrane valve, which consists of an air cham-
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ber that abuts a fluid channel.?"** To use the valve, we pres-

surize the air channel which deflects the thin adjoining wall
into the fluid channel; this perturbs the streamlines in the
fluid channel, which can be used to direct the paths of ob-
jects in flow.”!

To control the valve, we use an electrically activated
solenoid (Model LHDAO0523112H, The Lee Co., USA). The
pressure input of the solenoid is connected to house air pres-
surized to 2 atm. The solenoid is connected to the membrane
valve through a 5 cm piece of PE/2 tubing with inner diam-
eter 0.38 mm (Scientific Commodities, Inc.). The solenoid is
controlled by a 3 V signal. When the solenoid is off, the
pressures on both sides of the valve membrane are equal, so
that it is undeflected. When it is on, the pressure switches to
2 atm; the air chamber is at a higher pressure, pushing the
membrane into the fluid channel.”!

A practical limit to the sorting speed is the response time
of the valve. This is equal to the time for the solenoid to
switch plus the time for the valve chamber to pressurize.
From high-speed movies, we estimate the solenoid switch
time to be 3 ms. After the solenoid switches, a pressure
shock wave propagates down the valve at the speed of sound,
reaching the membrane in 0.1 ms. The time for the chamber
to fully pressurize depends on the rate at which additional air
flows in; this is limited by the system’s hydrodynamic im-
pedance, which has two components: resistance and
capacitance.23 The resistance is due to the viscous drag and
dissipation of the air as it flows down the tube. The resis-
tance of the system Ry =Rpe+Ry,ive; since the valve has a
much narrower cross section than the tube, R, > R .- The
capacitance is due to the compressibility of air and compli-
ance of the tubing and PDMS walls, which flex outwards as
the shock wave enters. The capacitance of the system Cgy
=CiupetCralves since the tube has a much larger volume than
the valve, C.pe>C,avw. The pressurization time t,,
~RyaveCrupe=1 ms.” The measured time is 2.5 ms, indicat-
ing that these are the significant factors that limit speed. To
sort as fast as possible, it is thus most effective to reduce the
resistance and capacitance of the system; this is achieved by
using a short, wide valve chamber and stiff, narrow-diameter
tubing.

The upper limit to the sorting rate is the velocity at
which drops can be flowed into the sorting junction without
splitting. Splitting occurs because streamlines pull the drops
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FIG. 1. (Color online) (a) Schematic of valve-based microfluidic sorter. The
sorter consists of a spacing device and a sorting device, indicated by the
arrows. (b) When the sorting signal is off, all drops flow into the waste
channel, due to a slight asymmetry at the bifurcation. (c) When the sorting
signal is on, the valve inverts the asymmetry, forcing fluorescent drops in
the collection channel.

down both channels; due to viscous drag, this applies an
extensional force to the drops. The Capillary number relates
the magnitude of viscous forces to surface tension, Ca
=uv/y where p is the viscosity of the liquid, v the average
velocity, and vy the interfacial tension between the two fluid
phases. At low Ca, the extensional force is small compared
to surface tension, so the drops retain their integrity. How-
ever, at high Capillary number, the extensional force exceeds
surface tension, tearing drops in two. Precisely where the
transition occurs as a function of flow rate depends on chan-
nel geometry and fluid properties;24 for our system, this oc-
curs at a drop rate of ~10 kHz.

Another important feature of our sorter is the use of
pressure shunt channels."” These are the small channels con-
necting the collection and waste channels indicated in Fig.
1(b). Their purpose is to equalize the input pressure after a
drop is sorted. Without them, the pressures of both paths
would be influenced by drops downstream, making it diffi-
cult to sort with the desired control.

To demonstrate how our membrane valve sorter works,
we sort a model emulsion. The emulsion consists of light and
dark drops; the light drops contain 2 mM fluorescein aqueous
and are fluorescent, and the dark drops 5 mM bromphenol
blue aqueous and are not fluorescent. For the continuous
phase of the emulsion, we use a fluorocarbon oil called HFE-
7500, with the surfactant ammonium carboxylate of DuPont
Krytox 157FSL at 1.8 wt %. The drops for both solutions are
made in advance using microfluidic flow focusing;25 they are
monodisperse, with diameter 28 um. The two emulsions are
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FIG. 2. Example of a drop being sorted. When the fluorescent drop passes
through the laser, it emits a burst of light, t=3 ms. This triggers actuation of
the valve, t=9 ms, forcing the drop into the collection channel, t=12 ms;
nonfluorescent dark drops do not trigger the valve, and thus pass into the
waste channel.

combined, producing a random mixture of light and dark
drops. This emulsion is reinjected into the sorting device, to
sort the light from the dark drops.

The sorter has two following components: a spacing de-
vice and a sorting device. The spacing device consists of two
channels that intersect at a cross; the reinjected drops enter
from a central channel and are spaced by addition of oil from
two side channels, as indicated by the arrow in Fig. 1(a). To
ensure equal spacing, it is important that the emulsion be
reinjected at high droplet-to-oil volume fraction; this causes
the drops to enter the spacer close packed and at regular
intervals, so they are spaced by equal amounts of oil. Before
being sorted, drops are detected by passing them through a
laser. The laser excites fluorescence in the drops which is
measured using a photomultiplier tube (PMT). The PMT out-
puts a voltage proportional to the fluorescence intensity. The
diameter of the laser spot is smaller than that of the drops, so
that the maximum intensity does not depend on drop size. A
computer monitors the intensity, actuating the valve when
bright drops are detected. The sorting device consists of an
asymmetric bifurcating channel and valve. The asymmetry is
designed so that all drops to naturally flow upward into the
waste channel, as shown in Fig. 1(b). When sorting is turned
on and a bright drop is detected, the valve is actuated; this
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FIG. 3. (Color online) Sorting errors. (a) Vertical and horizontal location
after sorting of dark drops (black circles) and light drops (white circles). (b)
Vertical location as a function of drop intensity after sorting. Correctly
sorted drops are indicated by the dashed boxes, while incorrectly sorted
drops are indicated by the solid ovals. All observed sorting errors occur due
to the drops in the gray region; these are drops with intermediate intensity,
the product of light and dark drops merging. (c) Intensity histograms for
drops detected in the waste and collection channels.

inverts the asymmetry, directing drops of interest into the
collection channel. Using this simple control of flows, we
sort the light from the dark drogs, as shown in Fig. 1(c) and
in the movies available online.” This allows sorting at a rate
of 250 Hz.

To visualize each step in the sorting process, we image
one drop being sorted using a high speed camera, Fig. 2. The
exposure duration is 100 ws and the acquisition rate is 2
kHz. The drop enters the field of view at t=0 ms. It is de-
tected as it flows through the laser spot at t=1.5 ms. The
fluorescent emission triggers the computer, which actuates
valve, t=6.0 ms. This deflects the drop into the collection
channel, as shown at t=10.5 ms.

Sorting errors are very rare. To quantify when they do
occur, we analyze movies of the sorting process recorded
with a high-speed camera. Before sorting, the emulsion con-
sists of a random mixture of light and dark drops. After sort-
ing, the waste channel contains almost entirely dark drops
and the collection channel almost entirely light drops, as
shown in Fig. 3(a). Occasionally, light drops end up in the
waste channel and dark drops in the collection channel, due
to sorting errors, as depicted in Fig. 3(a). To reveal the
source of this error, we plot drop vertical location versus
intensity, after sorting, Fig. 3(b). The vast majority of sorting
errors are due to drops in the gray region, having an inter-
mediate intensity. These are the product of two drops of dif-
ferent type merging in the reinjection syringe. Merger can
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occur due to dust, poor emulsion stability, or wettability de-
fects in the channels. It is very difficult to eliminate, but with
care can be mitigated, as demonstrated by our low error rate
of <0.01% and the nonoverlapping intensity distributions
after sorting shown in Fig. 3(c). In the absence of merger, we
observe no sorting errors.

Sorting is one of most important applications of microf-
luidics. Our single-layer membrane valve sorter is simple
and robust, while also being very widely applicable, since it
is independent of properties such as object density or dielec-
tric constant. This should make it useful for a range of mi-
crofluidic sorting applications, including cell and enzyme
screens.
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