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Abstract. We introduce a simple and versatile microfluidic drop-on-demand
solution that enables independent and dynamical control of both the drop size
and the drop production rate. To do so, we combine a standard microfluidic T-
junction and a novel active switching component that connects the microfluidic
channel to the macroscopic liquid reservoirs. Firstly, we explain how to make this
simple but accurate drop-on-demand device. Secondly, we carefully characterize
its dynamic response and its range of operations. Finally, we show how to
generate complex two-dimensional drop patterns dynamically in single or
multiple synchronized drop-on-demand devices.
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1. Introduction

Droplet microfluidics enables us to create and manipulate independent picoliter reactors at
a high rate inside microfluidic circuits. As a result, it is considered to be a powerful tool
for high-throughput approaches to drug discovery, particle synthesis or parallel monitoring
of (bio)chemical reactions [1]. In most of the current applications, periodic trains of droplets
are spontaneously created at the junction of two streams of immiscible fluids. It is thus very
simple to produce highly monodisperse droplets with diameters ranging between 10 and 100 µm
at rates ranging from 1 Hz to 1 kHz. Nevertheless, in practice, it is impossible to achieve
independent control of the drop size, spacing and velocity. For instance, making 50 µm droplet
trains with a spacing of 500 µm at a rate of 10 drops per second would require a very fine tuning
of the channel geometry and of the inlet pressures or flow rates. This is usually achieved by a
tedious and time-consuming trial-and-error procedure. In a different context, the integration of
active components can improve the dynamic control of microfluidic flows [2, 3]. In particular,
valves greatly facilitate the temporal modulations of liquid compositions and of flow rates. In
addition, they can be used to control independently a large number of reagents [3]. However,
attempts to use valves in order to enhance the control of droplet creation and manipulation have
been scarce [4]–[8]. Although these recent works improve the control over drop production,
they do not provide a full and simple drop-on-demand solution.

In this paper, we introduce a simple generic device to control accurately and independently
drop size, speed and spacing over a large range of operation. This solution relies on an active
microfluidic connector, which includes a single pneumatic Quake valve [9] to regulate the flow
of the dispersed phase. When the valve is open and closed, a single drop is produced and the
size of this drop is controlled by the opening time of the valve.

This paper is organized as follows: firstly, we show how to fabricate active connectors
(ACs) between microfluidic circuits and macroscopic liquid reservoirs. Secondly, we explain
how to use these connectors to control droplet formation and present a comprehensive
characterization of this drop-on-demand component. Thirdly, we explain how to take advantage
of the fast dynamic response of the AC to generate non-periodic sequences of droplets of
controlled size and separation. Finally, we show how to very accurately synchronize several ACs
and demonstrate this important advantage by generating dynamically two-dimensional complex
patterns of droplets.

2. Fabrication of ACs and a drop-on-demand device

The AC consists in a small (typically 5 × 5 × 5 mm) PDMS (polydimethylsiloxane) cube
containing a short straight microchannel and a single pneumatic Quake valve. This device is
arguably the simplest multilayer soft lithographic device [9]. A detailed description of all the
materials and methods we used is provided in the experimental methods section. Briefly, the
principle of the AC is sketched in figure 1. It is composed of two straight perpendicular PDMS
channels bound one on top of the other and separated by a thin PDMS layer. The lower channel
is bound to the surface of a microfluidic device and connects any of its inlets (or outlets) to an
external liquid reservoir. By increasing the pressure inside the upper channel (control channel),
the thin membrane buckles, closes the channel underneath and in turn isolates the microfluidic
circuit from the reservoir. The upper control channel is filled with water, and the lower channel is
filled with the fluid we want to regulate the flow. The AC is actuated by a computer-controlled air
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AC: Control channel

AC: Fluidic channel
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Figure 1. (A) Sketch of an AC bound to a microfluidic channel, cross-sectional
view. (B) Picture of a T-junction drop-on-demand device. Drops of water and
red dye are produced in mineral oil. The device is made of PDMS. The mineral
oil is injected in a passive PDMS connector (rightmost PDMS cube). The water
solution is injected through an AC (leftmost PDMS cube). The control channel
is pressurized with a solution of water colored with a green food dye. Note that
the variations of the drop size are controlled by the AC.

pressure source. The resulting ACs combine the advantage of Quake valves and the simplicity
of use of PDMS for external macroscopic connections [10]. More precisely, they display a
small footprint (similar to commercial connectors), a small inner volume (∼10 nl), a small
displaced volume (<1 nl), a fast response time (∼10 ms), high reproducibility and computer-
controlled switching. We add that only the connector must be made of PDMS. Indeed, we
successfully bound PDMS connectors to glass, and several types of photocurable polymers by
using conventional oxygen plasma bonding. This is a great advantage in the context of droplet
microfluidics since the range of available surface chemistry is significantly increased. It is also
worth noting that the design of the microfluidic circuit is not constrained by the presence of the
active component.

We now explain how to use a single AC to make a drop-on-demand device based on a
T-junction circuit (figure 1(B)). Most of the experiments have been carried out using
microfluidic stickers made of NOA81 photocurable optical adhesive [11]; again the fabrication
of this microchannel is detailed in the experimental methods section. To make water droplets in
an oil phase, an AC is bound to the water inlet. The oil phase is a mixture of mineral oil, span 80
(4.5%(vol/vol)), tween 80 (0.4%(vol/vol)) and triton X100 (0.05%(vol/vol)), which strongly
inhibits drop coalescence [12]. We forced the two liquids into the system at externally fixed
pressures. As shown in figure 2(A), when the AC is closed, the water cannot flow in the device,
and so no droplets are produced. When the AC is kept open, drops may or may not be formed,
depending on the imposed pressures. In figure 2(B), the flow conditions correspond to a stable
coflow. When the AC is opened for a short period of time, a single drop is formed (figure 2(C)).
Consequently, drop sequences are produced by imposing computer-controlled pressure pulses
on the AC (figure 2(D)). We discuss this important application in the next two sections.

In all the results presented, we controlled water flows with the PDMS AC. If one is
interested in making a direct oil in water emulsion, an organic liquid has to flow in the PDMS
valve. This may be a major problem when dealing with solvents that strongly swell the silicon

New Journal of Physics 11 (2009) 075027 (http://www.njp.org/)

http://www.njp.org/


4

Figure 2. Four pictures of the same drop-on-demand device for various actuation
signals applied to the AC. An aqueous solution of orange dye is injected at a
T-junction in a straight channel filled with mineral oil. The valve of the AC
is actuated by pressure pulses in the controlled channel (filled with water and
green food dye). On each picture, the graph shows the variations of the actuation
pressure with time. Water pressure Pw = 100 mbar, oil pressure Poil = 100 mbar.
(A) AC closed: the water does not flow. (B) AC open: stable coflow of water and
oil. (C) The AC is open over a time Tact = 50 ms: a single drop is produced.
(D) The AC is open periodically over a time Tact = 50 ms: a monodisperse
emulsion is produced.

elastomer, thereby preventing the valve from opening and or closing the fluidic channel. To
circumvent this difficulty, an obvious option is to use non-swelling solvents such as fluorinated
oils. But a more robust solution would be to use a PTFE (polytetrafluoroethylene) pneumatic
valve, which is well known to be insensitive to swelling [13].

3. Drop-on-demand device: characteristics and range of operation

We now characterize the dynamic response of this drop production device. We investigate the
variations of the drop volume, Vdrop, and of the drop rate, fdrop, for periodic actuations applied
to the AC. We denote by Tact the duration of a single (squared) pressure pulse and by fact the
frequency of the actuation signal. Constant oil and water pressures, Poil and Pw, are imposed.
In all that follows we restrict our study to pressures resulting in stable coflows when the AC is
kept open (figure 2(B)).

Firstly, we vary fact at fixed Tact = 50 ms. Up to fact ∼ 20 Hz, fdrop is equal to fvalve while
Vdrop remains constant with a very narrow dispersion in size (figure 3(A)). In other words, the
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Figure 3. (A) Variations of the drop production rate as a function of the
actuation frequency for Tact = 50 ms, Poil = 250 mbar and Pw = 200 mbar. Solid
line: linear best fit. Inset: probability distribution function of the drop volume for
fact = 10 Hz, relative mean squared variations: 0.3% deduced from a Gaussian
fit. (B) Variations of the drop volume as a function of fact for the same
experimental conditions. Solid line: average drop volume for fact < 10 Hz. The
drop volume depends on fact only above 10 Hz.

production rate can be tuned independently of the drop volume with a single control parameter.
This cannot be achieved in passive drop emitters. In practice, the range of operation is here
solely limited by the pneumatic valve, which acts as a low-pass filter [14]. The separation
between two subsequent pulses, 1/ fact − Tact, must be larger than the closing response time of
the pneumatic valve. If this condition is not met, the valve cannot fully relax from its open to its
closed state, thereby inducing a sharp increase of the drop volume with the actuation frequency
(figure 3(B)). Conversely, the partial closing of the valve only weakly alters the variations of
fdrop, which remains locked on fact. We should note that the response of the drop emitter to the
weak amplitude perturbations induced by the partial closing of the valve has been extensively
studied in [15]. In this paper, the authors studied the highly nonlinear response of a flow rate-
controlled drop emitter to the perturbations induced by the oscillations of an integrated Quake
valve. Since the dispersed phase was injected at a constant flow rate, the pressure-controlled
valve could not be fully closed and only weakly modulated the local pressure field.

Secondly, we vary Tact at fixed fact = 5 Hz and measure both fdrop and Vdrop. The volume of
the droplets increases with Tact while fdrop remains constant as Tact remains higher than 40 ms
(figure 4 and inset). Consequently, the drop volume can be easily varied independently of the
drop production rate with a single control parameter: Tact. One would expect the drop volume to
scale as Vdrop ∼ QwTopen, with Topen the time during which the valve is open and the water flows
in the channel at a rate Qw. In figure 4(A), we observe an affine increase of Vdrop with Tact. This
apparent contradiction is in fact consistent with the finite (opening) response time of the valve
τv. A rough estimate of Topen is given by Topen ∼ Tact − τv. The intersection of the affine fit with
the Vdrop = 0 axis yields τv ∼ 42 ms, which is indeed the typical order of magnitude reported
for the opening time of a similar Quake valve [14]. Importantly, for actuation times smaller
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Figure 4. (A) Drop volume as a function of opening time Tact at constant
fact = 5 Hz, Poil = 250 mbar and Pw = 200 mbar. Solid line: linear best fit for
Tact > 45 ms: y = 0.1(Tact − 42). Inset: drop production rate normalized by the
actuation frequency. (B) Drop volume versus pressure applied to the oil inlet,
Poil at fixed Pw = 100 mbar for three different Tact: Tact = 50 ms (triangles),
Tact = 90 ms (circles) and Tact = 150 ms (squares). Solid lines: best linear fit.

than ∼45 ms the production rate is not locked on fact anymore. In figure 4(A) (inset), the drop
frequency is seen to be lowered by a factor of two as Tact becomes smaller than 45 ms and by a
factor of three below 40 ms. To account for these discontinuous deviations from fact, we have to
keep in mind that the volume of the drop produced at a T-junction cannot be arbitrarily small,
in fact the minimal drop size is set by the channel geometry and is of the order of the water
channel width [16, 17]. Since the AC valve is hardly open in the low opening time limit, the
volume of water QwTopen pushed toward the T-junction remains below the minimal dispensing
volume and one has to wait for several pressure pulses to produce a single drop. Note that we
have implicitly assumed that the water flow rate Qw is here solely set by external pressures and
by channel geometry. In principle, it also depends in a complex way on the number and on the
size of the drops in the device [19]. However, these complex corrections to the flow rate do not
have any measurable effect on Qw in our experiments on periodic drop patterns. We will return
to this point in the next section.

Thirdly, we vary the pressure Poil and consequently the speed of the droplets. However,
increasing Poil we not only increase the oil flow rate Qoil but also reduce the water flow rate
Qw. In turn, Qoil and Vdrop cannot be varied independently; (figure 4(B)). Nevertheless, our
drop-on-demand device enables us to span continuously the ( fdrop, Vdrop, Qoil) parameter space
(figure 4(B)). This is a major advantage compared to passive drop emitters for which the choice
of Vdrop and fdrop would constrain the value of Poil and thus the droplet velocity. Again, this
constraint is removed by our drop-on-demand solution, which provides two extra independent
parameters Tact and fact.

Eventually, we note that the range of operation of this drop-on-demand device could be
greatly extended. The minimal drop size is in our case Vdrop ∼ 200 pl. Since it scales with the
water channel width, it could, in principle, be reduced down to ∼10 pl in 10 µm wide channels.
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Figure 5. Pictures of non-periodic drop sequences. (A) Decreasing drop size.
(B) Drop packets of different length. The two devices are made of PDMS.
(C) Squared drop pattern in a 12 cm long channel. The device is made of
NOA81 photocurable resin [11]. The channel width is 200 µm.

Furthermore, the shortest pressure pulse (∼40 ms) is solely limited by the response time of the
valve in the AC, which could also be greatly reduced, for instance by using a thicker PDMS
layer between the control and the fluidic channel [18].

4. Non-periodic drop production and synchronization of multiple
drop-on-demand devices

So far we have only reported the production of periodic sequences of identical drops. Thanks to
the high dynamic response of the AC described above, our device also enables the production
of complex periodic or non-periodic sequences. To emphasize the potential complexity of
accessible drop patterns, we provide three specific examples. In figure 4(A), we show a regular
sequence of drops having different and controlled size obtained by only varying Tact from one
drop to the other and keeping fact constant. Conversely, in figure 4(B) the picture corresponds
to a sequence where the waiting time between two drop production is varied keeping Tact fixed.
These two experiments were performed in the same T-junction channel as the one used for
figures 4 and 5. To stress the high temporal resolution in the drop release time, we made a drop-
on-demand device connected to a long serpentine channel. At fixed Qoil the relative position
between the drops is solely set by the separation between the pressure pulses. In turn, at a
given time, any spatial pattern can be achieved in the serpentine channel thanks to an accurate
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tuning of the pressure pulse sequence. A squared spatial pattern is shown in figure 4(C). It is
worth mentioning that the positioning error between the drops sitting in the upper left and lower
corner of the square is of the order of 100 µm, which has to be compared with the total length
of our pattern: 10 cm. The relative error is as low as 10−3. To achieve this accurate positioning,
a two-step process is actually required. We first program the AC to deliver the desired pattern;
this results in an ill-defined shape. We measure the position error and adjust the closing times of
the AC to compensate for the misalignment. Typically, the corrections we imposed on the drop
relative positions are of the order of 1%. By doing so, we reduce this relative error down to 0.1%.
The fluctuations in the drop position are due to the local modulations of the oil flow rate along
the channel; indeed the opening and the closing of the valve are too accurate to be the limiting
factor. The origin of these local velocity fluctuations is twofold: (i) the height of the channel
is not perfectly constant over the whole device. Measurements performed with a mechanical
profilometer reveal relative height fluctuation of the order of a few percent. Together with the
volume conservation constraint, this yields velocity fluctuations of the order of a few percent
as well. (ii) As pointed out in the previous section, the hydrodynamic resistance of the circuit
depends on the distribution of droplets transported in the channel [19].

This also justifies the assumption we made in the previous section, where we assume
that the flow rates are only weakly altered by the structure of the drop pattern in our device.
To improve the spatial resolution of the drop positioning, the design of the device could be
modified to further reduce the sensitivity on the drop distribution. The ideal case is to have high
hydrodynamic resistances, Rw and Ro, at the two inlets. If these two resistances remain higher
than that of the output channel where the drops are formed (R), the water and oil flow rates
become independent of the drop distribution. Indeed, in the limit R/Rw � 1 and R/Ro � 1,
the oil and water flow rates are solely set by the external pressures and the channel geometry:
Qw ∼ Pw/Rw and Qo ∼ Pw/Ro. Moreover, the longer the channel, the more difficult it is to
precisely position a drop in a given spatial pattern. An alternative strategy to generate complex
spatio-temporal drop sequences thus consists in using several independent drop-on-demand
components connected to parallel straight channels. Since the ACs are computer controlled,
they can be easily synchronized. By doing so, we manage to display dynamic drop patterns
with different drop sizes and spacings as exemplified in figure 6. Eventually, we add that such
patterns require an accuracy that cannot be achieved in a PDMS microchannel. The use of a
hard NOA81 microfluidics sticker [11] is crucial here to ensure an ultrafast response of the flow
rate to pressure changes.

5. Conclusion

We have introduced a connector including a switch function to interface macroscopic liquid
reservoirs to microfluidic channels. This new active component simply consists in a single
Quake valve embedded in a millimetric PDMS microfluidic connector. The main message of
this paper is that the actuation of a standard drop emitter by an AC results in a simple but very
efficient drop-on-demand solution for microfluidic applications. Contrary to what is possible in
passive droplet microfluidics, this drop-on-demand device allows for accurate, independent and
linear control of both the size and the release time of the droplet over a wide range of flow rates.
Given the good temporal response of the Quake valves, drops can be produced one at a time
or according to complex non-periodic time sequences that can result in controlled but elaborate
spatio-temporal drop patterns inside the channels.
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Figure 6. Five disconnected drop-on-demand circuits actuated by five computer-
controlled ACs. The circuits are made of NOA81 photocurable resin [11]. The
channel width is 200 µm. (A) and (B) Synchronized periodic sequences of
drops with regular spacing and size. (C) Example of synchronized non-periodic
sequences: the drops form the word ‘NJP’, which translates at constant speed in
the channel (see the movie available at stacks.iop.org/NJP/11/075027/mmedia).

Finally, we should add that the use of ACs is not restricted to droplet microfluidics and ACs
have proven to be extremely convenient as a generic connector. For instance (i) they greatly
facilitate the filling of microchannels by preventing the cross-contamination of outer liquid
reservoirs, (ii) they also enable one to remove or change the liquid inlets and outlets without
introducing unwanted bubbles in the device and (iii) they bring an easy solution to stop liquid
flows in the device quickly and efficiently.

Acknowledgments

All the primary molds used in the experiments have been made at the ESPCI clean room facility.
JCG is supported by ANR grants DROPCELL and BIOPUMP. P Mary is acknowledged for help
with the experiments.

Appendix. Experimental methods

A.1. Fabrication of the ACs

The active microfluidic connectors consist of a PDMS cube that includes a single pneumatic
Quake valve. They were fabricated by multilayer soft-lithography (MSL): a thin and a thick

New Journal of Physics 11 (2009) 075027 (http://www.njp.org/)

http://stacks.iop.org/NJP/11/075027/mmedia
http://www.njp.org/


10

layer of PDMS were replicated separately from two photoresist molds. The thick layer was
aligned and bound over the thin layer. The thin membrane that separated the upper and lower
channels was buckled by applying pressure in the upper channel (the so-called control channel),
thus closing the lower channel (fluidic channel) (figure 1). Both the fluidic and the control
channels were designed to have an initial width of 500 µm. The molds corresponding to
the control channels were fabricated by optical lithography in an 80 µm layer of SU8 2050
photoresist (Microchem). The mold corresponding to the fluidic channels was fabricated in a
40 µm layer of Ma-P 1275 HV resist (Microresist technology) and rounded at 150 ◦C for 15 min.
The fluidic channel layer was obtained by spin coating an RTV 615 PDMS (General Electrics)
with a prepolymer/curing agent ratio (w/w) of 20 : 1 at 1000 rpm for 60 s on the corresponding
mold. At the same time, replica molding in a 5 mm thick PDMS stamp (prepolymer/curing
agent ratio (w/w) of 5 : 1) was performed on the control channel mold in a plastic petri dish.
Both PDMS replicas were partially cured at 75 ◦C for 30 min. Then, the thick PDMS layer was
removed from its mold, aligned and placed on the thin one. After bonding at 75 ◦C for 1 h, the
ACs were removed from the mold and access holes were punched with a clean Luer stub adapter
(Becton Dickinson).

A.2. Fabrication of microfluidic stickers

Microfluidic sticker channels were made following the procedure described in [11]. Firstly, a
two-level PDMS stamp was fabricated by replica molding a two-layer SU8 2050 photoresist
mold (Microchem). The first layer containing the microchannel structures was 80 µm high.
The second layer contained reservoirs at channel ends and pillars of 160 µm height. Secondly,
the PDMS stamp was placed over a flat PDMS layer, and the free space in between these
two slabs of PDMS was filled by capillary forces with NOA81 photocurable glue (Norland
Optical Adhesive). To speed up the filling we heated the ensemble at 80 ◦C on a hot plate. The
NOA81 was then cured by UV exposure through the transparent PDMS stamp (18 mW cm−2

for 17 s). Since oxygen inhibits the free radical polymerization used here to build the polymer
network, the permeability to gas of the PDMS ensures that an ultrathin superficial layer
of liquid remains uncured. The structured PDMS was then carefully removed in order to
keep the NOA81 sticker on the flat PDMS. Then, a drop of NOA81 was deposited on a glass
substrate, and a flat PDMS sheet was gently pressed onto the drop to deposit a thin layer of
NOA81 on the substrate. This thin layer was cured by UV exposure through the PDMS sheet
(18 mW cm−2 for 15 s). The flat PDMS layer was removed. The microfluidic sticker was then
placed over the NOA81-coated glass substrate and gently pressed on it. A final UV exposure
sealed the device (50 mW cm−2 for 60 s). Finally, the remaining flat slab of PDMS was removed,
thus revealing access holes. Note that the four walls of the channel are all made of the same
material.

A.3. Flow control and valve actuation

For precise fluid handling, we used a commercially available pressure controller (MFCS 8C,
Fluigent, Paris, France). Typical pressures range from 0 to 500 mbar. For valve actuation, we
used a purpose-built controller based on solenoid valves (LHDA 12VDC, Lee Corp.). Typically,
air pressures of 1 bar were used to actuate the Quake valve in each AC. Digital signals sent
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to the solenoid valves were stored on a digital I/O card (NI PCI-6534, National Instruments)
controlled with Matlab software (The MathWorks). The time resolution of these digital control
signals is below 1 µs (see also http://thebigone.stanford.edu/foundry/testing/ for details on home
made valve controller).
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