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a b s t r a c t
This paper introduces a microﬂuidic system whose purpose is to precisely and quantitatively characterize and control the mass transport between aqueous drops in a continuous oil background. The system
consists of an image-based drop-on-demand microﬂuidic device based on programmable PDMS pneumatic valves. It consists of a closed feedback loop that uses real time image analysis to measure and
generate a pre-set number of droplets one at a time with prescribed volume and composition in a speciﬁed sequence. Drops generated on-chip are exported off-chip into glass capillaries. In addition, the
system allows the control of the spacing distance between adjacent drops, which is a key parameter
regulating the rate of material transport between drops. Three studies illustrating the versatility of the
device are presented: (1) Synchronization of chemical oscillations in networks of droplets containing the
Belousov–Zhabotinsky reaction as a function of differences in drop volume. (2) Studies of the nucleation
and stability of metastable amorphous calcium carbonate as a function of the spacing and composition of
reacting drops. (3) Measurements of the exchange of water between drops immersed in oil as a function
of added surfactant to address the question of whether micelles facilitate transport of salt between drops.
© 2016 Published by Elsevier B.V.

1. Introduction
The use of droplet-based microﬂuidics in which small quantities
of reagents are precisely compartmentalized to create multitudes
of individual reactors has proven useful in biological and chemical studies [1–8]. Droplets are generated by using ﬂow to create
interfaces between two immiscible solutions, such as water in oil,
that are stabilized by addition of surfactant molecules [9–11]. Flowfocusing is a popular method in which a continuous aqueous phase
is injected in a continuously ﬂowing oil phase. The size of drops is
dictated by the nozzle size and ratio between ﬂow rates of the two
phases, and the method is capable of generating identical droplets
at rates up to 10 kHz. However, such high frequency drop generation techniques lack the freedom to arbitrarily control the size
of speciﬁc drops and control the distance between adjacent drops
[8,9,12]. It is also impossible to control the exact number of drops to
be generated. As an alternative, drop-on-demand (DOD) techniques
were introduced in order to make one drop at a time [13–16]. Our
system falls into the category of DOD devices that operate by generating aqueous droplets through controlling the amplitude and
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duration of pressure pulses in the aqueous phase using a PDMS
chip with an off-chip solenoid [14], or piezoelectric valve [16]. Similarly to high throughput drop makers, these DOD systems are most
often operated in a mode in which the oil phase ﬂows continuously, which is in contrast to our system. Moreover, our system is
able to control positions of multiple drops in a linear array inside a
glass capillary tube in contrast to the recently emerging technique
of inkjet printing that controls the positions of drops on an open
surface [17,18].
Here, we introduce a closed-loop image based drop-on-demand
system that offers the ability to produce a speciﬁc number of
aqueous droplets with prescribed volumes, ordered in a desired
sequence by size or composition and with a controllable distance between adjacent droplets. The purpose of this system is
to precisely and quantitatively characterize and control the mass
transport between aqueous drops in a continuous oil background.
The basic concept of our DOD device, illustrated in Fig. 1, is that
aqueous droplets are generated in two steps in a cross-ﬂow (Tjunction) geometry in which an aqueous line intersects an oil line
at right angles. First, an on-chip PDMS pneumatic valve is opened on
the pressurized aqueous line while the oil inlet is closed. This causes
water to ﬂow as long as the aqueous valve is opened. We employ
a sequence of brief valve openings which cause the water volume
to increase in discrete steps, forming a plug of water that extends
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Fig. 1. (A) Schematic steps to generate a drop in a T junction: After selecting the region of interest (ROI), shown as a green rectangle, captured images are sequentially
binarized in real-time to measure the plug area, corresponding to the area of water in the ROI. (A.1) Both water and oil inlets are closed, (A.2) the water inlet is opened
repetitively while the oil is held closed, (A.3) when the preset drop size is reached, the water valve is closed and the oil valve is opened to shear the plug and form (A.4) a
drop. (B.1) Schematics of side views of open and closed valves. (B.2) Schematic of the chip with ﬂow channels in red and control channels in blue. (C) Sequence of images
being processed in real-time. Top row: photographs showing the elongation of a plug of aqueous phase that extends into the oil channel. Bottom row: the corresponding
binarized images where red is the plug area. In (C.5) No object is detected because the drop has exited the ROI. Green scale bars in each photograph are 200 m long. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

into the oil channel. Simultaneously the water volume is measured
using real-time image processing. When the pre-set target size is
reached, the oil valve is momentarily opened, which shears off the
aqueous plug and forms a drop. Similarly, the separation distance
between adjacent drops is controlled using two additional channels, the drain channel, ﬁlled with oil and connected to a negative
pressure source to remove oil between drops and the spacer channel, ﬁlled with oil and connected to a positive pressure source to
add oil between drops.
PDMS is highly permeable to gas and apolar chemical species.
Therefore, to study mass transport between drops in oil we transfer
the drops off-chip to a cylindrical glass capillary, which is impermeable to all chemicals. This ensures that chemicals only exchange
between drops and do not leak out into the microﬂuidic device.
We note that inter-drop distance is an unexplored variable in mass
transport experiments involving microﬂuidic emulsions. This system allows control of the drop spacing, both on-chip and off-chip in
the glass capillaries. In this paper, we characterize the system and
present three experiments that demonstrate the beneﬁts of being
able to control the size and composition of a few drops, as well as
the distance between adjacent drops. These particular experiments,
chosen to illustrate the versatility of the drop-on-demand technique, were (1), studies of synchronization of chemical oscillations
between adjacent drops of different volume, but with the same
chemical composition of the Belousov–Zhabotinsky reaction mixture [3], (2) studies of the nucleation and stability of the metastable
amorphous calcium carbonate (ACC) phase in which adjacent drops
contain different volatile chemicals and have different inter-drop
spacing, and (3) studies of the effect of surfactant on the transport
of water between droplets containing different concentrations of
sodium chloride as a function of inter-drop spacing.

2. Methods and experimental setup
The drop-on-demand system is comprised of four main functional units, which together function as a closed feedback loop using
real-time image analysis to control the size of each drop, consisting of (1) the PDMS chip, (2) external pressure and valve controllers
operated by LabVIEW, (3) a microscope and video camera and (4)
a cylindrical glass capillary.

2.1. PDMS chip and glass capillary
Using standard photolithography methods [13], a PDMS chip
was fabricated with two independent water inlet channels forming a T junction with a third oil inlet. Towards the outlet, the
chip has two addition channels, the “spacer” and the “drain” used
respectively to add or remove oil between two drops positioned
on opposite sides of its nozzle. A schematic of the chip is shown
in Fig. 1B.2. The chip has one push-up pneumatic valve (drawn in
red) on each ﬂow channel (drawn in blue) which enables the corresponding ﬂuid to ﬂow when actuated [13]. The chip is made of two
PDMS layers, the top layer containing the ﬂow channels and the bottom layer containing the control channels. There is a 20 m PDMS
membrane between the two layers that acts as the valve. In order
to close the ﬂow channel, pressure is applied to the corresponding
control channel which has an inlet but no outlet. Since the PDMS is
elastic, the thin membrane between the two layers stretches and
ﬁlls the ﬂow channel. When the pressure is released, the membrane
relaxes thereby opening the valve as shown in Fig. 1A and B. The
design CAD ﬁles and detailed manufacturing instructions are provided in Appendix A and B. At the exit channel of the PDMS chip,
a cylindrical capillary (VitroCom) of 100 m inner diameter pretreated with (tridecaﬂuoro-1,1,2,2-tetrahydrooctyl) trichlorosilane
to maintain hydrophobicity, is connected in order to collect and
store drops. The treatment of the capillaries consists in coating
the capillary surface with silane vapor by enclosing capillaries with
10 pl of silane inside a vacuum ﬂask for 12 h at −5 Psi. Once drops
are collected, the capillary was sealed and clamped to a microscope
slide with epoxy.
2.2. Pressure and valve control hardware
The pressure and valve controller hardware includes proportional valves KPI-VP3-05-09-25 purchased from Kelly Pneumatic
Inc. which are used as pressure regulators. These proportional
valves establish a user programmable constant pressure in 2 ml
vials containing either reagents or oil which are connected to the
chip using polytetraﬂuoroethylene (PTFE) capillary tubes. The vials
are sealed with caps in which two holes were drilled. One hole held
tubing ﬁlled with compressed air that connected the vial to the proportional valve. The other hole held tubing immersed in the ﬂuid
contents of the vial and connected the vial to the inlets of the PDMS

C. Girabawe, S. Fraden / Sensors and Actuators B 238 (2017) 532–539

1.2

Plug volume (nl)

chip. The hardware also includes solenoid valves LHDA052311H
and solenoid manifold LFMX0510533BF both purchased from the
Lee Company. A normally open solenoid manifold was chosen such
that with a zero voltage applied to solenoid valves, the control
channel of the PDMS is pressurized thereby closing the on-chip
pneumatic valve. Due to the compressibility of air and its permeation through the PDMS [19], the tubes connected to the control
channels were ﬁlled with water in order to improve valve performance.
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3. Working mechanism and characterization
This section describes the operating details and characterization
of the Drop-on-Demand instrument. To test the system, water in oil
drops were produced using surfactant [21] (RAN Biotechnologies
FluoroSurfactant) stabilized oil (3MTM NovecTM 7500 Engineered
Fluid). Generating a drop begins with pre-setting the target size.
Then, with the oil inlet channel held closed by the push-up valve,
the solenoid valve controlling the water inlet is repetitively actuated, as illustrated in Fig. 1. In Fig. 1A.1, the aqueous phase is
introduced from the top. In Fig. 1A.2 and C.1-3, after a few pressure
pulses, the size of the aqueous plug has increased. Each single pressure pulse generates an increase in the size of the water plug, whose
area is measured via the LabView program in real time. When the
target size is reached (Fig. 1A.3 and C.4), the water inlet channel is
closed and a pulse of pressure is applied to the oil channel to sever
the aqueous plug from the inlet channel and create an isolated drop
(see Fig. 1A.4 and C.5). We observed severing occurs at the junction
of the oil and water channels as illustrated in Fig. 1A.1. Therefore,
the software estimates the volume of the drop to be formed as the
product of the area bounded by the detected edges of the channel
and the height of the channel. The software can be programmed
to automatically generate a sequence of a pre-set discrete number of drops with prescribed sizes. Using a chip with two aqueous
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The Drop-on-Demand system includes a Nikon microscope with
a Marlin CCD camera (Allied Vision Technologies GmbH), to capture
images of the drop generation events and import them to LabVIEW
for analysis as described in Fig. 1C. This program analysed images,
captured at a frame rate of 30 frames per second and in real-time
used edge detection and object ﬁlling algorithms to ﬁnd and measure the area of a plug of water. Because the height of the channels
is known, the volume of the plug can be deduced from the area.
Once the volume of the plug reaches the desired volume, LabVIEW
actuates the electronic circuit which drives the hardware pressure
and valves controllers in such a way as to sever the plug and create a drop. A similar method is used to set the separation distance
between adjacent drops. Two drops are positioned on opposite
sides of the drain and the spacer channels which contain oil. Pneumatic valves on the drain and spacer channels are alternatively
actuated in consecutive brief valve openings to remove or add oil
between the drops of interest until a pre-set distance is achieved.
The separation distance is measured through image analysis. Drop
separation distance was accurately controlled for drops inside the
rectangular channel of the PDMS chip. The separation distance was
found vary as an afﬁne function after the drops were exported to
an external cylindrical glass capillary due to a change in channel
cross-section at the junction of the rectangular PDMS channel and
cylindrical glass capillary.
The system hardware and software were designed such that one
platform can control a maximum of eight modules [20]. A module is
deﬁned as an ensemble of one pressure controller and one solenoid
valve to drive one inlet/outlet channel.
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Fig 2. Characterization of the system (A) Volume delivered per pulse as a function
of pulse duration and pressure. Each data point corresponds to the slope of the plug
volume as function of the number of pulses as shown in the inset. Arbitrary offsets in
volume were introduced to make the inset readable. (B) Linear relationship between
ﬁnal drop size and plug size. Along the top and right margins, the plug and drop size
distributions are plotted with their relative standard deviations.

inlet channels it is also possible to generate two different types of
droplets precisely ordered by chemical contents, concentration or
size. Moreover, with two additional oil channels it is also possible to control the distance between two consecutive droplets. The
“spacer” channel is ﬁlled with oil at a positive pressure and is used
to inject oil so as to increase the separation between two drops
located on opposite sides of the spacer nozzle. Similarly, applying
a negative pressure on the “drain” channel, it is possible to remove
oil between two drops hence reducing their separation. As it was
done to control the size of the drop, the system can be programmed
to set a desired distance between adjacent drop as shown in video2
in Appendix G.
In order to characterize the system, drops with a speciﬁc target
size and speciﬁc separation distance were generated and measured.
Results of these measurements are shown in Fig. 2. The volume
of the water plug was found to grow linearly with the number of
pulses at constant pressure and pulse duration (Fig. 2A inset). The
volume delivered per pulse was found to be non-linear for small
pulse duration (Fig. 2A). We speculate this is due to PDMS compliance. When the PDMS is pressurized, the channel is strained.
Opening the valve allows the PDMS to contract which creates ﬂow
in addition to pressure driven ﬂow. Consequently, within this nonlinear regime, it is possible to generate a change in size of the
meniscus as small as 20 pl using a pulse duration of 20 ms and
0.06 Psi. However, at this extremely low pressure, but with a longer
pulse duration of 500 ms, it was found that the volume of water
plug did not change beyond 20 pl. In other words, at this low pressure, when the valve was opened there was no ﬂow of water, but
only a 20 pl spurt. We speculate that the spurt is caused by the
relaxation of the strained PDMS and then the Laplace pressure of
the oil-water interface exceeds the external pressure of 0.06 Psi,
thereby stopping the ﬂow. This non-linear behaviour persists until
the pressure is raised above 0.12 Psi. Above 0.12 Psi and pulse durations longer than 80 ms with 0.27 Psi applied on the oil inlet, the
ﬁnal drop size was found to grow linearly with respect to the size
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Fig 3. Characterization of separation distance between drops on- and off-chip. (A) The separation distance between drops exported to a cylindrical glass capillary as a function
of the separation distance measured on chip (B) Separation of exported drops as a function of number of drops for drops that were initially touching while on chip. (C) Series
of photographs of drops on PDMS chip (top, a) and after exported to glass capillaries (bottom, b) as a function of number of drops in a group. Group size one (1), two (2),
three (3), four (4), ﬁve (5) and all drops (6). Yellow scale bars in each photograph are 120 m long. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig 4. Groups of (A) three and (C) four BZ drops with same size, (B) three and (D) four BZ drops with different size bounded by two drops in which the reaction was supressed
using blue light. For each group, (.1) schematic illustrating lighted boundary BZ drops (white sphero-cylinders), active BZ drops (red) and the oil (grey) between drops in
a cylindrical glass capillary, (.2) images from raw experiment and (.3) phase difference (polar angle in units of degree) vs. time (radial in units of oscillation period). Pairs
of drops with the same size (A and C) synchronize by locking at some constant phase difference while those pairs composed of drops of different size (B and D) do not
synchronize. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

of plug from which it was formed (Fig. 2B). For the three investigated drop sizes, 0.43 nl, 0.90 nl and 1.4 nl the standard deviation
was found to be 0.02 nl, 0.03 nl and 0.03 nl respectively, equivalent
to relative errors of 4%, 3% and 2%. The non-linear dependence of
drop volume on pressure could be avoided by using a microﬂuidic
device composed of a material with greater rigidity than PDMS,
such as a thermoplastic like cyclic oleﬁn copolymer [22].
Results of the experiments carried out to characterize the separation distance between adjacent drops on- and off-chip are
presented in Fig. 3. After drops were generated inside rectangular channels on the PDMS chip they were exported to a cylindrical
capillary inserted at the exit of the outlet channel. Rapid export
of the drops from the PDMS to glass capillaries produced an
uncontrollable and large separation between drops. However, slow
exportation, achieved using a low, constant pressure of 0.13 Psi
in the oil phase, produced a controllable separation distance. The
separation distance between drops exported to the cylindrical cap-

illary as a function of their initial separation distance while they
were inside the rectangular channel on-chip is an afﬁne function
with a Pearson correlation coefﬁcient of 0.999, as shown in Fig. 3A.
A series of experiments designed to characterize how drop separation varied on- and off-chip were performed in which drops
were exported in groups of 1–5 and a full capillary of close-packed
drops (see Fig. 3C). The constant offset in the separation distance
shown in Fig. 3A was found to be a monotonic decreasing function
of the number of drops in a group, as illustrated in Fig. 3B, with
the separation approaching zero as the number of drops per group
increased.
We anticipate several limitations to this system. The current
method is not advised for handling volatile materials which can
corrode the pneumatic valves. Also, viscous ﬂuids may increase the
probability of contamination. Lastly, for better control of spacing, it
is necessary to work with low pressures which increase the time to
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generate and export drops to glass capillaries. Hence, this method
would not work well for time sensitive experiments.
4. Applications of the image-driven drop-on-demand
system
We present three diverse applications to demonstrate the capabilities of our system.
4.1. Heterogeneous Belousov–Zhabotinsky droplets
The Belousov–Zhabotinsky (BZ) reaction is the prototypical nonlinear chemical oscillating reaction. It is a metal-ion-catalyzed
oscillatory oxidation of the organic substrate, malonic acid, by
bromate in an acidic medium, such as sulphuric acid. Previously,
we investigated synchronization of coupled identical BZ droplets
arranged in linear arrays inside glass capillaries [3]. It was proposed that the coupling is due to the mass transport of two of the
BZ chemicals, the inhibitory agent bromine (Br2 ) and the activator
agent bromine dioxide radical (BrO2 *), diffusing from drop to drop
through intervening oil [2,3,23]. In order to study diffusively coupled oscillators the time scale of diffusion needs to be smaller than
the time scale of reaction. For BZ, this requires the reactors to be
of the order of 100 m, which necessitates the use of microﬂuidics
technology.
Here we extend the previous synchronization study to examine coupling between BZ drops of different sizes generated using
our drop-on-demand system. The coupling strength was previously predicted to be dependent on drop size [2]. In particular, we
predicted that coupling is asymmetric for different sized drops. A
small drop can be strongly affected by a large drop, but a large
drop is weakly affected by a small drop. Additionally, two small
drops are strongly coupled, while two large drops are weakly coupled [2]. Here, we use conditions such that inhibitory coupling
is dominant. Speciﬁcally, a solution of 300 mM bromate (BrO3 − ),
3 mM ferroin (Fe(phen)3 2+ ), 0.4 mM tris-bipyridine ruthenium
(Ru(bipy)3 2+ ), 80 mM sulphuric acid (H2 SO4 ), 400 mM malonic acid
(CH2 (COOH)2 ) and 2.5 mM sodium bromide (NaBr) was ﬁrst prepared and ﬁlled in a glass vial. For production of drops, the solution
was then fed to one water inlet of the PDMS chip (Fig. 1B.2) while
ﬂuorinated oil, HFE-7500, was mixed with 2%v/v of surfactant and
fed to the oil inlet using polytetraﬂuoroethylene (PTFE) capillary
tubes. The system was programmed to generate sequences of BZ
drops with two different sizes, small drops of 550 pl and large drops
of 1100 pl. Drops were then collected and stored in 1D arrays inside
cylindrical glass capillaries of 100 m inner diameter coated with
(tridecaﬂuoro-1,1,2,2-tetrahydrooctyl) trichlorosilane to maintain
the hydrophobicity. Capillaries containing drops were sealed on
microscope slides using epoxy (Hysol® Quick-Cure 5 min epoxy)
and images were recorded using a CCD camera mounted on a programmable illumination microscope (PIM) [24] that was also used
to optically isolate groups of drops. From video recordings the periods of oscillation between the drop’s reduced and oxidized states,
were extracted and the phase differences between adjacent drops
were calculated.
The dynamical behaviours of linear arrays of drops are shown
in Fig. 4. There are 3 drops in the arrays shown in Fig. 4(A.2) and
(B.2). The three drops are identical in (A.2) and compared to an
array with two small drops and one large drop in (B.2). There are 4
drops in the arrays shown in Fig. 4(C.2) and (D.2). The four drops are
identical in (C.2) and compared to an array with three small drops
with one large drop in (D.2). Polar plots of the phase difference
between drops, shown in the third row of Fig. 4. Drops of the same
size always synchronize by locking at a constant phase while, in
heterogeneous arrays, the large drop does not synchronize with the

rest of the drops in the capillary. Furthermore, control experiments
were performed and we found that increasing the drop size by 1/3
speeds up the oscillation by 5% while doubling the light intensity
used to set boundaries slows down oscillations of the neighbouring
drops by 20%. It was also found that the intrinsic frequency of a drop
is independent of the size of boundary drops (see Appendix E). This
result demonstrates that the drop-on-demand system can be used
to control the coupling strength of chemical oscillations between
BZ drops of different size. In a follow-up study we will quantify
the strength of drop to drop coupling as a function of drop size
mismatch.
4.2. Precipitation of amorphous calcium carbonate in picoliter
droplets
Amorphous calcium carbonate (ACC) is a precursor phase to the
crystalline polymorphs that form when calcium carbonate is supersaturated [25–27]. In vitro, the ACC to crystal transition is highly
unstable and quickly transforms to stable crystalline forms under
ambient conditions [25,27–31]. In vivo, controlling the ACC to crystal transition is essential to proper bone and shell development. In
previous studies, ACC was produced by encapsulating calcium chloride (CaCl2 ) solution inside attoliter to femtoliter liposomes, which
were immersed in a solution of ammonium carbonate from which
carbon dioxide and ammonia diffused into the liposome and initiated precipitation [32]. These studies found that the growth of
ACC nanoparticles was controlled by the rate of carbon dioxide and
ammonia transport into the calcium-loaded liposomes [25].
Here, we present studies of ACC stability using half nanoliter droplets and demonstrate the utility of the drop-on-demand
system for identifying optimal conditions for stabilizing ACC by
controlling initial composition, concentration and spacing of drops.
With our drop-on-demand system, a sequence of drops containing 1M calcium chloride (CaCl2 ) alternating with drops containing
0.5M or 0.25M ammonium carbonate ((NH4 )2 CO3 ) mixed with
1.5M of sodium chloride (NaCl) to reduce the effect of osmotic
pressure was generated using ﬂuorinated oil mixed with 2% v/v
surfactant and stored as a linear array inside a series of 100 m
diameter cylindrical glass capillaries with separations of 0–100 m
between adjacent drops.
As proposed by a model for biomineralization in conﬁned
volumes [25], carbon dioxide and ammonia generated by the
ammonium carbonate drop diffuse through the oil into the adjacent
calcium chloride drops. This initiates ACC formation in less than
3 min, which is just sufﬁcient time to prepare and position capillaries on the microscope. Subsequently, images were recorded and the
growth of the ACC followed by its phase transition to the stable crystal phase were monitored by measuring the intensity of the CaCl2
drops over time. Initially transparent drops became progressively
darker as the metastable ACC precipitates. When the ACC transforms into the crystalline phase, the capillary regains transparency
as the ACC precipitant, distributed throughout the drop, dissolves
and is consumed by the growing crystal via Ostwald ripening, as
shown in Fig. 5. With 0.5M of ammonium carbonate, all the drops
containing ACC crystallized within 20 min, regardless of the separation distance for 0–100 m. In contrast, with 0.25M of ammonium
carbonate the time to crystallize increased to about 4–5 h for ACC
drops in contact with ammonium carbonate drops, while it took
20 days to crystallize 7 of 10 drops, 10 m far apart, in a sample
that was kept sealed at room temperature. Experiments repeated
with the same conditions, but done on different days gave similar
results.
By controlling the concentration and setting a separation distance drops containing the Ca and CO2 solutions, we can control
the rate of transport of CO2 , which has a profound effect on the
longevity of the metastable ACC phase. As a further experiment,

C. Girabawe, S. Fraden / Sensors and Actuators B 238 (2017) 532–539

Fig 5. ACC precipitation and crystallization. (A) Schematic illustrating the transport of carbon dioxide (blue) and ammonia (red) through the oil-surfactant mixture
interface (grey). (A.1) Initially right drop contains (NH4 )2 CO3 , left drop contains
CaCl2 . The hydration of CO2 inside the left drop releases protons that lower the
drop’s pH which leads the NH4 to disassociate. Both reactions induce (A.2) the precipitation of ACC. (A.3) A crystal nucleates inside the metastable ACC which (A.4)
grows into a bigger crystal. (B) Plot of average pixel intensity extracted from regions
bounded by rectangles in inset photographs. Each photograph represents a pair of
touching (top row, blue) and non-touching (bottom row, green) drops of 1M calcium chloride (left and dark) and 0.25 M ammonium carbonate (right and bright)
at instants shown by arrows on the curves. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

we propose to measure the rate of transport of CO2 as function of
a ﬁne tuned separation distance between drops.
4.3. Water exchange between drops of sodium chloride
Surfactant molecules play an important role in the compartmentalization process by preventing coalescence and protecting
encapsulated materials, such as proteins, from the oil interface.
Previous studies done on emulsions of droplets have shown that
surfactant micelles can contribute to the transport of materials
between droplets [33]. These prior experiments were performed
on randomly mixed emulsions containing drops with different concentrations of a hydrophobic dye. It was demonstrated that this dye
was transported between drops by micelles. Here, we demonstrate
that our image-driven drop-on-demand technology is capable of
the study of molecular transport between droplets arranged in a
linear capillary as function of both surfactant concentration and distance between droplets. Discrete numbers of droplets of 950 pl and
1300 pl containing 200 mM and 100 mM of sodium chloride (NaCl)
respectively were generated sequentially such that neighbouring
droplets have different concentrations as shown in Fig. 6A and B.
They were separated by distances ranging from 0.1 m–500 m
and stabilized using HFE-7500 oil mixed with 0.2, 0.6, 2 and 4%
of surfactant. Images were then recorded at a frame rate of 1
frame/min for a period of 40 h.
Assuming that no ions are transported through the oil and that
the capillaries are well sealed, the initial difference in sodium
concentration establishes a chemical potential gradient between
drops, which induces diffusion of water molecules from drops
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Fig 6. Water exchange between drops containing sodium chloride (NaCl). (A)
Schematic illustrating how salt drops (white sphero-cylinders) with different [NaCl]
and air bubbles (yellow) are arranged inside glass capillaries ﬁlled with oil (grey). (B)
Photograph of salt drops (sphero-cylinders) inside cylindrical capillaries separated
by (top) oil mixed with surfactant, where initial [NaCl] for small and large drops is
0.2M and 0.1M respectively; and (bottom) air bubbles (darker) separating adjacent
drops containing different initial concentrations of salt. d (measured in m) is the
length of the oil gap or air bubble separating two adjacent. (C) The distribution of
calculated relative deviations from the expected ﬁnal concentration ((c − cexp )/cexp)
for each drop plotted with respect to d. Since some drops exhibited self-propelling
motion, for each drop, d was chosen as the minimum distance to the nearest drop
at which it remains static for a period of at least 3 h. (D) The distribution of the time
constant necessary for the drop to reach the predicted equilibrium concentration is
plotted vs. d. Only drops that remained static for 3 h are considered. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

with low salt concentration to drops with high salt concentration. Consequently, low concentration drops should shrink while
high concentrated drops swell until all drops equilibrate with the
same ﬁnal concentration. Using Fick’s laws of diffusion, a model
that is described further in Appendix C and D, was used to calculate the instantaneous concentration of a drop given its initial
concentration, initial and ﬁnal volumes. We observed that the
exchange of water depended strongly on the size of the oil gap
between adjacent drops (see Fig. 6C and D and Appendix F). For
experiments run over a period of 40 h, we calculated the deviation
from the expected ﬁnal concentration. It was found that touching drops reached a steady state of concentration with a scatter
of about ±15% from the expected concentration within a period
of less than 8 h. This large scatter in data may be due to a selfpropelling motion observed for some drops [34,35]. During the
non-equilibrium process of osmotic transfer of water, some touching drops were observed to spontaneously move apart from each
other and thereby increase the separation between drops, which
decreased the water exchange rate (see video3 in Appendix). Associated with drop motion, we observed the appearance of small,
micron sized globules, which we interpreted as surfactant being
desorbed from the drop as it changed size (see video4 in Appendix).
When the initial oil gap size was increased to 10–50 m we found
that none of the drops reached a steady state concentration over
the course of the experiment. By ﬁtting an exponential function to
the change in concentration over time, we found that drops separated by an oil gap of 10–50 m had an equilibrium constant of
about 104 h, approximately 1 year. In these experiments, we did
not observe any dependence of the surfactant concentration on
the water exchange, as opposed to previous work [33] where the
exchange of a hydrophobic ﬂuorophore was controlled by micelles
produced by the surfactant in the oil.
A further experiment was done in which drops were generated
using oil mixed with 2% surfactant. Thereafter, the oil was microﬂu-
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idically drained out and replaced by air bubbles of length about
120–140 m. All drops were found to reach the equilibrium concentration within a period of 6–9 h. The equilibration rate for drops
separated by air is 4 orders of magnitude greater than the one calculated for non-touching drops immersed in oil. This difference is
comparable to the ratio of the diffusion coefﬁcient of water in air
0.3 cm2 /s [36] with respect to the diffusion coefﬁcient of water in
oil 0.7 × 10–5 cm2 /s [37] at room temperature. In conclusion, there
was no evidence that the surfactant micelles mediated exchange
of salt, or water, between drops. Drops in oil equilibrate only when
they are touching. By separating touching drops by a gap of only a
couple of microns, we observed a decrease in exchange rate by four
orders of magnitude.
5. Conclusions
The purpose of this drop-on-demand system is to control and
measure mass transport on the micron scale by specifying each
drop’s volume and chemical composition, as well as the inter-drop
spacing. To demonstrate the system’s versatility, we performed
three experiments for aqueous drops in a continuous oil phase.
First we investigated synchronization in chemical clocks. Linear
arrays of drops containing the Belousov–Zhabontisky (BZ) reaction were constructed containing drops with different sizes. We
determined that a large droplet does not synchronize with an array
of small drops. However, arrays containing the same number of
identical small drops were found to always synchronize. Second,
the system was used to vary the stability of the Amorphous Calcium Carbonate (ACC) phase by two orders of magnitude. This was
accomplished by altering the distance and chemical concentration
between ammonium carbonate drops and calcium chloride drops
by small amounts. Third, the drop-on-demand system was used to
study water exchange between drops containing sodium chloride
as a function of separation and surfactant concentration. The transport rate of water was independent of surfactant concentration
and strongly dependent on separation. In two of the three experiments described here, inter-drop distance was the dominant factor
controlling the transport rate of materials.
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