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Droplet generation under steady conditions is a common microfluidic method for producing bipha-
sic systems. However, this process works only over a limited range of imposed pressure: beyond a
critical value, a stable liquid jet can instead form. Furthermore, for a given geometry the pressure
conditions set both the generation rate of droplets and their volume. Here, we report on-demand
droplet production using a positive pressure pulse to the dispersed-phase inlet of a flow-focusing
geometry. This strategy enables confined droplet generation within and beyond the pressure range
observed under steady conditions, and decouples volume and production rate. In particular, elon-
gated plugs not possible under steady conditions may be formed when the maximal pressure during
the pulse reaches the jet regime. The measured volume of droplets-on-demand, as well as the onset
of droplet generation are both captured with a simple model that considers hydraulic resistances.
This work provides a strategy and design rules for processes that require individual droplets or
elongated plugs in a simple microfluidic chip design.

I. INTRODUCTION

Droplet-based microfluidics finds application in many
fields, from materials engineering to medical applica-
tions [1, 2]. For example, producing droplets is the first
step to generate microcapsules [3, 4], microfibers [5] and
micro- or nano-particles [6-9]. These components then
find applications in the food [10] and cosmetics indus-
tries [11]. Droplet-based microfluidics also enables bio-
logical assays [12, 13] for immobilization of reagents or
compartmentalization.

To create droplets, two fluids in separate branches of
a microfluidic chip are normally made to meet at a junc-
tion, and usually under constant imposed pressure or
flow rate. In a flow-focusing configuration as shown in
Fig. 1(a), droplet production requires appropriate pres-
sures to be applied at the inlets for the device to func-
tion as a droplet generator. When the pressure in the
dispersed phase channel (i.e., the phase of the droplets)
exceeds the pressure at which the interface between the
two fluids remains stable, determined by fluidic resistance
of the channels and the Laplace pressure [14], the dis-
persed phase flows towards the exit channel. If the pres-
sure is below a second threshold that we call the jetting
pressure, the liquid/liquid interface ruptures to create a
droplet. This latter droplet is carried away by the contin-
uous phase, and the process repeats under the imposed
constant inlet pressures. If the pressure is above the jet-
ting one, an stable stream of the dispersed phase flows
together with the continuous phase towards the exit. The
jet remains stable when confined in one direction [15].

The droplet-generation method in between two pres-
sure thresholds described in the previous paragraph may
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lead to high throughput, from e.g. 0.1 Hz to 10 kHz [16-
20]. However, one drawback of working at constant im-
posed pressure is that it is difficult to control indepen-
dently droplet size and the frequency at which droplets
are created. Indeed, for some applications it may be de-
sirable to attain a full channel containing only a single
droplet of given size, rather than a continuous stream
of droplets. Examples where an empty channel may be
necessary include the study of dissolving [21, 22] or ac-
tive droplets [23] for which flushing the exit channel be-
tween droplet passages is commonly employed, or cases
for which non-periodic or conditional droplet production
is necessary (e.g., in-situ screening with droplet genera-
tion after a positive signal). Furthermore, one solution
to effectively increase droplet separation under steady
conditions is to impose additional flow from extra side
channels [24], yet this necessarily accelerates the droplet
under study, and may not lead to a droplet-free exit chan-
nel. Besides, the presence of a train of droplets can sig-
nificantly modify a channel’s hydraulic resistance [25],
while negligible changes may arise in the case of one sin-
gle droplet.

To satisfy these constraints, producing droplets on-
demand indeed makes it possible to decouple size from
generation frequency, with the latter reaching arbitrarily
low values. To this end, different groups have used elec-
tric [26-30] or magnetic fields [31], a laser pulse [32], sur-
face acoustic waves [33-35], piezoelectric actuators [36—
38], and on-chip [39-44] or off-chip microvalves [45-51].
While effective, these methods require additional fields
or specialized equipment.

One of the simplest methods for producing individ-
ual droplets is to use a pressure pulse on either the dis-
persed or continuous phases. Nevertheless, to the best
of our knowledge, only a few groups have applied this
strategy to generate droplets one by one [52-55]. These
studies demonstrated that the pulsed-pressure method is



straightforward to implement using a pressure controller.
The pulse strategy provides a convenient means to pro-
gram trains of droplets [52, 54] or control the mixing
of two fluids [52, 55]. The use of a chamber and dual-
pulse droplet generation provides better control over the
volume injected [55]. However, a rationalization of the
shapes observed as a function of the control parameters
and pulse features is still lacking.

In this paper, we explore the conditions at which a
single droplet results from a pressure pulse. We applied
pulses with various amplitudes and durations at different
initial pressures to the dispersed phase inlet of a flow-
focusing chip. Our observations show that the droplet-
on-demand (DoD) morphologies are closely linked to the
droplet production and stable jet regimes observed in
steady conditions. Finally, a simple model based on the
hydraulic resistances of the different parts of the flow-
focusing geometry —similar to Teo et al.’s analysis [53]
describing experiments wherein a negative pressure pulse
on the continuous phase was used— is able to predict (%)
the minimal pulse time necessary to produce a droplet,
and (it) the corresponding volume.

The present article is organised as follows: in the next
section, we describe the methods and materials used to
apply pressure pulses to stable meniscii in a flow-focusing
geometry. Then, the results and discussion section in
turn presents: an overview of the steady-state phase di-
agram for which pressures are continuously applied; the
dependence of droplet morphology on the initial pres-
sures, the pulse amplitude and its duration; and finally, a
simple scaling analysis leading to design rules for minimal
droplet generation time and its corresponding volume.

II. METHODS

A. Microfluidic chip: fabricaton, materials and
characteristics

We prepared microfluidic chips with poly-
dimethylsiloxane (PDMS, Momentive RTV 615) using
typical soft lithography techniques [56], pouring the
uncrosslinked elastomer onto a textured and hydropho-
bized (trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane,
Sigma Aldrich) silicon wafer. This latter silanization
was used to facilitate peeling the cured PDMS off the
wafer. To prepare the bottom surface of the channel, we
cleaned the glass slides with laboratory-grade acetone
and ultra-pure water (milliQ, 18 MQ.cm), and dried
them with compressed air. Then, we spin coated a layer
of PDMS, cured it for 4 h at 70 °C. This surface was
bound to the microfluidic chip, which was similarly
cured, after plasma activation (Femto Science, CUTE).
To restore hydrophobicity of the PDMS surfaces, we
annealed the chip at 90 °C for 15 h [57].

The geometry used was a flow-focusing one [16, 53, 58,
59] shown in Fig. 1(a). The three principal sections of
the chip are: the dispersed-phase entrance (blue chan-
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Figure 1. Experimental setup, steady state and pulsed
droplet generation. (a) Setup: a pressure controller injects
two fluids into a flow-focusing microfluidic chip. P. and Py
are the pressures in the continuous phase and dispersed phase
channels, respectively; the outlet is at atmospheric pressure
Py. (b) Steady-condition phase diagram. Orange patch and
picture: droplet production regime (Pq,0 (grey dashed line) <
Py < Pyjet (grey dotted line)). Pink patch and picture: sta-
ble jet co-flow (Pq > Pajet). The respective widths of the
continuous and dispersed flow are w. and wq. White patch
(Pa < Pap): backflow region (c) Pressure signals during a
pulse experiment with a square signal of amplitude APy, as
indicated by the purple arrow in (b), and duration At. At
right are shown micrographs of the result of the pressure pulse
with pressures P = {155,98,100} mbar and A¢ = 0.10 s. The
neck of the cross-junction has a width wg = 50 pm. Scale
bars: 100 pm.

nel, subscript “d” in the following), continuous-phase
entrance (yellow channel surrounding the former one,
subscript “c”) and the exit (channel schematically con-
taining the drop, subscript “x”). The channel widths



were respectively w = 150, 150 and 200 pm; their height
was measured using a mechanical profilometer (Dektak,
Veeco) as h = 28.0 + 0.3 pm. Given the confinement in
the out-of-plane dimension, all the droplets observed here
have pancake-like morphologies as shown in the side-view
panel in Fig. 1(a). The dispersed and continuous phases
meet at a cross-junction, with a constriction of width
wg = 50 pm being crossed before arrival to the exit chan-
nel. We note that, while the focus here is on flow focus-
ing geometries with a positive, dispersed-phase pressure
pulse, we verified that a droplet could be produced using:
(i) a positive, dispersed-phase pressure pulse with a T-
junction geometry, and (i) a negative, continuous-phase
pressure pulse in a flow-focusing geometry.

For all experiments, the continuous phase was a
1 %-by-weight mixture of a perfluorinated oil (Per-
fluoroalkylether, Krytox 1506, purchased from Sigma
Aldrich) with a surfactant (Perfuoro polyether carboxylic
acid, Krytox 157 FSL); ultra-pure water was used as
the dispersed phase. All solutions were passed through
a 2-pm filter before use to avoid dust contamination
in the chip. The liquid densities were measured to be
pe = 1.89 £0.04 gmL™" and pg = 1.00 £ 0.04 g.mL™".
The dynamic viscosities determined with a rheometer
(MCR 302, Anton Paar) in double-Couette geometry at
room temperature, were found to be g = 1.0+0.1 mPa.s
and 7. = 88 + 3 mPa.s. Finally, the surface tension be-
tween the two liquid phases was determined using the
pendent droplet method [60] to be v =54 3 mN.m™*

A particular quantity of interest in the context of
droplet production is the hydraulic resistance of a chan-
nel branch, R. In analogy with the electrical resistance
in Ohm’s law, we have R = AP/Q with AP the pres-
sure drop along the channel section, playing the role of
the voltage, and @ the volumetric flow rate taking the
role of the current. This hydraulic resistance R depends
on the channel geometry (length L, width w and height
h) and on the fluid viscosity 7. In the case of a Hagen-
Poiseuille flow [61] and a rectangular channel [14, 62], the
resistance is well-approximated by

12nL

wh3 (1 - 0.63h)
w

The estimated hydraulic resistances of the dispersed,
continuous-phase-entrance and the exit channels are
computed and shown in Tab. I.

R:

(1)

B. Pressure variation for droplet generation

A pressure controller (Elveflow, OB1 MK4+) was used
to set the pressures inside 15 mL centrifuge tubes (Falcon
352097, Corning). These tubes, containing the continu-
ous and dispersed phases, were connected to the inlets
of the microfluidic chip as shown in Fig. 1(a). For the

Section h w L n R

pm pm mm mPa.s kPa.snL™!
Dispersed 28.5(3) 150(3) 9.2(1) 1.0(1) 0.041(4)
Continuous 28.5(3) 150(3) 12.0(1) 88(3)  2.25(7)
Exit 28.5(3) 200(3) 8.0(1) 88(3) 2.08(7)

Table I. Geometrical parameters of the chip. The hy-
draulic resistances of the continuous and exit sections R. and
Ry are calculated with the viscosity .. The hydraulic re-
sistance of the dispersed section R4 is calculated with the
viscosity nq. Errors in the last digit are shown in parentheses
for all quantities.

steady-pressure case, in a first stage we determined the
cutoff pressures for which, respectively, the meniscus was
steady and for which a stable jet is formed in the exit
channel as shown in Fig. 1(b).

The second stage of the DoD method consists of setting
the pressures so that the water-oil interface remains sta-
ble close to the cross-junction. In this configuration, only
the continuous phase flows towards the outlet. Then, the
pressure applied to the dispersed phase is suddenly in-
creased by an amount APy for a time At as schematically
indicated by the purple arrow and datum in Fig. 1(b) and
in Fig. 1(c). Our pressure controller has a time resolution
of approximately 0.1 s; therefore, a maximal droplet pro-
duction frequency of order 10 Hz [52] could be expected
using this method, which is thus not adapted to applica-
tions requiring rates in the kHz frequency range [63, 64].
The dispersed phase is nevertheless pushed into the cross
junction, and squeezed by the flow of the continuous
phase. If the pulse is long enough, the dispersed phase
eventually breaks to form a droplet as seen in Fig. 1(c),
with the droplet carried away by the continuous flow.
Before proceeding to the creation of another droplet, a
sufficient delay time is allowed for the exit channel to
be droplet-free. Hence, modifications of the hydraulic
resistance of this channel and thus pressure changes at
the junction point are avoided, which would be a factor
with one or several moving droplet inside the exit chan-
nel [65-67]. This precaution ensures reproducible initial
conditions.

In our experiments, we varied the parameters of the
pressure pulse to explore the resulting droplet morpholo-
gies. These former are described using a pressure triplet
P = {P., P4y, APs} and the pulse duration At. First, we
fixed P and varied At. Then, AP, was swept for a selec-
tion of different At. Finally, the initial pressures { P, Py}
were changed and the previous protocols were repeated.
In our experiments, APy € {5, 20, 50,100,160} mbar and
P, is set sequentially to one of {55,155,255,355} mbar
after correction with the hydrostatic pressures, with Py
determined according to the stability criterion described
in the next section. The applied pulses P were chosen
to explore the steady phase diagram, both in the droplet
and jet production regimes.
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Figure 2. Sketch of the cross-junction. The pressure

controller imposes P. to the continuous phase inlet, and
Py max = Pa + APy to the dispersed phase inlet. Q. and
Qq are the resulting flow rates. The pressure cost to cross the
curved interface is the Laplace pressure AP, = Pj* - Pj+.
The outlet is at atmospheric pressure Py.

III. RESULTS AND DISCUSSION

A. Phase diagram in steady conditions

In this subsection, we recall the operating regimes for
droplet and jet production under steady conditions (i.e.
for which At — o00). Such discussions appear in several
other works, notably the one by Teo et al. [53]. There-
fore, we discuss only the main ingredients serving as the
basis for the interpretation of our pulsed-pressure exper-
iments: the meniscus stability, the droplet production
regime, and the transition from droplet production to
jetting.

In order to stabilize the meniscus for a given P, there
exists a single pressure Py o for which the dispersed-phase
flow rate Q4 = 0. These stability conditions are indicated
with filled circles in Fig 1(b). In this steady condition,
a balance at the junction shown in Fig. 2 is given by
the dispersed-phase pressure diminished by the Laplace
one, counterbalanced by the continuous-phase pressure
at the junction. We denote this Laplace pressure jump
as AP, = P~ — P+ = 2y(1/h + 1/w), where P= are
the pressures in the dispersed/continuous phases on ei-
ther side of the meniscus. Equating the pressures from
the dispersed and continuous phase inlets to the positive
side of the junction, and using mass conservation of the
continuous phase between the entrance and exit channels,
the stability criterion is

R -1
mp:a<éﬁu> + AP, . (2)

Eq. 2 compares reasonably well with the experimental
stable meniscus conditions, even if it leads to a small
underestimation for larger P. (dashed line in Fig. 1(b)).
These discrepancies may be due to the deformability of
the channel [68], and the associated change in the hy-
draulic resistances [53].

Then, on the one hand, if Py < Py, there is a back flow
of the continuous phase into the dispersed phase channel,
as indicated by the lower, white patch in Fig. 1(b). On
the other hand, if Py is above Py, water flows out to-
wards the outlet channel, enabling droplet production as

indicated by the orange patch in Fig. 1(b). The forces
responsible for the pinch-off of the interface depend on
the pressures applied [2]. In the so-called “squeezing
regime,” the dispersed phase entirely fills the channel
junction and blocks the flow of continuous phase, increas-
ing the pressure at this latter at the junction. The re-
sulting pressure gradient in the continuous flow leads to
breakup once it overcomes the pressure of the dispersed
phase. As P, is increased, the continuous flow shears the
oil/water interface driving a pinch-off event; this scenario
is called the “dripping” regime. The transition from the
squeezing to the dripping regime occurs when the capil-
lary number of the continuous phase, Ca, = 1.Q./(vhw)
with Q. ~ P./(R. + Rx), exceeds roughly 1072 [2]. For
50 < P. < 350 mbar, we have 0.01 < Ca. < 0.2. Our ex-
periments thus cover the dripping and squeezing regimes.

Lastly, if Py is above a second threshold Pgjet, a
continuous-phase jet —whose stability is owing to the
out-of-plane confinement [15]— flows towards the outlet.
In Fig. 1(b), the grey dotted line and the pink patch re-
spectively denote this transition and the jetting regime.
To retrieve the threshold Pgje¢ theoretically, we follow
Teo et al. [53] who described the biphasic flow of a jet
using the hydraulic/electrical analogy. These authors ap-
proximate the hydraulic resistance of the dispersed-phase
jet inside the exit channel Rqx as that of a rectangular
channel with the same width. Likewise, Ry stands for
the hydraulic resistance of the continuous phase com-
prised between the dispersed phase and the wall of the
chip. Hence, they separately apply the Hagen-Poiseuille
law to each phase, which gives P, = (R, + Rcx/2) Q.
and Py = (Rq + Rax) Qa. Considering that the pressure
across the section is invariant in the cross-stream direc-
tion for a parallel flow, we impose QcRcx/2 = QaRax
and have

R
4 41
o PC Rd,x
Pd,jet - 7 ﬁ . (3)
R.. 2

For each P., we set the pressure in the dispersed phase at
the onset of the jetting regime. We measure the widths
of the water and oil jets wq and w. and estimate Rg x
and R¢x using Eq. 1. We then calculate Pjjc; thanks
to Eq. 3; the latter agrees well with the experimental
thresholds above which we observe a stable jet. After
characterizing the different regimes in a steady pressure
conditions, we now investigate the case of time-dependent
pressure pulses.

B. Morphologies of on-demand droplets

In Fig. 1(c) is shown the result of a pressure
pulse with P = {155,98,100} mbar and At =
0.10 s: a single circular droplet, as seen from above,
is formed.  Furthermore, shown in Fig. 3(a) are
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Figure 3. Droplet Morphologies. (a) Main morphologies observed for pulses with control parameters listed on the left of each
image sequence; time is indicated inside each panel; scale bars: 100 pm. (b-d) Diagrams showing DoD morphologies as they
depend on various control parameters. Each graph shares the same legend (top-right); markers and colors respectively set the
amplitude APy and the morphology. (b) Influence of the amplitude and duration of the pulse for {P., Pq} = {155,100} mbar.
The gap between the dotted lines indicates the experimental uncertainty on Pqjer = 152 & 5 mbar. (c) Phase diagram as a
function of dimensionless duration 7 and pressure II. (d) Phase diagram of droplet morphology as a function of the input
pressures. Each datum corresponds to a set of experiments with fixed P and its color matches the morphology observed when

At is much larger than the minimal droplet production time;

the y-coordinate corresponds to the pressure during the pulse,

i.e., Pa + AP4. Dashed and dotted lines in (c) and (d) serve as guides to the eye to separate droplet and jet regimes from the

steady conditions described in Section IIT A.

three typical instances for which droplets are cre-
ated upon the application of pressure pulses with
P = {55,47,50}, {55,44,5},{55,47,50} mbar and At =
0.26,6.00,0.50 s. Respectively, the result of these pulses
are: one circular droplet (first column) as in Fig. 1(c),
but with a different pressure set; two circular droplets
(second column); and finally, one long plug (third col-
umn). In this section, we present an overview of these
different droplet morphologies. Then, we discuss how
such observed morphologies evolve as a function of the
pulse parameters, ultimately being controlled by where
the pulse ends with respect to the steady-flow phase di-
agram shown in Fig. 1(b), and the pulse duration.

Once the stability of the meniscus is established with
a choice of {P,, Paq}, droplets may be produced either by
controlling the duration of the pressure pulse At, or by
pushing with a greater amplitude AP;. Concerning the
pulse duration, for any pressure triplet P, there exists a
minimal pulse duration Aty below which no droplet is

created. In this 7 = At/Atyin < 1 regime, the dispersed
phase fills a portion of the junction, but returns to the
equilibrium position; such events are indicated with black
crosses in Fig. 3(b) for the specific case of {P., Py} =
{155,100} mbar and several couples of { APy, At}. When
At 2 Aty is just reached at fixed P, a single, round and
pancake-shaped droplet stems from the pulse as shown in
the first panel on the left in Fig. 3(a). By contrast, as
shown in the following panels, longer pulses may either
produce several round, pancake-shaped droplets, or one
elongated droplet that we refer to as a plug.

Indeed, as shown in the pressure-time phase diagram
of Fig. 3(c), we observe four regions. The first two
are described in the previous paragraph, demarcating
no droplets for 7 < 1 and single droplets, with pulses
limited to the range 1 < 7 < 1.5. The third region ex-
ists for what we call long pulses, roughly when 7 2 1.5.
Such pulses last long enough to generate several droplets
or an elongated plug. Referring to the steady-phase



diagram in Fig. 1(b), we define the reduced pressure
II = Pd,max/Pd,jet where Pd,max = Py + AP;. We note
that for II < 1 several droplets are produced for long
pulses, while for IT > 1, plugs may be formed.

In order to understand these long-pulse morpholo-
gies, Fig. 3(d) displays morphological indications for long
pulses, superposed on the steady-condition phase dia-
gram; each datum has coordinates {P:, Pimax}, with
the color corresponding to the observed morphology (leg-
end at top right). Long pulses produce plugs when
the maximal pressure during the pulse falls in the jet
regime, i.e., when Pgmax > Pajet. Conversely, when
Py max < Pajet, the mechanism responsible for droplet
production in steady conditions [2] limits the size of the
droplet: in this pressure regime, long pulses result in the
creation of multiple droplets. We thus generally observe
a transposition of the steady phase diagram of coordi-
nates {P., P4} into the DoD phase diagram of coordi-
nates {Pca Pd,max}-

While the previous discussion focused on the main
cases of single droplet, plug and double droplet produc-
tion, we note that the legend in Fig. 3 also contains some
marginal cases. In particular, long pulses with 7 > 1.5
may generate several droplets that eventually merge to-
gether. This merging is due to the relaxation of the up-
stream droplet as it exits the confinement of the channel
while it is in contact with the downstream one. The
pressure imbalance between the front and back of the
droplet in the continuous phase results in drainage of the
fluid in between the droplets, promoting coalescence [69—
71]. Also, when P falls into the jet regime, long pulses
may produce additional round droplets when P, is at the
larger end of our investigated range. These two cases
are respectively denoted as “coalescence” and “plug +
round drop” in Fig. 3. Despite these marginal cases,
once a pressure set and pulse time are chosen, the re-
sulting morphologies are reproducible. To demonstrate
this reproducibility, in Fig. 4 are shown the results of
100 iterations of four separate P, At couples. For each,
all 100 iterations produced the morphologies indicated in
Fig. 4(a), and with a reasonable monodispersity in pro-
jected area, A, as shown in Fig. 4(b). In the following
section we compare these results to those obtainable in
steady conditions.

C. Comparison to steady droplet production

In steady conditions, the applied pressures set both the
droplet size and the throughput. For a given P., both
quantities increase as a function of Py until the jetting
pressure is reached [15, 53]; the size of the droplet is thus
limited to that obtained just before the transition. In
our view, the advantage of using pressure pulses could
be threefold, depending on the end-user’s application.

First, in a pulsed generation, the volume injected and
the production rate are controlled independently. In
Fig. 4 are shown the area distributions (viewed from

the top) of single round droplets, plugs and two round
droplets for two different pressure jumps and for differ-
ent pulse durations. In each case, 100 independent pulses
were used to produce droplets at intervals of several 10’s
of seconds to minutes. By increasing the waiting time
between two pulses and choosing suitable P and At so
that only one droplet results from the pulse, the produc-
tion rate can be tuned as low as desired. This on-demand
production is particularly suitable for applications that
require low generation frequency or sporadic droplet pro-
duction. Low frequencies could be desired for example
when it is required to have an exit channel that contains
a single droplet only (i.e. controlling the exit-channel
resistance [25]). Sporadic production may be required
when the production of a droplet should be triggered by
a rare event occurring in the continuous phase, this lat-
ter being monitored in situ. Moreover, the size of the
droplet can be tuned by keeping the same pressure con-
ditions P (¢f. the two distributions at APy = 100 mbar),
but changing the pulse duration.

Second, using pressure pulses makes it possible to
create on-demand droplets that are inaccessible under
steady conditions. The orange patch in Fig. 4(b) repre-
sents the accessible sizes available in steady conditions.
If the pulse amplitude is set too low (AP; = 20 mbar),
P falls into the droplet production regime. The droplet
sizes are still below the maximum projected droplet
area in steady conditions, called Apma.x (grey patch in
Fig. 4(b)). Nevertheless, we can obtain droplets on-
demand when we increase the amplitude up to 100 mbar
for which similar steady conditions would give a stable
jet. By increasing At, we can thus create individual plugs
with projected areas larger than Ay ..

While suitable for the creation of plugs not normally
accessible under steady conditions, the DoD method pre-
sented here has some minor practical limitations. While
the morphology of the droplets are reproducible over 100
iterations as described above, the size of the droplet is
sensitive to the experimental conditions which may drift
over long times. The relative error of each distribution
is 4 <0 <12 % which can be compared t0 0.3 <o <5
% as reported elsewhere [2, 17, 37, 46, 52, 72-74], for
shorter time scales. Besides this drift, our pressure con-
troller’s response time of roughly 100 ms gives a maximal
frequency of order 10 Hz [52]. Other time-dependent
strategies exceeding this limit may be possible, includ-
ing, for example, piezoelectric actuation. Furthermore,
and while not reported here, we have also implemented
in-situ, optical meniscus monitoring which can be used in
PID control to stabilise the meniscus, reducing variability
due to pressure drifts and the resulting drifts in the ini-
tial meniscus position; in practice and for the chips used
here, we noted typical variations of a few mbar on Pj.

Lastly, since DoD is principally reliant on a limitation
of the supply of dispersed phase, we hypothesize that the
method could be applied to higher viscosity ratios [75]
with appropriate modifications to the pulse width and
duration. In this regard, the DoD method could be com-
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Figure 4. Reproducibility of experiments. (a) Top views
obtained at two different pressure pulse amplitudes, start-
ing from the same initial conditions {PC7 Pd}. Each picture
displays the resulting droplet for distinct values of At, as in-
dicated. Short pulses generate a single round drop. Longer
pulses either generate two round droplets or one plug. Plugs
are obtained at high amplitude (AP; = 100 mbar). Scale
bars: 100 pm. (b) Corresponding area distributions and the
standard deviation o when the experiments are iterated 100
times. Each distribution displays its median (white dot) and
its first and third quantiles (dark patch). Steady conditions
upper area Amax = 3.78+0.15 % 104 pm2 when P. = 155 mbar

(grey patch).

pared to continuous-generation methods relying on an
instability in the meniscus of the dispersed phase [76] or
phase inversion [77].

D. Scaling of the droplet volume and minimal
generation time

Having described the qualitative aspects of our DoD
strategy in the previous sections, in this section, we at-
tempt to rationalize two aspects of the droplets created
during a pressure pulse: in the first case, the droplet vol-
umes, and in the second case, a simple scaling argument
for the minimal pulse time. Our arguments are based on
the electronic-hydraulic circuit analogy common to many
microfluidic applications [14], which will allow us to pre-
dict the flow rate of the dispersed phase after a pulse is

applied.

To predict the dispersed-phase flow rate, (Qq, we re-
fer to Fig. 2 where a typical flow-focusing geometry is
shown at the instant just after the pulse has been initi-
ated. When the pulse is on, the pressure drop across the
dispersed phase writes (Pyq max — P-) = RaQq. Likewise,
the pressure drop of the continuous-phase entrance chan-
nel writes P, — P+ = R.Q.. Here P, (resp. Pj+) stands
for the pressure at the junction on the dispersed (resp.
continuous) side. Writing the Laplace pressure across the
interface P,- — P+ = APy and equating the pressures at

i
the junction gives:

Pio+ APy — QaRqa — AP, =PFP. —Q.R.. (4)

We consider in this scaling the early stage of the pulse;
only the continuous phase flows inside the exit chan-
nel. Volume conservation imposes that the volume of
dispersed phase injected in the junction pushes the same
volume of continuous phase towards the outlet. Thus, the
flow rate in the exit channel gives P+ /Ry = Qq+Qc. As
P+ = P, — Q¢ R, we obtain Q. as a function of Qq:

Pa — QaRx
e = ——————. 5
@ R. + Ry (5)
Injecting Eq. 5 into Eq. 4, and using the equilibrium
conditions of the meniscus (Eq. 2), we obtain:

APy
= 6
Qa e (6)
with:
1 1\ !
ey = Ra+ (RC+RX) | (7)

Using this circuit analysis, it will be possible to pre-
dict both the droplet volumes and the minimal droplet
production time, as discussed next. We caution that
this simple analysis neglects many details related to the
meniscus friction [78], yet we have verified this latter to
be negligible compared to the channel resistance friction,
and the scaling analysis to follow captures the main fea-
tures of the data presented below. Furthermore, the pulse
amplitude APy and duration At required for drop gener-
ation and resulting volume reported below are specific to
our chip geometry and working fluids. Nevertheless, the
qualitative trends we report below should be recoverable
in similar systems.

1. Droplet volumes

Referring to Fig. 4(a), the volume of a droplet in the
exit channel can be defined approximately as V = hA,
a good approximation since the channel height is much
less than the lateral dimensions of the droplets. Mea-
surements of the volume were made for conditions un-
der which a single round droplet stems from the pulse
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Figure 5. Droplet volume scaling. Volume of single round droplets. (a) Increase in volume V' as the pulse lasts longer, for
different amplitudes. Here, P. = 155 mbar. The color patches correspond to Eq. 8 and take into account errors in the hydraulic
resistances and the measurements of Atmin and Vmin. The color refers to the non-dimensionnal pressure II. (b) Comparison of
each P = {P.,P4,APs} dataset with the scaling in Eq. 8. The dashed line accounts for the slope 1. The scaling fails to capture
the data only when II < 1 (i.e., when P falls into the droplet production regime for long pulses).

of the pressure. These volumes are shown as a function
of the pulse duration in Fig. 5 for the particular case of
P. = 155 mbar, and several APy as noted in the leg-
end. For fixed initial pressures and amplitude, V is a
linear function of At as observed in Fig. 5(a). The slope,
AV/At, has the dimensions of a flow rate, which we hy-
pothesise is well approximated by the flow rate of the
dispersed phase predicted in Eq. 5. As suggested by this
latter equation, the flow rate increases with A Py for given
initial conditions {P., Py}, a result that is consistent with
the data.

Knowing that a Atyin-long pulse creates a droplet of
volume Vi, we integrate Eq. 6 to propose the relation-
ship:

AP

1%
Req

(At — Atmin) + Viin- (8)

In this equation, the resistances necessary for the predic-
tion of R.q according to Eq. 7 are shown in Table I while
Atpin and Vi, can be measured experimentally.

In Fig. 5(b) are shown droplet volumes as a function
of the scaled and shifted time for all of our data over a
wide range of P. Fig. 5(a), with all data sets showing
linearity, and (b) collapsing all of the data, show that
Eq. 8 captures all of the V' = f(P, At) data, having mea-
sured the offsets experimentally. We find a particularly
good agreement when P falls into the jet regime in steady
conditions (i.e., IT > 1) shown with light red data sets
in Fig. 5(b), for which the departure from At;, is the
largest. For situations of smaller At, our model neglects
any generation time shorter than the pulse duration: the
dispersed phase flows towards the outlet while the pulse
is on, and the pinch-off occurs after the pulse ends. Con-
sistently, the scaling does not hold at low amplitudes of

APy, that is, when P falls close to the stable meniscus
conditions (i.e., II < 1, darker datasets in Fig. 5(b)).
In this case, the mechanism responsible for pinch-off in
steady conditions limits the size of the droplet.

2. Minimal duration of the pulse

In the previous section, we noted that creating a
droplet requires a minimal Aty, for any P = {P,
Py, APy}. Indeed, in Fig. 6(a) is shown the situation
for At < Aty (top) and for At = Aty (bottom). For
this former case, the dispersed phase flows towards the
junction during the pulse, but the interface recedes back
after the dispersed phase pressure returns to Py. In this
section, the influence of P on Ati, is described.

As shown in Fig. 6(b), the minimal pulse duration to
create a droplet, Atyin, is inversely proportional to APy
for fixed initial conditions {P., Py}. The flow rate of
the dispersed phase increases with pulse amplitude, as
in Eq. 6, so it takes less time for the dispersed phase to
enter the continuous flow toward the outlet. Fig. 6(b)
also shows that Atn, decreases with P, although the
influence of the latter is weaker than that of AP;.

To rationalize the inverse relationship of Fig. 6(b),
we observe that for pulses slightly shorter than Atyi,,
a tongue of water fills most of the junction of volume
Q = w?h ~ 0.6 nL before receding. This observation
provides a flow rate of €;/Atyin. According to Eq. 6,
Q4 = APy/Req, thus equating the two rates we obtain:

QR
Atmin ~ .
APy

9)

This scaling captures well the trend Aty oc AP, L as
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Figure 6. Shortest pulse that generates a drop.

(a) Pressure pulses at P, = 255 mbar and APy = 50 mbar, with

At < Atmin (top) and At ~ Atmin (bottom). Each picture displays the elapsed time in seconds. Scale bars: 100 pm. (b)
Minimal droplet generation time, Atmin, as a function of the pressure pulse amplitude, A Py; the dashed line shows the prediction
of Eq. 9. (¢) The volume Qmin, schematically indicated in the inset, injected in the junction for the longest pulse that does not
generate a droplet, as a function of P.. (d) Minimal pulse duration as a function of the prediction of Eq. 9, with €; replaced
by the measured Qmin. The dashed line represents the function y = x.

shown with the dashed line in Fig. 6(b). However, the
weaker dependance on P. remains uncaptured.

We define Q;, as the volume difference between the
initial position of the interface and its position just before
it recedes for the minimal time, as shown schematically
in the inset of Fig. 6(c). In Fig. 6(c), it is shown that
the measured values of Q,;, decrease with increasing P,
and that all Q,;, are of order ;. Indeed, increasing
P, at constant AP, increases the flow rate ratio Q./Qq;
therefore, the continuous phase advances less into the
junction before a droplet is formed.

Replacing ; in Eq. 9 by the measured values of Qyin
in Fig. 6(d), we find an improved agreement with the
scaling. We conclude that if the pulse duration is long
enough such that Eq. 6 predicts an integrated volume
close to that of the junction, §2;, a droplet may be created.

CONCLUSION

In this paper, we applied a positive pressure pulse to
the dispersed-phase inlet of a flow-focusing chip to pro-
duce droplets on-demand. We observed the morphology

and size of the resulting droplets upon variations in pulse
amplitude, pulse duration and initial pressures. The
main result of our study is that droplets of controlled-
size and generation period can be created in a wide range
of pressure conditions, particularly here in the dripping
and squeezing regimes. The droplet morphologies and
topologies are well-described in the context of the phase
diagram in steady conditions, and to the typical droplet
generation time in the appropriate space of steady dis-
persed and continuous pressures. When the pressure dur-
ing the pulse falls inside the coflowing-jet regime, it is
possible to generate elongated droplets that overcome
the volume limitation in steady conditions. Using the
electrical-hydraulic analogy, we predicted the volume of
the droplets as well as the minimal duration to create a
droplet as a function of the hydraulic resistances of the
chip and the amplitude of the pulse. Our simple theo-
retical scaling argument does not include the influence
of the continuous pressure on minimal tongue volume
and could be refined by considering the details of the
meniscus hydrodynamics in the junction. Nevertheless,
we provide updated insights for the generation of droplets
on-demand by means of a cheap and easy-to-implement



method. The droplet volumes and their generation time
being determined by the chip geometry and pulse dura-
tion. This method can: be adapted to chips with several
inlets and used, for example, to synchronise object pro-
duction inside a microfluidic network; to decouple droplet
size from generation frequency; or, to create controlled
polydispersity (e.g., bi- or tri-disperse) in droplet ensem-
bles.
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