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Abstract

Oscillatory or pulsatile flow in microfluidic devices is usually imposed and controlled by external electronic or mechanical
actuators, limiting the chips’ portability and increasing the complexity of their control. Here, we have developed a micro-
fluidic platform that generates an oscillatory motion in a fluid with zero-mean flow, using a continuous stream of droplets
as the pulsatile power source. The passage of each droplet produces an oscillatory flow in an orthogonal channel that we
use to periodically force an interface between two non-miscible fluids. A detailed analysis of the dynamics of the pulsatile
fluid interface revealed that its dynamics is dominated by a single oscillatory mode with precisely the same frequency of the
passing droplets. As the droplets were formed by syringe-pump-driven flows of water and oil and because their frequency
production can be easily controlled, it was possible to impose specific oscillatory frequencies to the fluid interface. By study-
ing the interface movement, we propose a simple way to estimate the pressure drop caused by the flow of each droplet. This
work represents a new way to produce pulsatile flow employing only continuous flows and it is an example of a microfluidic
functional device that requires minimal external equipment for functioning.

Keywords Pulsatile flow - Droplet pressure drop - Microfluidic actuation - Microfluidic droplets - Oscillatory motion -
Interface dynamics

1 Introduction

Oscillatory or pulsatile flow in microfluidics is normally
referred to a fluid movement in which the flow direction
changes cyclically back and forth, giving a zero-mean net
mass transfer over each cycle. In microfluidics, oscillatory
flow (also known as reciprocating flow) has found many
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applications. It has been employed to increase the efficiency
of liquid—liquid extraction of organic compounds (Xie et al.
2015; Lestari et al. 2016), promote the mixture of paral-
lel water streams (Tabeling et al. 2004; Wang et al. 2011),
align anisotropic particles (Alizadehgiashi et al. 2018), study
DNA elongation (Jo et al. 2009) and carry out chemical
reactions in multiphase flow (Abolhasani and Jensen 2016).
Oscillatory flows are also being studied as cooling agents in
micro-scale heat transfer devices for modern electronics and
photonic systems (Qu et al. 2017).

There are different strategies for imposing oscillatory
flows in microchannels. The most common is the use of
programmable syringe pumps with infusion/withdrawal
capabilities (Jo et al. 2009; Lestari et al. 2016; Alizade-
hgiashi et al. 2018). It is also possible to apply alternating
pressure gradients at the two ends of a channel employing
electromagnetic valves (Abolhasani and Jensen 2016). Other
options are to work with piezoelectric actuators to impose
distinct ranges of oscillating frequencies to the fluids (Xie
et al. 2015; Vazquez-Vergara et al. 2017), the use of air bub-
bles controlled by a high-resolution stepper-motor (Khosh-
manesh et al. 2015) or by microheaters (Wang et al. 2011),
and the use of electroosmotic pumps (Bengtsson et al. 2018).
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In all the previous examples, the fluid oscillation inside
the device requires external apparatus and electronics for
actuation. This reduces the portability of the microchips
and increases the operation cost. Having microfluidic
devices with a minimum or without external mechanical or
electronic actuators is the aim of an increasing number of
research papers looking for independent devices capable of
performing complex operations in flow delivery and con-
trol (Leslie et al. 2009; Mosadegh et al. 2010; Duncan et al.
2013; Kim et al. 2015, 2018; Zhang et al. 2017; Wang et al.
2018).

Here, we designed and characterized a simple microflu-
idic chip that evades the use of piezoelectrics, valves or other
mechanical motors to generate pulsatile fluid motion with
zero-mean flow in microfluidic devices. Our chip employs
a moving train of droplets to generate a pulsatile driving
pressure that can be used, in turn, to pulsate a fluid—fluid
interface in a perpendicular channel. The droplets were
formed by continuous syringe-pump-driven flows of water
and oil and, because their frequency production and size can
be significantly controlled (Garstecki et al. 2006; Jose and
Cubaud 2014; Lignel et al. 2017), it was possible to impose
specific oscillatory frequencies to the fluid interface. We
characterized the dynamics of the periodic interfacial move-
ment by following the position of the liquid—liquid interface
and found that a single oscillatory mode correlates precisely
with the droplet frequency, demonstrating the possibility of
imposing an oscillatory forcing solely with hydrodynamic
elements. Also, by studying the interface movement we pro-
pose a simple way to estimate the pressure drop caused by
the flow of each droplet. Finally, we discuss briefly possible
applications for our microfluidic device.

2 Experimental design

2.1 Design and operation principles
of the microfluidic device

A flow-focusing design was chosen to generate water-in-oil
microdroplets that traveled through a straight 9.0-mm-long
channel until its exit (Fig. 1, panels 1, 2). A perpendicular
channel, partially filled with oil and an oil-immiscible fluid
(water in this work), intersects the droplet channel at half its
length forming a T-junction. In this perpendicular channel,
the liquid-liquid interface, whose dynamics will be studied,
is near the T-junction (Fig. 1, panel 3).

The pressure along the microfluidic channel transporting
the water droplets does not follow a simple linear decay (cor-
responding to a single-phase flow with a constant gradient),
but it has discrete steps imposed over the linear decay due to
the droplet’s presence (Baroud et al. 2010). Each time a droplet
passes by the T-junction, it generates a pulsatile pressure that
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Fig.1 Above: Schematic diagram of the microfluidic device made
from polydimethylsiloxane (PDMS). Below: Panel 1: Optical micro-
scope image showing the water droplet formation at the flow-focusing
configuration. Panel 2: Optical microscope image of droplets trave-
ling through the channel. Panel 3: Optical microscope image of the
perpendicular channel with a fluid—fluid interface. Scale bar: 175 pm

is transduced in an observable oscillatory movement of the
interface. The droplet frequency can be fine-tuned by modi-
fying the water and oil flow rates, giving the opportunity to
impose different forcing frequencies to the interface. To keep
the interface oscillating roughly at the same average position
for each frequency, the inlet of the perpendicular channel was
connected to a fluid column of adjustable height (Fig. 1). The
hydrostatic pressure imposed by this liquid column compen-
sates the fluid pressure at the T-junction to have the same aver-
age pressure at both sides of the interface channel.

Figure 2 shows the experimental fluid pressure at the base
of the liquid column, AP, at various total flow rates, Q,, in the
droplet microchannel (black squares). The total flow rate, Q,,
is the sum of oil and water flows (Q,,=Q,,,+ 0,,) and the fluid
pressure was calculated as

AP=p-g-H, (1)
where p is the water density, g the acceleration of grav-
ity and H the height of the liquid column relative to the
microchannel.

Also, in Fig. 2 we present, for reference, the pressure drop
calculated for a single-phase laminar flow of mineral oil at the
T-junction as a function of total flow:

AP =Q, Ry, 2
where Ry, is the hydraulic resistance, which was calculated
considering two different geometries of the cross-sectional
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Fig.2 Pressure of water at the perpendicular microchannel deter-
mined from the height of the fluid column (Eq. 1) against the total
flow (oil 4+ water) in the microchannel containing the droplets (black
squares). Calculated pressure drop of a single-phase flow of mineral
oil (continuous phase) in a rectangular cross-sectional microchannel
using Eqgs. (2) and (3) (solid line) or with a parallel plate model using
Egs. (2) and (4) (dashed line)

area of the channel. The first one (Eq. 3) is for a fluid in
a rigid channel with a rectangular cross-sectional area of
width, W, larger than its height, 7 (W > h) (Bruus 2008):

R - (12;10)( 1 > 3
H=\ ww )\ 1-063h/W))’ 3

where D is the distance from the flow-focusing point to the
T-junction (D=4.5 mm) and 7 is the dynamic viscosity of
the mineral oil employed (=56 mPa s).

The second hydraulic resistance is for a fluid between
two rigid parallel plates, valid when W >> h (Bruus 2008):

12D

Ry = (#) )

Figure 2 shows that at low flow rates, the experimen-
tal pressure approximates well to the one calculated with
Ry, for a rectangular cross-sectional area (W > h). This is
expected because the microchannel used in the experiments
has an aspect ratio W/h=2.1. However, at high flow rates,
the experimental pressure deviates from this model and lies
above the parallel plate prediction. The same qualitative
results have been obtained in experiments of pressure drop
as a function of flow rate in rectangular PDMS channels
with W/h ratios of 2.1 (Cheung et al. 2012). These findings
were well explained based on the deformation of the elastic
PDMS walls at higher flow rates. Experimentally, the deflec-
tion of PDMS channels has been verified and measured by
different research groups with distinct techniques (see for
example: Kang et al. 2014; Raj and Sen 2016).

Although there are different analytical models to describe
the pressure drop caused by a train of droplets in a micro-
channel (Bordbar et al. 2018; L.adosz and von Rohr 2018),
it was difficult to make a good fit between our experimental
data and the predicted values (see Online Resource 1). This
is because the models are optimized for very specific chan-
nel geometries and flow regimes, which limits their agree-
ment with experimental values.

Based on the pressure result obtained from the liquid col-
umn at different flow rates, we consider that they reflect with
a good approximation the average pressure at the T-junction
(at the opposite extreme of the interface channel). Though,
to account for the pressure jump caused by the pass of each
droplet it is necessary to measure the interface movement as
explained in Sects. 2.3 and 3.2.

2.2 Droplet characterization

We produced water-in-oil droplets at different flow rates of
oil (Q,) and water (Q,,), maintaining the flow ratio equal to
one (Q,/Q,,=1) in all the experiments. Under this condi-
tion, the droplet capillary number Ca=#-V/y (where 7 is the
dynamic viscosity of the mineral oil, V is the droplet veloc-
ity and y is the interfacial tension between water and oil-
containing surfactant) increased linearly with the total flow
0,=0,+0,, (Fig. 3a). The droplet angular frequency, @,
calculated from the number of droplets passing close to the
T-junction per unit time as w,=2a/T, where T is the average
time between droplets, also follows a linear increase with
total flow (Fig. 3b), demonstrating a simple way to change
the pulsatile forcing frequency over the interface.

Figure 4 shows the reduction of three characteris-
tic lengths of the droplets as the capillary number Ca
increases. Figure 4a shows the droplet width, w. We can
see that when Ca < 0.3, the droplet width occupies almost
the whole channel leaving only a thin lubrication film of
oil between the microfluidic droplets and the PDMS walls
(Chen et al. 2015; Bordbar et al. 2018). As Ca increases,
the droplet width diminishes and the oil lubrication film
becomes thicker (it is actually visible). The droplet length,
L, and the distance between droplets, d, are shown in
Fig. 4b, c, respectively. Both quantities decrease mono-
tonically with Ca, resulting in an increment in the total
number of droplets in the channel from seven to twelve
(three to six in the first half of the channel before the
T-junction). Droplet size reduction as Ca increases has
been well documented in the literature (Vanapalli et al.
2009; Sajeesh et al. 2014; Jakiela 2016) and can poten-
tially modify the hydrodynamic resistance of droplets and
affect the pulsatile pressure in the T-junction. To consider
this potential change, we calculated the ratio between
droplet length, L, and droplet width, w, (L/w), as it is one
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of the most important parameters for the hydrodynamic
droplet resistance (Vanapalli et al. 2009; Sajeesh et al.
2014; Jakiela 2016). For the interval of capillary number
studied here, the (L/w) of the droplets changed from 4.3 to
2.7 (see Fig. 4d). In this range of L/w ratios, the hydraulic
resistance of the droplets is at its maximum and does not
change considerably (~ 10%) (Vanapalli et al. 2009; Jakiela
2016). This suggests that each of the passing droplets will
cause pressure fluctuations of approximately the same
magnitude in the range of flows studied.
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2.3 Interface characterization

By performing a detailed image analysis of the droplets
crossing the T-junction together with the interface move-
ment, we determined that each passing droplet generates one
cycle of oscillatory movement of the interface (Fig. 5). We
also noted that, in general, the lowest position of the inter-
face (farthest from the T-junction) during an oscillation was
observed when the oil plug between two droplets was cross-
ing the T-junction. Meanwhile, the highest position of the
interface (closest to the T-junction) in a cycle was recorded
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Fig.5 a-i Sequential images of two droplets crossing the T-junction
(Q,,=200 pL/h; w, =20.3 rad/s). The lowest position of the interface
was recorded when a plug of oil between two droplets was crossing

when roughly between half and two-thirds of each droplet
had crossed the T-junction.

An example of the raw data of the interface position as
a function of time, A(?), after many droplets have traveled
through the upper channel is shown in blue in Fig. 6a. The
position of the interface was obtained from video image
analysis and the T-junction was arbitrarily used as the ori-
gin. The interface oscillates with the passage of droplets,
while having a net displacement that moves it closer or away
from the T-junction at different times. It is likely that this
displacement has its origin in the step motors of the syringe
pumps employed, which have low-frequency flow fluctua-
tions (Kalantarifard et al. 2018). Another probable source of
fluctuations could be related to the small deformations of the
PDMS channel walls—giving a wavelength of the order of
the channel length—induced by the flow (Raj and Sen 2016).
As we were interested on the interface movement imposed
by the microdroplets, we subtracted the low-frequency trend
(pink line in Fig. 6a) from the raw data and obtained the
dynamics of the interface position as a function of time,
h*(t), (Fig. 6b). Fourier transform of the data allowed us
to obtain the interface position in frequency domain, 7*(w)
(shown in Fig. 6¢). The signal obtained in Fourier domain is
typical of a dynamics dominated by a single Fourier mode
that includes its harmonics. The frequency of the main peak
indicates the dominant mode of oscillation of the interface,
and from now on in the manuscript it is denoted as w;. Also,

t(s) 115

the T-junction (a, e, i). Below it is shown the position of the interface
as a function of time for two cycles. The T-junction was arbitrarily
used as the origin

the peak height in Fig. 6¢ corresponds to half the amplitude
of the interface oscillation. Figure 6d shows the interface
frequency vs. the droplet frequency, as well as a straight
line with slope, m = 1. The results mean that the interface
and droplet frequencies correlate very closely and that the
interface is following the dynamics imposed by the stream
of droplets. In more general terms, we could say that the
stream of droplets imposes the pulsatile driving force that
determines the interface dynamics.

3 Results and discussion
3.1 Interface dynamics

In Fig. 7a, we show the time average of the interface posi-
tion, (h(t)),, for each of the dominant frequencies of the
interface. We observe that the average position of the
interface in the microchannel is basically independent of
its oscillation frequency. By doing a numerical deriva-
tive point by point of the h(z) raw data, we obtained the
instantaneous velocity of the interface, v, as a function
of time. An example of the data is depicted in Fig. 7b,
which was built from the raw data presented in blue in
Fig. 6a. In Fig. 7c, we show the time average of the veloc-
ity, {v( t)),, for each interface frequency. These average
values are scattered around zero. Positive and negative
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values indicate that the global displacement of the inter-
face is toward the T-junction or away from it, respectively.
However, no global tendency as a function of frequency
is observed.

To isolate the movement of the interface caused only by
the droplet passage, we calculated the interface velocity v¥(z)
using the interface position data after removing the global
displacement i *(z) (see Fig. 6b). In Fig. 8a, we present v¥(t)
for three different frequencies, showing that the dispersion
of velocities increases with frequency. We considered the
standard deviation of the velocity data, o,, as an approxi-
mated value of the amplitude of the velocity for each fre-
quency. These results are shown in Fig. 8b, where it can be
observed that the amplitude of the velocity increases as a
function of frequency. A power regression of the data shows
that 6, ~ a)?'58 (Fig. 8b). The average velocity values (v( t)),
for each frequency are scattered around zero (Fig. 8c) as
those obtained with the raw data (Fig. 7c). However, the
values here are much smaller because the global displace-
ment has been removed.

In Fig. 9a, we show the amplitude of the dominant mode
of the interface position as a function of frequency. This
one was obtained from the peak of the interface position in
frequency domain, as explained in Sect. 2.3. We can observe
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that the overall tendency is a slight reduction of the oscilla-
tion amplitude with frequency.

A characteristic velocity of the interface could be
obtained by multiplying the amplitude of the dominant mode
by its frequency: v, = amplitude * @;. Figure 9b shows
this characteristic velocity as a function of frequency. The
visual similarity with data from Fig. 8b is clear.

To estimate how close the interface movement is to the
dynamics of a single mode, we plot the ratio v, ,./0,+ in
Fig. 10. A ratio close to one indicates that the interface
dynamics has basically one Fourier mode, while a ratio dif-
ferent from one indicates that the interface has a more com-
plex dynamics. We can see that despite the scattering of the
data around a value of one, there is basically no tendency as
a function of frequency.

3.2 Pressure drop of moving droplets

An interesting feature of our device is that it is possible to
estimate variations of pressure due to the pass of a single
moving droplet employing our acquired interface velocity
data. For low-frequency movements, we can write the rela-
tion between pressure drop in the interface microchannel
and velocity as
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Fig.7 a Time average of the interface position in the microchan-
nel, {h(t)), as a function of the interface frequency, w,. b Interface
velocity as a function of time from the raw data presented in blue in
Fig. 6a. ¢ Time average of the interface velocity, {v(z)),, as a function
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AP(t) = v(t)-A- Ry, 5)
where v(f) is the instantaneous velocity of the interface, A
is the cross-sectional area of the interface channel and Ry
its hydraulic resistance. In this way, variations in pressure
are linearly related to variations in velocity. To compute the
hydraulic resistance (Eq. 3), we use the dimensions of the
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velocity data, o,«, as an approximated value of the amplitude of the
velocity, as a function of the interface frequency, w;. A power regres-
sion of the data indicates that 6, ~®?®. ¢ Time average velocity val-
ues, (v*(t)),, for each of the driving frequencies, w;

@ Springer



64 Page8of11

Microfluidics and Nanofluidics (2019) 23:64

A 14
12+ .
10—. °

~

Amplitude (um)

N
)

0
100 150 200

o
[4)]
o

w;(rad/s)

o]

1400

1200 -
1000 -
800 -
600 -

Veharact (1M/S)

400 -
200 -

100 150 200
w; (rad/s)

o
(4]
o

Fig. 9 a Amplitude of the dominant mode of the interface position as
a function of frequency, m;. A power regression of the data indicates
that the amplitude ~w; %%, b Characteristic velocity of the interface,
calculated as v,,...=Amplitude * @; for each of the frequencies, ;.
A power regression of the data indicates that v, ~ @

1.8 -
1.6 1
1.4
1.2
1.0
0.8
0.6 -
0.4 -
0.2 4

0.0 F—
100 150 200

w; (rad/s)

Veharact/ Oy
°
°
Y
fled

o
[42]
o

Fig. 10 Ratio v ,,.../0,~ as a function of frequency

@ Springer

interface channel and an effective viscosity for the fluids
inside this channel defined as

Nett = Xm,0Mu,0 + Xoilloils

where yy o and y,; are the volumetric fractions that water
and oil occupy in the channel, respectively. Using the data
presented in Figs. 7a and 8b as well as Egs. (3) and (5),
we calculated variations of pressure at the interface channel
generated by the passing of droplets and found values in the
range (40-350) Pas. Because the interface channel and the
channel with droplets have different dimensions (the width
of the interface channel is 0.42-fold the width of the droplet
channel), the variation in the pressure caused by the pas-
sage of a droplet in each of these channels is different. From
Eq. (2) written for each of the channels and equating the
flow caused by the passage of a single droplet in them, the
following relationship is obtained:
AP, = @APZ,

Ry

where subscript 1 refers to the channel of the droplets and
subscript 2 to the channel of the interface. With this expres-
sion, we calculate the variation in the pressure caused by the
passage of a single droplet in the droplet channel. We found
values in the range 8—50 Pascals (blue circles in Fig. 11),
which have a very good agreement with the range obtained
[(8—65) Pas, orange triangles in Fig. 11] by employing the
droplet hydrodynamic resistance model proposed by Sajeesh
et al. (2014) (for details, see Online Resource 2).
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Fig. 11 Pressure drop generated by a single droplet in the droplet
channel calculated from the interface movement (blue circles) or cal-
culated with the droplet hydrodynamic resistance model proposed by
Sajeesh et al. (2014) (orange triangles)
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4 Conclusions

We designed a microfluidic device that generates a pulsa-
tile pressure gradient without any electric or mechanical
parts. As a proof of concept, it was employed to move
periodically a fluid—fluid interface. Our device is based in
a continuous stream of droplets that produces an oscilla-
tory flow in an orthogonal channel. As the interface fre-
quency matches precisely and with a dominant mode the
frequency of the droplets, it can be easily fine-tuned by
changing the flow rate of water and oil used to form the
droplets. Besides, there are a vast number of variables that
can be exploited to modify the pressure drop exerted by
each passing droplet: droplet length and width, viscosity
ratio between continuous and dispersed phases, droplet
velocity, interfacial tension and even the presence of other
droplets (Vanapalli et al. 2009; Sajeesh et al. 2014; Jakiela
2016). This richness in conditions could be harnessed to
expand the possibilities of controlling a pulsatile flow with
increased sensitivity. Additionally, the interface velocity
data were used to estimate the pressure drop (8-50 Pa)
caused by a single moving droplet in a rectangular channel
solely with image analysis of the micrographs. Reduction
of the sources of noise (e.g., using pressure pumps or soft
elastomeric tubing for off-chip connections as in Kalan-
tarifard et al. 2018) could in the future give more detailed
information about the pressure of the continuous phase
between droplets or at different parts of long droplets.
The construction of the single-layer-PDMS device used
in this work is straightforward and its operation needs only
two syringe or pressure pumps. Compared to other simple
systems that use only syringe pumps to impose oscillatory
movements, the frequency range of our device is at least
30- to 300-fold higher (3—-34 Hz) than the syringe pumps
that normally switch flow direction slowly (0.1-1 Hz) (Jo
et al. 2009; Lestari et al. 2016; Alizadehgiashi et al. 2018).
However, the oscillatory amplitude and pressure exerted
by a syringe pump in a channel could be very high (several
centimeters and 10°-10° Pa) giving typical flow velocities
from 102 to 10° pm/s (Jo et al. 2009; Lestari et al. 2016;
Alizadehgiashi et al. 2018). In contrast, the amplitudes
and flow velocities exerted by our device are very modest
(2-12 pm and 100-1200 pm/s), but comparable to those
obtained with piezoelectric actuated devices (5-20 pum;
10°-10° pm/s) (Xie et al. 2015; Vazquez-Vergara et al.
2017). Based on these characteristics, the operating prin-
ciple of our device could be used for mixing two or more
fluids traveling in laminar flow by intersecting them with
a perpendicular oscillating flow (Tabeling et al. 2004).
Another possible application might be the extraction of
organic compounds using the proposed pulsatile move-
ment (Xie et al. 2015). Also, as the oscillatory driving

force of our microfluidic device is only controlled by
hydrodynamic elements, it could be coupled to other
functional microfluidic circuits that work under the same
principle. For instance, to fluidic capacitors (Leslie et al.
2009), which exert flow control in fluidic networks in
accordance with the oscillating frequency at which they
are excited.

5 Materials and methods
5.1 Fabrication of microfluidic devices

The microfluidic devices were built in PDMS by soft
lithography (McDonald et al. 2000). A mould of SU-8
resist was fabricated and covered with PDMS base (Syl-
gard 184 silicone elastomer kit; Dow Corning Corp.)
mixed with curing agent to a final concentration of 9%
(w/w). After several hours of cross-linking at 65 °C, the
PDMS was peeled off and the input and output ports were
punched. The structured side of the PDMS was bonded
against another flat slab of PDMS (0.9 cm thick) by oxy-
gen plasma. The PDMS devices were incubated at least
48 h at 65 °C to ensure hydrophobicity after sealing. The
flow-focusing geometry and the droplet transport channel
had a rectangular geometry of 175 pm width and 83 pm
height. The perpendicular channel for the oil-immiscible
fluid had 73 pm width and 83 pm height.

5.2 Fluids

Pure deionized water (Millipore, density p =998 kg m™>
and dynamic viscosity #=0.933 mPa s at 23 °C) and
mineral oil (Reactivos y Productos, Mexico, density
p =850 kg m~> and dynamic viscosity =56 mPa s at
23 °C) containing 1.8% w/w of Span 80 (Sigma-Aldrich)
were used for droplet production. The interfacial tension
vy of these two liquids is 3.1 mN/m (Zhou et al. 2013). The
ratio of water flow rate (Q,,) and oil flow rate (Q,) was
kept constant through all experiments and was equal to one
(Q,/Q,,=1). The fluids for droplet formation were pumped
into the device using syringe pumps (NE-1002X, New Era)
and PTFE tubing (0.56 mm ID). The oil-immiscible fluid
in the perpendicular channel was pure deionized water and
was placed in an open syringe (atmospheric pressure) and
introduced into the microfluidic device by gravity using
rigid PTFE tubing (0.56 mm ID). A millimetric scale was
used to determine the height of the column to calculate
the hydrostatic pressure. The column height was adjusted
such as the liquid—liquid interface lain between 360 and
1320 um from the T-junction.
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5.3 Imaging and data acquisition

An inverted microscope (DM IL LED, Leica) with a 10X or
20x objective (Leica) was coupled to a high-speed camera
(Phantom Miro M110, Vision Research) and used to acquire
high-speed videos at the T-junction of the microfluidic
device. At this place, the passing droplets and the moving
interface could be simultaneously captured. An analysis of
the droplet channel allowed us to measure the droplet width,
length, distance between droplets and the number of droplets
per unit time from which we obtain the droplet frequency.
The images of the pulsating interface were evaluated with a
video-analysis software (Brown 2016) to obtain its position
as a function of time. By comparing frame by frame the
motion of the interface and the passing of droplets near the
T-junction, we concluded that each passing droplet generates
exactly one cycle of oscillation of the interface.
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