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Abstract We report the production of droplet groups
with a controlled number of drops in a microfluidic
electro-flow focusing device under the action of an AC
electric field. This regime appears for moderate voltages
(500-700 V peak-to-peak) and signal frequencies bet-
ween 25 and 100 Hz, much smaller than the droplet
production rate (~ 500 Hz). For this experimental con-
ditions the production frequency of a droplet package is
twice the signal frequency. Since the continuous phase
flow in the microchannel is a Hagen-Poiseuille flow, the
smaller droplets of a group move faster than the bigger
ones leading to droplet clustering downstream.

Keywords AC electric field - flow focusing - micro-
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1 Introduction

The accurate control of the volume and number of bub-
bles and droplets has many practical applications as,
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for example, in the chemical engineering, advanced ma-
terials science and biological fields (Song et al., 2006;
Burns and Ramshaw, 2001; Xu et al., 2005; Garstecki
et al., 2006; Ma et al., 2017; Belloul et al., 2013; Churski
et al., 2012; Frenz et al., 2008). Droplet generation met-
hods can be classified as passive or active, depending
on the use of external actuation (Zhu and Wang, 2017).

Techniques such as cross-flow, co-flow, flow-focusing (Ganan-

Calvo, 1998), and step emulsification are grouped as
passive. The active techniques encompass the use of
electric, magnetic, or centrifugal fields, just to name a
few. External forces are not only used to generate dro-
plets (Gu et al., 2008; Ganan-Calvo et al., 2006), but
also to manipulate them downstream as, for example,
droplet coalescence, splitting and mixing (Ray et al.,
2017; Budden et al., 2013; Chokkalingam et al., 2014).
Droplet cluster formation has been achieved using pas-
sive methods with a potential to serve as building blocks
for new materials (Shen et al., 2016).

In this work, we generate drop clusters by combining
a passive technique to produce droplets and an ac-
tive one to modulate the droplet size within clusters.
The former is achieved with a planar microfluidic flow-
focusing junction (Anna et al., 2003), whereas the lat-
ter is accomplished by the application of an AC elec-
tric field. The advantages of using an electric field are
that control is almost instantaneous and the features of
drop production might be changed without altering the
flow parameters (flow rate, viscosity, surface tension,
etc). Furthermore, the production of droplets packa-
ges is not possible without the application of an ex-
ternal field. Droplet size modulation in a flow-focusing
geometry has been demonstrated by using an electri-
cal signal of triangular shape at a frequency of 10 Hz
(He et al., 2010). In order to produce different groups
of droplets we employ sinusoidal signals with frequen-
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Fig. 1 a) Cross-section of the device at the level of the outlet
microchannel (w = 100 pm, h = 35 um). b) Sketch of a mi-
crofluidic electro-flow focusing device under an AC electric
field. The electrodes are in black and the dispersed phase in
blue.

cies ranging from 25 to 100 Hz and moderate volta-
ges (500-700 V peak-to-peak). Clustering of droplets
is carried out downstream by size-dependent velocity
dispersion in the microchannel. AC electro-flow focu-
sing devices have been previously used to control the
production of droplets (Tan et al., 2014) and long jets
(Castro-Herndndez et al., 2015, 2016). In these works,
the signal frequency was greater than the production
droplet rate. Also, the existence of an unstable droplet
generation regime was reported for values of the signal
frequency below a threshold and sufficient voltage am-
plitude.

Here, we have found a new regime where generation of
droplet groups with a different drop number is observed.

2 Experimental setup

Soft lithography techniques are used to fabricate a mi-
crofluidic electro-flow focusing device by replica mol-
ding in polydimethylsiloxane (PDMS, Dow Corning, re-
lative permittivity &, ppms = 2.5). Figure 1 shows a
schematic view of the device with a rectangular cross-
section w = 100 yum wide and h = 35 um tall. Two sets
of electrodes are patterned on both sides of the junction
and they are produced using the microsolidics techni-
que (Siegel et al., 2006). The PDMS device is plasma
bonded to a glass slide. A water-in-oil (W/O) emulsion
is produced by focusing an inner aqueous stream (dis-
persed phase) with two outer oil streams (continuous
phase). The inner and outer flow rates, @; and @, res-
pectively, are controlled by means of a double syringe
pump (Model 33, Harvard Apparatus) and for all our

experiments they are fixed to @; = 50 ul/h and Q, =
400 pl/h. The dispersed phases are aqueous solutions of
KClI in Milli-Q water with viscosity n; = 1cP and elec-
trical conductivities k = 3x107*S/m, k = 3x1073S/m
and k = 3 x 1072S/m. The continuous phase is mi-
neral oil (RTM14, Sigma Aldrich) with a viscosity of
7o = 100 cP. The relative permittivity of mineral oil is
€r,o = 2.1 and its electrical conductivity is negligible
(ko < 1071% S/m), being considered from now on as
a perfect insulator. A 5% (w/w) of a non-ionic surfac-
tant (Span 80, Sigma Aldrich) is added to the conti-
nuous phase lowering the surface tension of the liquid
to liquid interface from o = 40mN/m to 0 = 5mN/m,
being this value independent of the KCl concentration
(Tan et al., 2014).

The high-voltage is applied to the downstream pair of
electrodes while the others are grounded, which guaran-
tees that the incoming liquid has zero potential (Castro-
Herndndez et al., 2015, 2016). As a consequence, there
is an applied AC potential difference between this inco-
ming liquid and the downstream electrodes. A sinusoi-
dal voltage with frequencies varying from f = 1Hz to
f =1000Hz (TGA1244, TTi) is amplified from V,, =
0V to Vpp = 1000V (PZD700A, Trek). The microflui-
dic device is placed on an inverted microscope (Eclipse
Ti-U, Nikon) connected to a high-speed camera (Phan-
tom v7.3) with a resolution of 800 x 256 px? when ope-
rated at an acquisition rate of 10 fps.

3 Results and discussion

Figure 2 depicts the effect of decreasing the signal fre-
quency on the number of droplets per group for a gi-
ven water conductivity (k = 3 x 107*S/m) and voltage
amplitude (V,p = 650V). The number of droplets per
group was determined by visual inspection of the vi-
deos. We performed two sets of experiments: (i) Star-
ting from zero frequency and increasing the signal fre-
quency; (ii) Starting from 100 Hz and decreasing the
signal frequency. In both cases we found the same dro-
plet groups, confirming the reproducibility and the ab-
sence of hysteresis. A greater number of droplets per
group is found for smaller frequencies, and a package of
N =10 is obtained when f = 25 Hz. Reducing the sig-
nal frequency below this value, produces groups with a
higher number of drops and an extent that exceeds the
channel length. Figure 2 also shows that for f = 90Hz
the drop number is N = 2 while for f = 65Hz the
drop number is N = 3. For intermediate frequencies
(65—90 Hz) groups of 2 and 3 droplets are alternatively
produced. Such an intermittent production of droplet
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Fig. 2 Series of images showing droplet groups with a dif-
ferent drop number, N, for Q; = 50 ul/h, Qo = 400 ul/h,
No = 100cP, k = 3 x 1074S/m and Vpp = 650V: a)f =
90Hz, N = 2; b)f = 65Hz, N = 3; ¢)f = 47Hz, N = 4;
d)f = 40Hz, N = 5; e)f = 35Hz, N = 6; f)f = 30Hz,
N =7;g)f =25Hz, N = 10.

groups have been noticed for all in-between signal fre-
quencies. This multi-drop regime is observed for voltage
amplitudes between V,,, = 500V and V,, = 700V and
signal frequencies between f = 25Hz and f = 100 Hz.
For moderate values of the voltage and signal frequen-
cies above f = 100 Hz the unstable regime appears and
with further increment a jet is observed (Tan et al.,
2014; Castro-Hernandez et al., 2015, 2016). For V,, >
700V the unstable regime is present for all tested fre-
quencies, while for V,, < 500V drop diameters in a
group are more uniform. For fixed inner and outer flow
rates, the droplet production rate is nearly constant
farop ~ 500Hz, only slightly dependent on signal fre-
quency. The same trends are found for all tested water
conductivities (0.3,3 and 30mS/m). Nevertheless, the
number of droplets per group is less clear for the two
highest water conductivities, presumably, because the
unstable regime is more pronounced for those values. In
order to check the similarity between droplet packages,
we measured the drop sizes and compared them. We
analyzed 1000 images for each experimental condition
by using an image processing code in MATLAB. From
this analysis we obtained the droplet size and calcu-
late the polydispersity index (PDI) as in the following
example: In the experimental conditions shown in Fi-
gure 2a), i.e. packages with two droplets, we obtain a
PDI around 5% for the larger drops; and for the smaller
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Fig. 3 Droplet radius versus relative droplet number in a
package, n; /N, for Q; = 50 ul/h, Qo = 400 pul/h, no = 100cP,
k=3x10"%S/m and Vpp = 650 V.

drops PDI is around 11%. For all experimental condi-
tions we obtained a PDI below 14%.

Figure 3 depicts the droplet radius as a function of
the relative droplet number in a package, n;/N, where
n; labels the droplet in the sequence of a group and N
is the number of droplets per group. In this figure, no-
tice that n;/N = 0 is equivalent to n;/N = 1 due to the
periodicity of droplet production. As discussed below,
large droplets are produced when the signal amplitude
reaches a value around zero and their size is mainly de-
termined by the microchannel dimensions. On the other
hand, the size of smaller droplets is given by the com-
petition between electrical and capillary pressures. For
the signal frequencies of this work, the meniscus should
be an equipotential (at zero potential as the upstream
electrodes). The charge relaxation time of our water
solutions is of the order of ¢/k ~ 107% s. This time
is much shorter than the signal period (of the order
of 0.01 s) and than the droplet breakup time (estima-
ted from experiments as 1/ fgrop = 1/500 s). Therefore,
there is enough time for charge to relax and to make
the meniscus surface equipotential. The electrical stress
on the surface is normal (no tangential stress) and gi-
ven by ¢2/2e, where ¢4 is the induced surface charge
density. This induced charge is proportional to the ins-
tantaneous applied voltage, i.e. gs(t) o« Vj cos(wt). The-
refore, the electrical normal stress on the meniscus is

) V¢
BT X o
where we have neglected the effect of the issuing drops.
Otherwise, other terms should be added to the electrical

(1 + cos(2wt)),
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Fig. 4 Group frequency, fgroup, versus signal frequency for
Qi =50 ul/h, Qo = 400 ul/h, no = 100cP, k = 3 x 104 S/m
and different voltages. The inset shows the number of droplets
per group, NN, as a function of voltage amplitudes and signal
frequencies.

pressure. Presumably, this is the case for voltage ampli-
tudes greater than 700 V. Figure 3 also shows that the
drop radius in a group mirrors the oscillating electrical
pressure. The competition between electrical and capi-
llary pressures suggests that smaller drops are detached
for higher electrical pressure while the bigger ones are
detached around zero pressure and voltage. This is in
agreement with experiments using electrical signals of
triangular shape (He et al., 2010).

Figure 4 displays measurements of the group fre-
quency, feroup, versus the applied signal frequency, f,
for kK =3 x 107*S/m and a voltage amplitude between
Vop =500V and V,, = 700 V. The group frequency is
defined as the frequency production of a droplet pac-
kage. The figure also shows that the group frequency
is twice the signal frequency and, thus, the droplet
production rate can be determined as fgrop = 2Nf.
This proves that the droplet groups follow the electri-
cal pressure given by Equation 1, consistently with the
assumption of negligible electrical interaction between
the drops and the meniscus. The inset in Figure 4 shows
that, for our experimental conditions, the droplet num-
ber, N, is independent of the voltage amplitude.

We have also determined the spatial periodicity, A, of
the droplet groups for k = 3x 10~* S/m and V,,, = 650
V. This period is measured as the distance between the
largest drops of two consecutive groups. Figure 5 shows
a linear increase of the spatial periodicity with respect
to the period of the electric forcing, 1/(2f). This seems
to indicate that all groups travel at the same velocity
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Fig. 5 Spatial periodicity versus electric forcing time for
Qi =50 ul/h, Qo = 400 ul/h, no = 100cP, Kk = 3 x 104 S/m
and Vpp, = 650V.

and the spatial periodicity is given by the duration of
the forcing cycle. Thus, we can infer the velocity of the
groups from a linear fit to the data. We have obtained
Vgroup =~ 42 mm/s, between the average and the maxi-
mum velocities within the channel, as shown below.
As the Reynolds number of the continuous phase is
small, the flow in the channels is a Hagen-Poiseuille
flow, with zero velocity at the walls and maximum ve-
locity at the center of the channel. For a total flow rate
of Qo + @i = 450 ul/h and a rectangular channel with
h = 35 pm and w = 100 pm, the maximum flow velocity
is 67.1 mm/s and the average flow velocity is 35.7 mm/s
(Bruus, 2007). As a first approximation, the velocity of
a drop is the average of the flow velocity within the
volume occupied by the drop. Since drops move mainly
along the axis of the channel, the smaller droplets of a
group flow faster than the bigger ones and they assem-
ble downstream of the channel. This phenomenon has
been previously used to produce pairs of droplets with
different sizes (Ahn et al., 2006). In our experiments,
the difference in velocities between the largest and the
smallest drop within a group is ~ 5mm/s, an order
of magnitude smaller than the group velocity. Conse-
quently, in a traveled distance of 1 mm the group shor-
tens around 0.1 mm.

4 Conclusions

In summary, we report the production of droplet groups
with a controlled number of drops in an AC electro-
flow focusing microdevice. This new regime appears for
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moderate values of the voltage amplitude and signal
frequencies much smaller than the droplet production
rate. The production of droplet groups is only possible
with the action of an external field. Also, the number
of droplets per group is controlled by tuning the signal
frequency, and the production rate of droplet packages
is twice the signal frequency. The production of droplet
groups is achieved by electrohydrodynamic means and
droplet clustering is carried out by size-dependent ve-
locity dispersion in the microchannel.
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