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Abstract Electroactuation of liquid-liquid interfaces
offers promising methods to actively modulate droplet
formation in droplet-based microfluidic systems. Here,
flow-focusing junctions are coupled to electrodes to con-
trol droplet production in the well-known jetting re-
gime. In this regime, a convective instability develops
leading to droplet formation at the end of a thin and
uniform, long liquid finger. We show that in AC elec-
tric fields the jet length is a function of both the mag-
nitude of the applied voltage and the electrical para-
meters such as the frequency of the AC field and the
conductivity of the dispersed phase. We explain that de-
pendency using a simple transmission line model along
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the liquid jet. An optimum frequency to maximize the
liquid ligament length is experimentally observed. Such
length simply cannot be obtained by other means un-
der the same operating conditions, in the absence of the
AC signal. At low frequency, we reach a transition from
a well-behaved, uniform jet brought about near the op-
timum frequency to highly unstable liquid structures in
which axisymmetry is lost rather abruptly.

Keywords AC electric field - flow focusing - micro-
fluidics - jet

1 Introduction

Droplet-based microfluidics provides new means to mi-
niaturize and automatize biochemical reactions for ultra-
high throughput screening applications (Miller et al.,
2006; Huebner et al., 2008; Seemann et al., 2012; Guo
et al., 2012). The controlled production and manipu-
lation of monodisperse droplets of well-defined volume
is of key interest to many applications ranging from
diagnostics in emulsion PCR (Pekin et al., 2011) and
cell screening (Agresti et al., 2010; Debs et al., 2012) to
drug screening (Miller et al., 2012). At the core of the
technology lies droplet production. Several systems are
compatible with ultra-high throughput droplet produc-
tion. T-junction (Thorsen et al., 2001), flow-focusing
(Anna and Mayer, 2006), co-flow (Cramer et al., 2004)
and step emulsification (Dangla et al., 2013) geometries
provide a reliable and controllable environment for mo-
nodispersed droplet generation. However, the unceasing
needs for enhanced functionalities and control has dri-
ven the development of alternative methods to actively
control droplet generation. These methods are based
on external perturbation, through thermal (Tan et al.,
2008), magnetic (Nguyen et al., 2006; Tan and Nguyen,
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2011), acoustic (Schmid and Franke, 2013), pneumatic
(Abate et al., 2009) or electrical (Kim et al., 2007; Ma-
lloggi et al., 2008) modulation of the liquid properties.
To date, electrical control has proven to be the most
robust, reliable and rapid mode for microdroplets ac-
tuation in microfluidic devices. Sorting droplets with
electric field is achieved at rates up to 30 kHz in micro-
fluidics (Sciambi and Abate, 2014) and is the central in-
gredient in commercial Fluorescence-Activated cell sor-
ters which function at similar throughputs (Ashcroft
and Lopez, 2000). Electric fields offer promissing rou-
tes to control droplet production. Using the combined
effects of focused forces of hydrodynamic and electri-
cal origin in a direct current (DC) was early propo-
sed by Ganan-Calvo et al. (Ganidn-Calvo, 2002; Gandn-
Calvo, 2007; Ganan-Calvo et al., 2006; Ganan-Calvo
and Lépez-Herrera, 2002) followed by Kim et al. (2007).
The use of an alternating current (AC) by Malloggi
et al. (2008) and Tan et al. (2014b) has provided furt-
her avenues for exploration: well-defined microdroplets
of desired sizes can be manipulated and formed repea-
tedly in the order of milli-seconds or faster, in opera-
ting regimes where the absence of electric fields or the
use of DC ones does not allow that control. Indeed, we
have demonstrated a new method of droplet generation
in microfluidic devices using an AC voltage mediated
electric field (Tan et al., 2014b), where microdroplet
production is electrically controlled in the dripping or
jetting regime (Cubaud and Mason, 2008) depending on
the applied voltage, electrode configuration and physi-
cal properties of the fluids. This method of control has
also been extended to demonstrate reliable droplet ge-
neration and manipulation via a musical interpretation
of droplet based microfluidics (Tan et al., 2014a).

In both DC (Ganédn-Calvo et al., 2006; Kim et al.,
2007) or AC (Tan et al., 2014b) electroflow-focusing, th-
ree different regimes are identified : Dripping, axisym-
metric jetting and unstable regime. The dripping regime
is characterized by the generation of droplets close to
the orifice, within a distance equal to one orifice diame-
ter. In contrast, when jetting occurs, the droplets are
produced at the end of a jet that extends at least th-
ree orifice diameters (Ganan-Calvo, 1998; Anna et al.,
2003). In an AC field the unstable regime is observed
at low values of the frequency field. Here the jet breaks
in a random manner producing polydisperse droplets
and approaching alternatively both PDMS walls wit-
hout any characteristic periodicity. The transitions bet-
ween these regimes are not fully understood although
a qualitative behavior has been identified for the rele-
vant parameters of this problem. If the high-voltage is
applied to the downstream pair of electrodes while the

a)
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Fig. 1 a) Sketch of a microfluidic flow-focusing junction un-
der an AC electric field. The electrodes are in black and the
aqueous phase in grey. b) Cross section of the device at the
level of the downstream electrodes.

others are grounded, the only transition that is obser-
ved is from the jetting to the unstable regimes (Tan
et al., 2014b). This is the configuration that will be
study in this paper.

In this work, we investigate the role of electric field
in the jetting regime. The effect of viscosities of the
continuous phase fluids, applied frequencies and vol-
tages are studied with a focus on the breakup length
of the jet. A minimal model is also proposed to des-
cribe the length of the jet in the corresponding electri-
cal parameters. In addition, the transition between the
axisymmetric jet and the unstable droplet production
has been observed at low frequency and experimentally
characterized.

2 Experimental setup

Soft lithography techniques are used to manufacture a
microfluidic flow-focusing junction by replica molding
in polydimethylsiloxane (PDMS, Dow Corning, rela-
tive permittivity €, ppms = 2.5). Microfluidic channels
in the device are 100 pm wide and 35 pym tall, w and
h respectively in figure 1. Two pairs of electrodes are
patterned around the junction as microfluidic channels
and produced using the microsolidics technique (Siegel
et al., 2006) as described in Tan et al. (2014b). The
spacing between the electrodes and the fluidic chan-
nel is de = 35 pum over a length I, = 2.2mm (figure
1). The PDMS device is plasma bonded to the non-
conductive side of an Indium Tin Oxide glass (ITO,
thickness 1 mm, &, glass = 7.5). The conductive side of
the ITO glass is used as a counter electrode.
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Water-in-oil (W/O) droplets are formed by focusing
an aqueous stream (dispersed phase) with two side oil
streams (continuous phase). The inner and outer vo-
lumetric flow rates, @; and @Q,, are controlled using
a syringe pump (Model 33, Harvard Apparatus). The
dispersed phase is an aqueous solution of NaCl in Milli-
Q water with a viscosity 17; = 1cP and an electrical
conductivity varying between k = 3 x 107%*S/m and
kK = 3 x 1073S/m. The continuous phase is mineral
oil (RTM14, Sigma Aldrich) with a viscosity between
1o = 1cP and 1, = 100 cP. The relative permittivity
of mineral oil is €, = 2.1 and its electrical conducti-
vity is negligible (k, < 10719 S/m), i.e. it is considered
here as a perfect insulator. A 5% (w/w) of a non-ionic
surfactant (Span 80, Sigma Aldrich) is added to the
continuous phase lowering the equilibrium surface ten-
sion of the liquid-liquid interface from ¢ = 40 mN/m to
o = 5mN/m, this value being independent of the NaCl
concentration.

In principle, with the configuration of the three elec-
trodes (upstream pairs, downstream pairs and ITO)
and the two possible connections generates 23 possi-
ble connnections. However, removing the trivial cases
where all electrodes have the same voltage and making
use of symmetries, only three different electrical confi-
gurations remain (Tan et al., 2014b). Here, we focus on
the single case where the high-voltage is applied to the
downstream pair of electrodes, while the others were
grounded. This configuration guarantees that the inco-
ming liquid has zero potential (Tan et al., 2014b). As a
consequence, there is an applied AC potential difference
between the inner liquid emerging from the upstream
electrodes and the downstream electrodes. A sinusoi-
dal voltage with frequencies ranging from f = 1kHz to
f =50kHz (TGA1244, TTi) is amplified from V =0V
to V =1000V (PZD700A, Trek). In the following dis-
cussion, all voltages are peak to peak. The setup is pla-
ced on an inverted microscope (Eclipse Ti-U, Nikon)
connected to a high-speed camera (Phantom v7.3) with
a resolution of 800 x 256 px?> when operated at an ac-
quisition rate of 10? fps. The jet diameter, d;, and jet
length, I;, of at least 100 images are measured via image
processing (Matlab, Mathworks and ImageJ).

3 Experimental results

We perform series of experiments varying the outer vis-
cosities (1, = 1, 10 and 100cP), the inner conductivi-
ties (k = 3 x 1074, 1 x 1072 and 3 x 1072 S/m), the
frequency of the AC field (f = 0 — 50kHz), the inner
to outer flow rate ratio (Q;/Q, = 0.125, 0.25 and 0.5)
and the voltage (V' =0, 250, 750 and 1000 V).

Fig. 2 Series of images showing the effect of increasing the
voltage on the jet length for @Q; = 50 ul/h, Q, = 400 ul/h,
Mo = 10cP, k = 1x1073S/m and f = 40kHz : a)V = 250V}
b)V =750V, ¢)V = 1000V.

Figure 2 shows a series of images for a given flow rate
ratio, water conductivity and an outer fluid viscosity
1, = 10cP.

The frequency is fixed at 40 kHz and, according to pre-
vious results (Tan et al., 2014b), a dripping to jetting
transition is reached when the voltage amplitude in-
creases. A further increase in voltage results in longer
jets and, for n, = 10cP, a jet of 200 um in length
is obtained when the maximum voltage supplied by
the amplifier is applied (1000V). The same qualita-
tive behavior is found for the two other viscosities with
the remarkable observation that, for n, = 100cP, we
observe slender jets and, in some cases, longer than
the channel length (3 mm). An analogous phenomenon
has been reported by some authors without the pre-
sence of an electric field (Gandn-Calvo et al., 2007;
Gandn-Calvo, 2008; Utada et al., 2008; Cubaud and
Mason, 2008; Cordero et al., 2011; Castro-Hernandez
et al., 2012), and explained via more or less elaborated
spatiotemporal stability analyses (Guillot et al., 2007,
2008; Ganan-Calvo, 2008). A remarkable result found
was that an unconditionally stable jetting can be ob-
tained independently of the jet diameter (theoretically,
down to the continuum limit) for asymptotically low
Reynolds numbers when a properly defined Capillary
number Ca* = (n;1,)'/2U;/o is above a certain critical
threshold, being U; the velocity of the continuous phase
surrounding the jet (Gandn-Calvo, 2008) (strictly spea-
king, U; should be the velocity at the jet surface). In
that case, even with liquids begetting very small inner
capillary number Ca; = n;U; /o (e.g. liquid metals like
mercury), one may obtain jets and droplets down to
nanometric size as long as C'a* is above the limit thres-
hold, which so far has been experimentally confirmed
at different instances (Gandn-Calvo et al., 2007; Go-
palan and Katz, 2010). Here, we show that the simple
use of an AC voltage dramatically elongates the jets
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Fig. 3 Series of images showing the effect of decreasing the
frequency field on the jet length for @Q; = 50ul/h, Q, =
400 pl/h, o = 100cP, k = 3 x 10~*S/m and V = 1000 V:
a)V =0V; b)f =50kHz; c)f = 30kHz; d)f = 5kHz; e)f =
3kHz; f)f = 1kHz.

and might provide a technological advantage for manu-
facturing processes where structures with large aspect
ratios are required.

Ancient experience shows that very long jets are ea-
sily obtained when a high viscosity liquid is stretched by
sustained forces of many different origins (Eggers and
Villermaux, 2008). However, as the capillary number of
the developing jet decreases, so does its length in a more
or less drastic fashion, depending on the nature of the
surrounding environment. The available methods to get
thin, very long jets of low viscosity liquids like water vir-
tually reduce to zero when the diameter ranges sought
for decrease down to the micrometric range or below,
unless a sufficiently viscous environment is used. In
this case, experimentally confirmed results from spatio-
temporal stability analyses (Ganan-Calvo et al., 2007;
Gandn-Calvo, 2008) predict convective instability (jet-
ting) down to the molecular length scale if the geo-
metrically averaged capillary number C'a* is above 0.2
(approx.), for n,/m; > 0.1. Thus, for the sake of effi-
ciency, we fix the velocity of the surrounding environ-
ment, keeping the outer flow rate as @, = 400 ul/h in
this study. Assuming that the radial diffusion of mo-
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Fig. 4 Series of images showing the effect of decreasing the
frequency field on the jet length for @Q; = 50ul/h, Q, =
400 pl/h, 9o = 100cP, k = 1 x 1073 S/m and V = 1000 V:
a)V =0V; b)f =50kHz; ¢)f =30kHz; d)f = 10kHz; e)f =
5kHz; f)f = 1kHz.

mentum is rapid (low Reynolds inner liquid flow), one
can reasonably expect that the size and average ve-
locity of the liquid jet will immediately adjust to the
one imposed by the environment and mass conserva-
tion constrains. Given the fixed viscosity of the liquid
jet, m; = 1cP, and the geometrical constrains of our sys-
tem, relatively straightforward numerical resolution of
the resulting unperturbed creeping flow (e.g. see for de-
tails Herrada et al. (2008)) provides Ca* = 0.014, 0.05,
and 0.16 for n, = 1, 10 and 100 cP, respectively. Here,
we assume that the jet occupies the central axis of the
channel, where the outer velocity is slightly over double
of the average one U, = Q,/wh for low Reynolds flow.
Spatiotemporal stability predicts (Herrada et al., 2008)
stable jetting (convectively unstable flow) for the case
Ca* = 0.16 only. Thus, in order to study these long
jets, we focused in experiments with an outer fluid vis-
cosity 1, = 100 cP. Figures 3, 4 and 5 show three series
of images corresponding to 7, = 100 cP and three diffe-
rent conductivities of the dispersed phase. The flow rate
ratio (Q; = 50 ul/h and @, = 400 pul/h) corresponds to
a situation in which jetting occurs even in the absence of
electric field although with smaller jet lengths (Figures
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Fig. 5 Series of images showing the effect of decreasing the

frequency field on the jet length for Q; = 50ul/h, Q, =
400 pl/h, no = 100cP, k = 3 x 1073S/m and V = 1000 V:
a)V =0V; b)f =50kHz; ¢)f = 30kHz; d)f = 10kHz; e) f =
3kHz; f) f = 1kHz.

3a, 4a, ba). AC signals of amplitude V' = 1000V were
applied and, for all conductivities, longer jets are found
as the frequency of the signal was reduced (sequence
from b to e in the figures). For a fixed frequency longer
jets are obtained for liquids with higher conductivities.
Figures 3f, 4f and 5f show that the unstable regime is ob-
served for frequencies low enough (f < fiess >~ 3kHz).
Apparently, this transition frequency to the unstable
regime does not depend much on water conductivity
for n, = 100 cP. This is different from the observations
reported by Tan et al. (2014b), where a transition from
jetting to unstable drop production was found for a fre-
quency which linearly increases with water conductivity
for n, = 30 cP. In the present experiments, the unstable
regime might be a different phenomenon since a long jet
is formed and remains when the instability takes place.
From this moment the jet wets the wall and produ-
ces liquid filaments that eventually break into droplets
of different sizes. A possible reason for the instability
is that the jet at the center of the channel is a situa-
tion potentially unstable. The jet is attracted to both
electrodes, due to the voltage difference with respect
to them, and any nonsymmetrical perturbation can be

amplified if the electric field is high enough. The ap-
pearance of this instability at a certain frequency and
below lacks of a theoretical explanation.

Figure 6 shows the jet length, [;, as a function of
signal frequency for the three water conductivities. The
jet length is measured from the begining of the downs-
tream electrodes. If we plot the dimensional quantities
l; versus f/k, all data points collapse onto a single mas-
ter curve as depicted in the inset of figure 6. The figure
also shows the best-fit curve with power —1/2. This key
clue provided by the experimental data will be confir-
med by theoretical analysis (see section 4).

We have also tested smaller values of the outer flow

rate: Q, = 100 ul/h and @, = 50 ul/h. When the AC
electric field is applied smaller values of /; are obtained,
as expected, and the same trends are found. Interes-
tingly, fimess increases from fiess =~ 3kHz to finess =
9kHz when @, is decreased from @, = 400 ul/h to
Qo =50 ul/h.
Besides, we have performed experiments for outer vis-
cosities n, = 1cP and 7, = 10cP. In these cases in ab-
sence of an electric field the dripping regime takes place,
as predicted by the spatiotemporal stability analysis
(Herrada et al., 2008). With these values of the viscosi-
ties, shorter jets are obtained unless very high values of
the outer velocities are used. As a consequence, these
experiments were not adequate to our study of long
jets. Nevertheless, a relevant behavior was noted: if the
rest of the parameters are fixed (Q;, Q,, %, V and f)
when 1), is decreased fess increases. Particularly, for
the case 1, = 1 cP the unstable regime was always pre-
sent. However, the spatiotemporal stability analysis of
our system in the presence of electric fields (DC or AC)
and a detailed account of the parametrical dependence
of those features is out of the scope of present work and
the object of a subsequent one.

4 Discussion

Let us summarize the main dimensionless numbers in-
volved in this problem. Once the viscosity ratio and
flow rate ratio are fixed, it can be seen from the ta-
ble 1 that the inner and outer Reynolds numbers are
small, which tell us that inertial effects are negligi-
ble as it is usual in these types of geometries. Here
U, = 4Q; /ﬂ'd? is the average velocity of the disper-
sed phase. The electrical Bond number B, is defined as
the time-averaged electrical pressure on the interface
eo,E?, /2 divided by the capillary pressure o /¢, where
{ is a typical radius of curvature. A characteristic value
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Fig. 6 Jet length versus frequency field for different values
of the conductivity for Q; = 50 ul/h, Q, = 400 ul/h, n, =
100cP and V' = 1000 V. The inset shows I; versus f/x.

of the electrical Bond number for the cone-jet transi-
tion is Be cone ~ 0.5, taking as typical cone radius of
curvature £ = 20 um and a characteristic electric field
on the cone surface E,.,s = 3.5x 10° V/m. Since the ra-
dius of the jet is measured experimentally and almost
constant d;/2 = 6.5 um and the electric field on the
surface of the jet is E.ms = 2.3 x 107 V/m (computed
numerically using finite elements), the electrical Bond
number for the jet becomes B, jer ~ 6. This indicates
that in the cone-to-jet transition B, changes by an or-
der of magnitude. While the inner and outer capillary
numbers are below unity, the electrical Bond number
of the jet is much greater, reassuring the fact that the
electric forces are responsible for the formation of such
long jets.

The experiments show that there is a long jet when

Table 1 Values of the dimensionless relevant parameters in-
volved in this problem.

ni/No = 0.01 Qi/Qo =0.125

Reo = poUoh/no ~ 0.01 Rei = pZUld]/Th ~ 0.7

Cao =noUs/o0 >~ 0.5 Ca; =n;U; /o ~0.02

Be,cone = €0E2,,.£/20 ~ 0.5 | Be jot = €0F2,,,d;/40 ~ 6

there is both a high applied voltage and sufficient low

frequency. When either the applied voltage is zero or
the frequency is high, there is a very short jet that
breaks into drops rapidly. Based upon these experimen-
tal facts, we can think that the jet breaks into drops
when the electric field amplitude around the jet tip is
below a certain value. Let us study the voltage diffe-
rence between the jet and the channel electrodes as
a function of distance along the jet. This voltage dif-
ference is maximum at the channel entrance and de-
creases for increasing distance inside the channel. Even-
tually, this voltage difference would be zero when the jet
voltage adapts to the surrounding voltage and we can
think that near this point is when the jet breaks into
drops. We are going to use concepts of transmission
line, or distributed element, theory (Ramo et al., 2008)
applied to a very long jet, ideally infinitely long. This
transmission line model is valid when there is trans-
lational symmetry and the characteristic length along
the line is much greater than the characteristic length in
transverse direction. Let Vj be the potential difference
between the jet and the electrodes at the channel en-
trance (z = 0). The potential drop in the axial direction
along a resistive jet is

dz
KTaQ

oV _
0z

I
Kma?

V(z)=V(z+dz) = 51(2) = (1)
where I(z) is the current intensity carried by the jet at
z, & is the liquid conductivity and a = d;/2 is the jet ra-
dius. From charge conservation, the current intensity at
z is equal to the current at z+dz plus the displacement
current leaving the jet interface
ol
= —— = iwCV 2
% (2)
where C'is the capacitance per unit of length. The equa-
tion that describes the potential is finally

I(z) = I(z + dz) + iwCV (z)

?V  iwC
= 3

022 (3)
with boundary conditions of V/(z = 0) = Vj and V(2 —

00) = 0. Therefore, according to the transmission line
model, the potential along the jet is

Kma?

2km

5=
@ wC

V(z) = Voexp[—(1 +1)z/d], where
(4)

Strictly speaking, when the jet is finite the boun-
dary condition should be zero current at the tip of the
jet (Baret et al., 2005, 2007). However, the penetration
length ¢ is not affected by this choice since it is the cha-
racteristic length scale of the transmission line equation

(3)-
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The capacitance per unit of length C' is here obtai-
ned numerically using the finite element solver COM-
SOL and taking into account the dimensions of our sys-
tem in a cross-section (see Figure 1b). The numerically
obtained value for C'is 5.1 x 107! F/m. The approxi-
mation is valid when § > a, i.e. when the characteristic
axial length is much greater than the transverse length.
For instance, for k = 1072 S/m, a = 6.5 ym, f = 5 kHz,
we get 0 = 410 ym and the condition is fulfilled. This
value of § is of the order of the jet lengths observed
in experiments. Interestingly, J is inversely proportio-
nal to the square root of frequency, in agreement with
the observed trend for jet length with frequency. Figure
7 shows jet length in units of radius a as a function of
nondimensional frequency {2 = wC'/k for the three con-
ductivities, and the functions §/a and 2§/a. As can be
seen, the jet breaks into drops at a distance from the
entrance between § and 2§. Since E2,, is proportional
to |[V|? = V@ exp(—22/6), the electrical Bond number
decreases from a value B je;, ~ 6 at the entrance (z = 0)
to a value Be jet ~ 6 exp(—4) =~ 0.1 when the jet has al-
ready broken into drops (at z = 20). Therefore, the jet
breaks into drops when the electrical pressure is much
smaller than the capillary pressure. It should be noted
that from an electrical point of view, the existence of a
conducting jet inside the downstream channel is favo-
red because it increases the electrical energy stored in
the system, which is at constant potential.

In the model we have performed several approxima-
tions that we now justify. We have neglected the con-
vection of charge by the moving jet interface in front
of the ohmic current through the jet bulk. The ratio
between convection and conduction currents is known
as the electric Reynolds number (Melcher and Taylor,
1969). In our case, the convective current at a certain
axial location is I.on, = 2maqsU;. Here g, is the indu-
ced surface charge on the jet given approximately by
€oF,, with E,, the outer normal electric field. The oh-
mic current along the jet is I, = ma’kE, where E,
is the axial electric field. Therefore, the electric Rey-
nolds number is Ieono/Ionm ~ £0,0U;2/ka?, where we
have taken into account that F,/E, ~ d/a in our mo-
del. For the frequency of the instability (3kHz) and for
the smallest conductivity (0.3 mS/m), the ratio bet-
ween convected and ohmic currents is of the order of
0.05 and we can safely ignore the motion of the jet
when computing the fields. We have also neglected the
displacement current through the jet bulk in front of
the ohmic current. This is valid if e;w/k < 1, which is
the case for the signal frequencies we are dealing with,
giw/k ~4x1073 for f =1 kHz, and k = 1072 S/m. In
fact, the model can easily incorporate the displacement

e =3x107(S/m)
m =1x10° (S/m)
A =3x10"(S/m)
——= d/a
j0f° = 2%/a
N,
,\\
\\
S RN
RS
i
y\.'\
\\\ A
~
~N,
N,
\\
~,
\\\
10b : e :
10° 0.01

Q=m C/k

Fig. 7 Dimensionless jet length as a function of nondimen-
sional frequency for different values of the conductivity for
Qi =50pul/h, Qo =400 pl/h, no, = 100cP and V = 1000V.

current by using a complex conductivity, k = &k + ig;w.

5 Conclusions

In this work we have experimentally studied AC elec-
trified jets in a microfluidic flow-focusing junction. We
have shown that in AC electric fields the jet length is
a function of both the magnitude of the applied vol-
tage and the electrical parameters such as the frequency
of the AC field and the conductivity of the dispersed
phase. We have explained this dependency using a sim-
ple transmission line model along the liquid jet. The
penetration length of the AC electric field along a con-
ducting cylinder determines the length of the liquid jet:
the scaling law of the jet length vs the electrical para-
meters obtained experimentally is fully compatible with
our minimal theoretical modeling. In addition, we have
observed that the jets become unstable rather abruptly
below a certain frequency. In this study, we have shown
that AC voltages can elongate dramatically liquid jets,
which can be a technological advantage for manufactu-
ring processes where structures with large aspect ratios
are required.
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