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Abstract We report the production of bicomponent
Janus ﬁlaments of miscible aqueous ﬂuids in a microﬂuidic electro-ﬂow focusing device under the action of
an AC electric ﬁeld. The production of liquid ﬁlaments
can lead to the generation of microﬁbers by adding a
subsequent process of polymerization. Janus microﬁbers are of paramount importance in biomedical applications such as tissue production on crimped scaﬀolds.
We show that the ﬁlament length is a function of the
frequency signal, voltage amplitude and of the viscosity and conductivity of the dispersed phase. In particular, Janus ﬁlaments with diameters ∼ 10 µm and
longer than 1 mm are produced by AC voltages with
frequencies below 150 kHz and a viscosity of the dispersed phase ∼ 10 cP.
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1 Introduction
Bicomponent polymer ﬁbers combine the properties of
two diﬀerent polymers to produce materials with new
and improved properties that do not exist in either
polymer ﬁber by itself. Considering a two-compartment
system, the simplest structures are: (i) core-shell (with
diﬀerent interior and exterior) and (ii) Janus (also called side-by-side) structure, where the sides of the structure are diﬀerent. Unlike core/shell architectures, the
two functional materials in Janus structures are directly
exposed to the surface so that the two functions can
be displayed without reservation. Taking advantage of
the special structure, many Janus design materials were
studied, such as Janus particles (Perro et al., 2005;
Wu et al., 2018), Janus disks (Liu et al., 2013), Janus sheets (Liu et al., 2015), Janus ﬁbers (Gupta and
Wilkes, 2003) and Janus ellipsoids (Kang et al., 2016).
Biocompatible ﬁbers are capable of adapting to the
physiological conditions of the human body and have
become increasingly important for clinical applications.
Fiber mats oﬀer particular advantages due to their large
surface area and their sorption/release properties. If
loaded with drugs, delivery properties can be tailored to
a speciﬁc release rate. Side-by-side bicomponent ﬁbers
have additional advantages, such as diﬀerential drug release properties, added surface due to diﬀerent dissolution speeds under biological conditions, diﬀerent morphologies, etc (Buschle-Diller et al., 2007).
It is well known that highly desirable crimp contraction
properties can be achieved by Janus ﬁbers since diﬀerence in shrinkage between the two polymers causes the
self-crimping of bicomponent ﬁbers. Tissue production
on crimped ﬁbrous scaﬀolds improves when compared
with scaﬀolds containing uncrimped (straight) ﬁbres
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(Surrao et al., 2012). Crimped ﬁber scaﬀolds may also
be useful for the generation of cultured ligament tissue
since ligaments with diﬀerent crimp patterns present
reduced mechanical strength (Chen et al., 2014).
The most widely used technique for the production
of Janus ﬁbers is the simultaneous electrospinning of
two polymer solutions in a side-by-side fashion (Gupta
and Wilkes, 2003; Chen et al., 2015; Starr and Andrew,
2013; Starr et al., 2015). Electrospinning is a process to
easily produce polymeric ﬁbers in the average diameter
range of 100 nm to 5 mm. The average diameter of the
ﬁbers produced in this way is at least one or two orders of magnitude smaller than the conventional ﬁber
production methods like melt or solution spinning. As a
result, these ﬁbers possess a high aspect ratio that leads
to a larger speciﬁc surface. However, concerns have been
raised in relation to the ratio of the dominant component to the trace component varied along the length
of the ﬁbers (Gupta and Wilkes, 2003). Additionally,
the produced ﬁber is of low orientation and crystallinity and thus, has little tenacity (Buschle-Diller et al.,
2007).
Droplet and jet generation methods 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 (Gañán-Calvo, 1998;
Pérez-Rigueiro et al., 2018), and step emulsiﬁcation are
grouped as passive. These techniques have been previously used to produce Janus droplets (Nisisako, 2016).
The active techniques encompass the use of electric,
magnetic, or centrifugal ﬁelds, just to name a few. In
this work, we generate bicomponent Janus microjets
of miscible ﬂuids by combining a passive technique to
produce an incipient jet and an active one to modulate
the jet length. The former is achieved with a planar
microﬂuidic ﬂow-focusing junction (Anna et al., 2003),
whereas the latter is accomplished by the application
of an AC electric ﬁeld. The advantage of using an electric ﬁeld is almost instantaneous control of the features
of droplet and jet production without altering the ﬂow
parameters (ﬂow rate, viscosity, surface tension, etc).
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of these devices to control the Janus jet length and,
consequently, after a polymerization process Janus microﬁbers of desired length and/or Janus microparticles
of desired size can be obtained.
2 Experimental setup
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Fig. 1 a) Cross-section of the device at the level of the
outlet microchannel (w = 100 µm, h = 35 µm). b) Microﬂuidic electro-ﬂow focusing device under an AC electric ﬁeld.
The electrodes are in black, the upper inner dispersed phase
in blue, the lower inner dispersed phase in yellow and the
continuous phase in white.

We have redesigned our previous devices (Tan et al.,
2014; Castro-Hernández et al., 2015, 2016, 2017) by having two inner inlets instead of one and allow for the
production of bicomponent Janus microjets of miscible ﬂuids. We have used soft lithography techniques to
fabricate a microﬂuidic electro-ﬂow focusing device by
replica molding in polydimethylsiloxane (PDMS, Dow
Corning, relative permittivity εr,PDMS = 2.5). Figure
1 shows a schematic view of the device with channels
AC electro-ﬂow focusing devices have been previously of rectangular cross-section w = 100 µm wide and h =
used to control the production of droplets (Tan et al.,
35 µm tall. The two channels for the two dispersed pha2014; Castro-Hernández et al., 2017) and long jets (Castro- ses form a 30◦ angle with the direction of the outlet
Hernández et al., 2015, 2016). Tan et al. (2014) studied
channel whereas the two channels for the only contiin depth the inﬂuence of the voltage amplitude, signal
nuous phase intersect perpendicularly at the junction.
frequency and conductivity of the dispersed phase on
Two sets of electrodes are patterned on both sides of
the droplet size and production frequency. They found
the junction and they are produced using the microsoout that the droplet size can easily be modulated by
lidics technique (Siegel et al., 2006). The PDMS device
tuning the voltage amplitude. We propose here the use
is plasma bonded to a glass slide. A water-in-oil (W/O)
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emulsion is produced by focusing two inner aqueous
stream (dispersed phases) with two outer oil streams
(continuous phase). The inner and outer ﬂow rates, Qi
and Qo respectively, are controlled by means of two
double syringe pumps (Model 33, Harvard Apparatus)
and for most of our experiments they are ﬁxed to Qi =
50 µl/h and Qo = 400 µl/h. The upper dispersed phase
(blue) are black ink water and glycerol suspensions (Windsor & Newton) with KCl whereas the lower dispersed phase (yellow) are KCl in Milli-Q water and glycerol. The upper and lower dispersed phases have identical viscosities (ηi = 1 cP, ηi =6 cP or ηi =13 cP)
and the same electrical conductivities varying between
κ = 0.3 mS/m and κ = 30 mS/m. The continuous phase
(white) is mineral oil (RTM14, Sigma Aldrich) with a
viscosity of ηo = 100 cP. The relative permittivity of
mineral oil is εr,o = 2.1 and its electrical conductivity
is negligible (κo < 10−10 S/m), being considered from
now on as a perfect insulator. A 5 % (w/w) of a nonionic surfactant (Span 80, Sigma Aldrich) is added to
the continuous phase lowering the surface tension of
the liquid to liquid interface from σ = 40 mN/m to
σ = 5 mN/m, being this value independent of the ink,
KCl and glycerol concentrations (Tan et al., 2014; Sinzato et al., 2017).
The high-voltage is applied to the downstream pair of
electrodes while the others are grounded, which guarantees that the incoming liquid has zero potential (CastroHernández et al., 2015, 2016). As a consequence, there
is an applied AC potential diﬀerence between this incoming liquid and the downstream electrodes. A sinusoidal voltage with frequencies varying from f = 1 kHz to
f = 200 kHz (TGA1244, TTi) is ampliﬁed (PZD700A,
Trek) resulting in voltage amplitudes from Vpp = 400 V
to Vpp = 1000 V . The microﬂuidic device is placed on
an inverted microscope (Eclipse Ti-U, Nikon) connected
to a high-speed camera (Phantom v7.3) with a resolution of 800 × 256 px2 when operated at an acquisition
rate of 104 fps. The jet length, lj , of at least 100 images
is measured via image processing (Matlab, Mathworks).

3 Results and discussion
Figure 2 displays the dependence of jet length with signal frequency for given conductivity (κ = 25 mS/m)
and signal amplitude (Vpp = 700 V). For comparison,
we show in Figure 2(a) the situation where no voltage
is applied.
Notice that no mixing between both inner dispersed
phases occurs, as required for the production of bicomponet Janus ﬁlaments. The residence time of a ﬂuid
element can be deﬁned as tr = lj /Ui , where lj is the
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Fig. 2 Series of images showing the eﬀect of decreasing the
signal frequency on the jet length for Qi = 50 µl/h, Qo =
400 µl/h, ηi = 1 cP, ηo = 100 cP, κ = 25 mS/m and Vpp =
700 V: a)Vpp = 0 V; b)f = 200 kHz; c)f = 150 kHz; d)f =
100 kHz; e)f = 50 kHz.

jet length and Ui is the mean velocity of the dispersed
phase. The diﬀusion time of a species can be estimated
as td = d2j /4D, where dj is the jet diameter and D is
the species diﬀusion coeﬃcient. Ideally, to produce Janus ligaments the residence time should be much smaller than the diﬀusion time. This criterion allows us to
deﬁne a maximum Janus jet length lj = Ui d2j /4D. The
ink diﬀusion coeﬃcient in water is D ≃ 10−4 mm2 /s at
room temperature. In our experiments Ui = 100 mm/s
and dj = 13 µm leading to a maximum Janus jet length
of 42 mm, which is much longer than the jets we observed. Therefore, we do not expect any mixture between
both dispersed phases as conﬁrmed by our experimental observations.
In agreement to previous results (Castro-Hernández
et al., 2015, 2016), longer jets are found as the signal
amplitude is increased, the conductivity is incremented
or the frequency of the signal is reduced. In addition,
they experimentally observed a low frequency limit below which an unstable regime appears. This limit depends on the conductivity of the dispersed phase and on
the applied voltage amplitude. Interestingly, Kim et al.
(2007) observed long jets with DC ﬁelds, although this
limit could not be reached by decreasing the frequency
of an AC ﬁeld.
Figure 3 depicts the jet length versus the signal fre-
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quency for diﬀerent voltage amplitudes and κ = 10 mS/m. are produced. Figures 4(a1) and 4(a2) are two frames
The jet length is measured from the beginning of the
of the jet breakup in the absence of electric ﬁeld. Acdownstream electrodes.
cording to Guillot et al. (2007, 2008) about conﬁned
jets at low Reynolds numbers, increasing the inner viscosity favours the jetting against the dripping regime,
in agreement with our experimental observations. The
irregular pinch-oﬀ position resembles a jet breakup due
9SS
9SS
to convective instabilities. As expected, even longer jets
9SS
are obtained upon application of an AC voltage. Figu9SS
res 4(b) and 4(c) illustrate the eﬀect of decreasing the

signal frequency on the jet length for given conductivity
(κ = 10 mS/m) and signal amplitude (Vpp = 400 V). A
jet longer than the camera ﬁeld of view (lj > 1280 µm)
results for f ≤ 150 kHz.
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Fig. 3 Jet length versus the signal frequency for Qi =
50 µl/h, Qo = 400 µl/h, ηi = 1 cP, ηo = 100 cP, κ = 10 mS/m
and diﬀerent voltage amplitudes.
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Fig. 5 Series of images showing the eﬀect of decreasing the
signal frequency on the jet length for Qi = 12.5 µl/h, Qo =
100 µl/h, ηi = 13 cP, ηo = 100 cP, κ = 10 mS/m and Vpp =
500 V: a)Vpp = 0 V; b)f = 200 kHz; c)f = 40 kHz.
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Fig. 4 Series of images showing the eﬀect of decreasing the
signal frequency on the jet length for Qi = 50 µl/h, Qo =
400 µl/h, ηi = 13 cP, ηo = 100 cP, κ = 10 mS/m and Vpp =
400 V: a1)Vpp = 0 V; a2)Vpp = 0 V; b)f = 200 kHz; c)f =
150 kHz.

Since many aqueous polymer solutions have viscosities greater than 1 cP, we have also experimentally
investigated the eﬀect of increasing the viscosity of the
inner phase by adding glycerol. When the inner viscosity is raised from ηi = 1 cP to ηi = 13 cP longer jets

The jet undergoes great changes in length for the
experiments with gycerol, in contrast with the observations for ηi = 1 cP, which shows a more regular breakup.
The diﬀerence between breakups may be explained in
terms of linear stability analysis. Perturbations in absolute instabilities grow with time and space, downstream and upstream, and are independent of the external noise. Perturbations in convective instabilities are
convected downstream and they depend on the external
noise. Although it is a popular belief that jet breakup
is always due to convective instabilities, Gañán-Calvo
et al. (2006) and Utada et al. (2008) reported situations
where long jets can experience breakups due to absolute instabilities. In those situations the jet breakup
resembles a dripping regime but at the end of a long
jet. This is similar to our observation for jet breakups
with ηi = 1 cP in AC electric ﬁelds. In our experiments,
the electric ﬁeld amplitude on the surface of the jet
decreases exponentially from the inlet. It has a stabilizing eﬀect that dissapears as we go downstream below a
certain ﬁeld amplitude Castro-Hernández et al. (2015,
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2016). It seems that the jet breakup for experiments
with ηi = 1 cP may occur due to absolute instability,
while the breakup for jets with ηi = 13 cP may be due
to convective instabilities. When the viscosity of the
dispersed phase is increased a transition from the absolute to the convective region takes place, which might
explain the changes observed in the jet length.
The experimental conditions above produce glycerol jets which are very long even in the absence of electric ﬁelds. Thus, under these conditions, application of
AC voltages does not allow for a ﬁne control of the jet
length within a wide range. We have performed further
experiments with the goal of recovering an incipient jet
for zero voltage. To this end, we have followed the observations by Castro-Hernández et al. (2012) for a coﬂow
conﬁguration, where droplets of constant diameter emanate from a jet whose length is reduced by decreasing
the inner and outer ﬂow rates but keeping a constant
ratio between them. In our current ﬂow focusing geometry, we have reduced the ﬂow rates to Qi = 12.5 µl/h
and Qo = 100 µl/h, obtaining jets of the same diameter
but shorter. For these experimental conditions, Figure
5 displays the eﬀect of decreasing the signal frequency
on the jet length for given conductivity and voltage amplitude. For comparison, we show in Figure 5(a), the situation where no voltage is applied. This conﬁrms that,
reducing both inner and outer ﬂow rates at constant
Qi /Qo = 0.125, we recover the control of the jet length
from the inlet with the applied AC signal.

4 Conclusions
In summary, we report the production of Janus microjets of miscible ﬂuids in a microﬂuidic electro-ﬂow focusing device under the action of an AC electric ﬁeld.
The production of liquid ﬁlaments can lead to the generation of microﬁbers by adding a subsequent process
of polymerization. Janus microﬁbers are of paramount
importance in biomedical applications such as tissue
production on crimped scaﬀolds. The length of the bicomponent ﬁlament can be ﬁnely controlled by tuning
the frequency of the AC voltage. We studied the eﬀect
of increasing the inner ﬂuid viscosity and, interestingly,
we observed the appearance of a new regime that resembles an absolute-to-convective transition, in agreement
with previous studies for a coﬂow conﬁguration.
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