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Abstract We report the production of bicomponent
Janus filaments of miscible aqueous fluids in a micro-
fluidic 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 microfi-
bers are of paramount importance in biomedical appli-
cations 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 visco-
sity and conductivity of the dispersed phase. In par-
ticular, Janus filaments with diameters ~ 10 pym and
longer than 1 mm are produced by AC voltages with
frequencies below 150 kHz and a viscosity of the dis-
persed 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 ca-
lled side-by-side) structure, where the sides of the struc-
ture 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), Ja-
nus 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 re-
lease properties, added surface due to different dissolu-
tion speeds under biological conditions, different morp-
hologies, etc (Buschle-Diller et al., 2007).

It is well known that highly desirable crimp contraction
properties can be achieved by Janus fibers since diffe-
rence 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 or-
ders 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 compo-
nent to the trace component varied along the length
of the fibers (Gupta and Wilkes, 2003). Additionally,
the produced fiber is of low orientation and crystalli-
nity 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 (Ganan-Calvo, 1998;
Pérez-Rigueiro et al., 2018), and step emulsification are
grouped as passive. These techniques have been pre-
viously 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 elec-
tric field is almost instantaneous control of the features
of droplet and jet production without altering the flow
parameters (flow rate, viscosity, surface tension, etc).

AC electro-flow focusing devices have been previously
used to control the production of droplets (Tan et al.,

2014; Castro-Hernéndez et al., 2017) and long jets (Castro-

Herndndez et al., 2015, 2016). Tan et al. (2014) studied
in depth the influence of the voltage amplitude, signal
frequency and conductivity of the dispersed phase on
the droplet size and production frequency. They found
out that the droplet size can easily be modulated by
tuning the voltage amplitude. We propose here the use

of these devices to control the Janus jet length and,
consequently, after a polymerization process Janus mi-
crofibers 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 pm, h = 35pum). b) Micro-
fluidic 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-Herndndez et al., 2015, 2016, 2017) by ha-
ving two inner inlets instead of one and allow for the
production of bicomponent Janus microjets of misci-
ble 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 e, ppms = 2.5). Figure
1 shows a schematic view of the device with channels
of rectangular cross-section w = 100 pm wide and h =
35 um tall. The two channels for the two dispersed pha-
ses form a 30° angle with the direction of the outlet
channel whereas the two channels for the only conti-
nuous phase intersect perpendicularly at the junction.
Two sets of electrodes are patterned on both sides of
the junction and they are produced using the microso-
lidics technique (Siegel et al., 2006). The PDMS device
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, @Q;
and @, respectively, are controlled by means of two
double syringe pumps (Model 33, Harvard Apparatus)
and for most of our experiments they are fixed to Q; =
50 ul/h and @, = 400 pl/h. The upper dispersed phase
(blue) are black ink water and glycerol suspensions (Wind-
sor & Newton) with KCl whereas the lower disper-
sed phase (yellow) are KCI in Milli-Q water and gly-
cerol. The upper and lower dispersed phases have iden-
tical viscosities (7, = 1 ¢P, n; =6 c¢P or 1; =13 cP)
and the same electrical conductivities varying between
k£ = 0.3mS/m and x = 30 mS/m. The continuous phase
(white) is mineral oil (RTM14, Sigma Aldrich) with a
viscosity of 1, = 100cP. The relative permittivity of
mineral oil is e, , = 2.1 and its electrical conductivity
is negligible (1, < 107'% S/m), being considered from
now on 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 surface tension of
the liquid to liquid interface from o = 40mN/m to
o = 5mN/m, being this value independent of the ink,
KCl and glycerol concentrations (Tan et al., 2014; Sin-
zato et al., 2017).

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 = 1kHz to
f =200kHz (TGA1244, TTi) is amplified (PZD700A,
Trek) resulting in voltage amplitudes from V,, = 400V
to Vpp = 1000V . The microfluidic device is placed on
an inverted microscope (Eclipse Ti-U, Nikon) connected
to a high-speed camera (Phantom v7.3) with a resolu-
tion of 800 x 256 px? when operated at an acquisition
rate of 10* 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 sig-
nal frequency for given conductivity (k = 25mS/m)
and signal amplitude (V,, = 700V). 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 bicom-
ponet Janus filaments. The residence time of a fluid
element can be defined as t, = lj/Ui, where [j is the
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Fig. 2 Series of images showing the effect of decreasing the
signal frequency on the jet length for Q; = 50 ul/h, Qo =
400 pl/h, mi = 1c¢P, no = 100cP, k = 25mS/m and V,p, =
700V: a)Vpp = 0V; b)f = 200kHz; ¢)f = 150kHz; d)f =
100kHz; ) f = 50 kHz.

jet length and U; is the mean velocity of the dispersed
phase. The diffusion time of a species can be estimated
as tg = dj2/4D, where d; is the jet diameter and D is
the species diffusion coeflicient. Ideally, to produce Ja-
nus ligaments the residence time should be much sma-
ller than the diffusion time. This criterion allows us to
define a maximum Janus jet length [; = Uids /4D. The
ink diffusion coefficient in water is D ~ 10~% mm? /s at
room temperature. In our experiments U; = 100 mm/s
and d; = 13 ym leading to a maximum Janus jet length
of 42 mm, which is much longer than the jets we obser-
ved. Therefore, we do not expect any mixture between
both dispersed phases as confirmed by our experimen-
tal observations.

In agreement to previous results (Castro-Herndndez
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 be-
low which an unstable regime appears. This limit de-
pends 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 £ = 10 mS/m.
The jet length is measured from the beginning of the
downstream electrodes.
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Fig. 3 Jet length versus the signal frequency for Q; =
50 pul/h, Qo =400 pl/h, n; = 1¢cP, o = 100cP, kK = 10mS/m
and different voltage amplitudes.
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Fig. 4 Series of images showing the effect of decreasing the
signal frequency on the jet length for Q; = 50ul/h, Qo =
400 pl/h, my = 13¢P, no = 100cP, kK = 10mS/m and Vyp =
400V: al)V,p, = 0V; a2)V,p, = 0V; b)f = 200kHz; c)f =
150 kHz.

Since many aqueous polymer solutions have visco-
sities 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 visco-
sity is raised from 7; = 1cP to n; = 13cP longer jets

are produced. Figures 4(al) and 4(a2) are two frames
of the jet breakup in the absence of electric field. Ac-
cording to Guillot et al. (2007, 2008) about confined
jets at low Reynolds numbers, increasing the inner vis-
cosity favours the jetting against the dripping regime,
in agreement with our experimental observations. The
irregular pinch-off position resembles a jet breakup due
to convective instabilities. As expected, even longer jets
are obtained upon application of an AC voltage. Figu-
res 4(b) and 4(c) illustrate the effect of decreasing the
signal frequency on the jet length for given conductivity
(k =10mS/m) and signal amplitude (V,,, =400V). A
jet longer than the camera field of view ({; > 1280 pm)
results for f < 150kHz.
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Fig. 5 Series of images showing the effect of decreasing the
signal frequency on the jet length for Q; = 12.5ul/h, Qo =
100 pl/h, i = 13¢P, no = 100cP, kK = 10mS/m and Vpp =
500V: a)Vpp, =0V; b)f = 200kHz; ¢)f = 40 kHz.

The jet undergoes great changes in length for the
experiments with gycerol, in contrast with the observa-
tions for n; = 1 cP, which shows a more regular breakup.
The difference between breakups may be explained in
terms of linear stability analysis. Perturbations in ab-
solute instabilities grow with time and space, downs-
tream and upstream, and are independent of the exter-
nal 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, Ganan-Calvo
et al. (2006) and Utada et al. (2008) reported situations
where long jets can experience breakups due to abso-
lute 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 7; = 1cP 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 stabili-
zing effect that dissapears as we go downstream below a
certain field amplitude Castro-Herndndez et al. (2015,
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2016). It seems that the jet breakup for experiments
with 7 = 1cP may occur due to absolute instability,
while the breakup for jets with n; = 13 cP may be due
to convective instabilities. When the viscosity of the
dispersed phase is increased a transition from the abso-
lute to the convective region takes place, which might
explain the changes observed in the jet length.

The experimental conditions above produce glyce-
rol jets which are very long even in the absence of elec-
tric 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 obser-
vations by Castro-Herndndez et al. (2012) for a coflow
configuration, where droplets of constant diameter ema-
nate 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 geo-
metry, we have reduced the flow rates to Q; = 12.5 ul/h
and Q. = 100 ul/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 am-
plitude. For comparison, we show in Figure 5(a), the si-
tuation 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 micro-
jets of miscible fluids in a microfluidic electro-flow fo-
cusing device under the action of an AC electric field.
The production of liquid filaments can lead to the ge-
neration 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 bi-
component 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 resem-
bles an absolute-to-convective transition, in agreement
with previous studies for a coflow configuration.
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