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In fiber spinning of photopolymers, surface tension limits the diameter of the fiber that can be produced due
to the Rayleigh-Plateau instability. Submerging a pre-fiber jet in a miscible environment liberates the system
from capillary effects, thus allowing the jet to be stretched into thin threads without instability. In this work, we
systematically investigated a spinning method using miscible liquids, called jet-assisted wet spinning (JAWS),
where stretching is achieved by a nearby submerged liquid jet. The diameter of the pre-fiber jet is a function
of its flow rate and position relative to the assisting submerged liquid jet. A particular case where the main jet
is modeled as the Landau-Squire jet is used to demonstrate the tracer-like thinning behavior of the pre-fiber jet.
Experiments show that buoyancy has a significant impact on the pre-fiber jet diameter because of its influence
on the entrainment trajectory. Overall, our results demonstrate the potential for parallelization of JAWS for

high-throughput fiber production.

Fiber spinning through photopolymerization has been
widely applied to make fibers in biomedical applications [1—
4], material sciences [5], and the physical sciences [6, 7].
For example, blow spinning and electrospinning have been
used to spin photopolymeric fibers in the production of non-
wovens or in-situ applications [8—10]. In general, polymer
spinning methods (melt spinning, solution spinning, blow
spinning, and electrospinning) are limited to solutions or
melts with spinnable rheological properties, such that surface-
tension-driven instabilities are suppressed [11-13]. In addi-
tion, microfluidic-based spinning has been applied to many
photopolymerizable materials with exceptional control over
the fiber dimensions and uniformity [14-19], but performing
a polymerization reaction in a microfluidic channel poses a
risk of irreversible clogging of the channel [20, 21].

Here, we introduce an unbounded flow methodology de-
signed to circumvent the aforementioned challenge in mi-
crofluidics. Jet-Assisted Wet Spinning (JAWS) relies on the
flow field produced by a high-speed submerged liquid jet
to stretch a nearby slower-flowing,photopolymerizable, and
miscible pre-fiber jet such that its diameter decreases signif-
icantly. After stretching, the pre-fiber jet is then solidified
using light-induced free radical polymerization (Figure 1(a)).
Because solidification occurs in a liquid bath instead of inside
a microchannel, clogging is avoided. In addition, we demon-
strate the potential for parallel spinning multiple fibers using
JAWS for high-throughput applications.

JAWS has been applied to make entangled fibers [22], yet
the physics that governs fiber formation remains to be under-
stood. Specifically, the momentum of the assisting jet and the
location, viscosity, buoyancy, and momentum of the pre-fiber
jet could all play roles in determining the diameter variation
of the pre-fiber jet and thus the diameter of the final polymer-
ized fiber. In this paper, we use experiments and a minimal
tracer model to investigate systematically the influence of the
aforementioned parameters on the pre-fiber jet diameter.

The experimental setup for JAWS is shown in Figure 1(a).
The pre-fiber solution for a PEGDA (polyethylene glycol di-
acrylate) hydrogel (Sigma) was injected at a constant flow
rate Q> near a fast-moving liquid jet with a constant flow rate

Q1 while both jets were submerged in a miscible liquid bath
in an acrylic box. The solution contains 50 vol % PEGDA,
1 vol % 2-hydroxy-2-methylpropiophenone (photoinitiator),
and 49 vol % deionized water. During a typical experiment
cycle, around 1 mL of pre-fiber solution is lost to the liquid
bath of around 1 L. This comes to around 0.001 vol % of pho-
toinitiator contamination; hence, we can neglect its effect on
fiber production. Depending on the experiment, the bath can
be pure water or a sodium chloride solution, but the liquid
used for the assisting jet and the bath are always identical.
The liquid bath and the assisting jet have density p;, while the
pre-fiber jet has density p,. The blunt needles for dispensing
water and pre-fiber solutions are placed in parallel at depths
H, and H; below the water-air interface and the two needles
are separated by distance L. The blunt needle for the pre-
fiber jet may be bent to provide enough clearance, forming
"—" shape with the needle for the assisting jet when the two
needles are placed next to each other. The inner radii of the
needles are R and R, for the assisting jet and the pre-fiber jet,
respectively. Both Hy and H; are at least 100 times larger than
R1, which reduces the influence of the bath-air boundary on
the flow field. The light-based polymerization system is the
same as previous studies [23]. To image the flow field gener-
ated by the assisting jet, polystyrene particles were added to
the bath. The particles were illuminated by a laser light sheet
and tracked using a high-speed camera.

As an illustration of the stretching of a pre-fiber jet by an
assisting jet, we show in Figure 1(b) two samples of fibers
made with or without an assisting jet in typical operating con-
ditions. Using the same flow rate of the pre-fiber solution, the
diameter of the fibers made with the assisting jet is five times
smaller than the fibers made without the assisting jet.

To control the fiber diameter produced by JAWS, it is essen-
tial to control the pre-fiber jet diameter by adjusting the flow
rates and the nozzle positions. We show the effect of varying
the positions of the pre-fiber jet under neutral buoyancy con-
ditions (p; = p2) in Figure 1(c). In configurations B and C,
the pre-fiber jet nozzle was placed further from the assisting
jetnozzle. Interms of Ho, A>B > C;intermsof L,A <B =
C. Tracing the centerlines of the pre-fiber jets, their radii Ry
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FIG. 1. (a) Schematic illustration of the Jet-Assisted Wet Spinning (JAWS) setup used in this work. A high-speed jet (flow rate Q) is issued
into a bath of the same liquid with density p;, which stretches an adjacent pre-fiber jet (flow rate Q) with density p,. The photo-reactive pre-
fiber jet can be solidified upon exposure to UV light at position H,y downstream of the assisting jet nozzle. The inner radii of the nozzles for
the assisting jet and the pre-fiber jet are R| = 40 um and R, = 150 um, respectively. (b) PEGDA fibers are made with or without the assisting
jet, while other conditions are the same. Q) = 500 ul- min~—! (Re; =60)and 0 =5 ul- min~! (Rey = 0.16) for both cases. (c) Snapshots of
experimental images of JAWS for configurations A, B, and C. Dye is added to the assisting jet and the pre-fiber jet for visualization. The flow

rates of the pre-fiber jet and the assisting jet are 20 ul-min~!

and 540 pl-min~! respectively. Sodium chloride was added to the bath and

the high-speed jet solution so that p; = p> = 1.06 x 10> kg-m—3. (d) The pre-fiber jet radii Ry of configuration C along its centerline. The
minimum radius, Ry,i,, along a pre-fiber jet profile is indicated. (e) The Ry, plotted against Q) for configurations A, B, and C while other
parameters are kept the same. The error bars represent the standard deviation of three independent measurements.

can be quantified. As an example, we show in Figure 1(d) the
Ryt profile of configuration C. In all cases, the pre-fiber jets
have minimum radii Ry, over a region of about 1 mm along
the centerline. R, limits how much the pre-fiber jet can be
thinned by JAWS, and is thus crucial to the method.

We measured R, of the pre-fiber jets for configurations
A, B, and C and for various Q», as displayed in Figure 1(e).
We observed that among the three configurations, configura-
tion A produces the largest Ry, among all three configura-
tions despite configuration A having the closest separation be-
tween the two nozzles. The measured Ry, closely follows the

Rpin < Q;/ 2 scaling, as suggested by mass conservation of the
pre-fiber jet.

To understand the conditions that govern Ry, in Fig-
ure 1(e), we used particle tracers to characterize the stream-
lines surrounding the assisting jet in the absence of the pre-
fiber jet. Each particle is represented by a symbol and its lo-
cation at each time frame is displayed in Figure 2(a).

The streamlines follow the self-similar solutions of the
Landau-Squire (LS) jet [24, 25], an exact self-similar solu-
tion (in spherical coordinates) of the Navier-Stokes equations
for a point source of momentum (Supplementary Material).
When the jet is issued from a nozzle, the origin of the LS jet
is located at a distance r* inside the nozzle, where

r*

— =0.2Rs 1

R e D
and Re; = Q/(7R, v) is the Reynolds number of the assisting
jet (v is the kinematic viscosity of the jet). The expression for
r* is derived based on momentum matching with the Schlicht-

ing jet [26, 27], which is a degenerate form of the Landau-
Squire jet at moderate to high Reynolds numbers. Note that a
simplified form of the LS jet has already been used to describe
the flow field of a submerged jet in the low-Reynolds-number
limit [28, 29]. In JAWS, Re; is typically larger than 30, so the
use of the full solution of the LS jet is necessary.

Experimentally measured streamlines and derived stream-
lines from the LS jet show good agreement. The stream-
lines from the LS jet has the form rf(8) = ¢ (Equation (S4)
in Supplementary Material), where ¢ is a constant along a
streamline. Thus, we rescale both experimental and theoret-
ical streamlines by the distances to the origin, r,, at an an-
gle 0 = /4, ie., ryf(n/4) = c,. Following the rescaling,
all theoretical streamlines collapse onto the same curve due
to the self-similarity, which is shown as the solid curve in
Figure 2(b). The experimentally measured streamlines col-
lapse near this curve, especially for those that have a larger r,,.
The deviation of streamlines with smaller r, is expected (e.g.,
streamlines labeled with circles and diamonds in Figure 2(b)),
because the LS jet solution is an idealized point source of mo-
mentum that does not account for the presence of a nozzle.

In JAWS, a pre-fiber stream is placed in the flow field cre-
ated by the LS jet. Many factors could affect its speed and
trajectory: the pre-fiber jet is frequently ten times more vis-
cous than the bath liquid so that the stretching of the pre-fiber
jet could be suppressed due to the viscous stresses for bend-
ing and thinning [30, 31]. The momentum of the pre-fiber jet,
although small compared to the assisting jet, may be much
higher than the momentum of the local flow field where the
pre-fiber nozzle is placed. Because of the miscibility of the



AlIP
Publishing

Y

T © Configuration A
=0.5 : A Configuration B
m Configuration C
0 2 H " 1 1
1 10 100 1000 10000
2
Q
(n_RZ%> /Nups(ro, 8117

FIG. 2. Comparison between Ry, and Ry g min. (2) Particle traces
near the assisting jet. Each symbol represents a tracer particle. The
origin of the spherical coordinate system was placed a distance r*
inside the nozzle according to Equation (1). r, is defined as the dis-
tance from the origin to a streamline at 8 = 45°. Re; = 60. (b) Col-
lapsed streamlines by normalizing the coordinates of each streamline
with its r,. The prediction from the LS jet solution is displayed as
the solid line. Re; = 60 for both the experiment and the LS jet. (c)
Collapsed Rpin using the Rpg min of a tracer jet. The horizontal axis
is the ratio of the momentum fluxes of the pre-fiber jet and the LS
jet at the pre-fiber nozzle. Inset shows the (rp,6p) of configuration
C in the LS jet flow field generated by the assisting jet. The dotted
squares in the inset represent the nozzles.

pre-fiber jet, diffusion could affect the diameter of the pre-
fiber jet when the jet is very thin.

‘When comparing the trajectories of the pre-fiber jets and
the streamlines of the LS solution, they are found to over-
lap in most cases. Thus, here we compare the experimentally
measured Ry, With a scenario where the pre-fiber jet simply
traces the steady flow field described by the LS solution. The
calculated Rys min can be derived using volume conservation
as the pre-fiber jet reaches the maximum speed um,x according
to the LS solution:
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FIG. 3. The effect of buoyancy on R, in configuration B. (a)
Snapshots of JAWS operating with different Ap/p;. Re; = 60 and
the flow rate of the pre-fiber jet is 6 ul-min~'. The effect of buoy-
ancy can be seen from the trajectory of the pre-fiber jet: a denser bath
leads to an upward bending trajectory, while, in contrast, a less dense
bath leads to a downward bending trajectory. The arrow in the last
panel indicates Xg. (b) Ry, measured at different Q; for three cases
of Ap >0, =0 and < 0. The data points represent experimental mea-
surements. The line represents Rys min calculated from Equation (3).
The error bars represent the standard deviation of three independent
measurements.

Now we derive the expression of um,x using the tracer as-
sumption. Following the coordinate matching between the
LS jet and the nozzle for the assisting jet flow from Equa-
tion (1), the coordinate of the nozzle for the pre-fiber jet
can be defined in the spherical coordinate system of the LS
jet as Xo = (ro,6p), where ro = \/(H; —r* — H)?+L? and
cosBy = (Hy +r* — Hy)/ro. Due to axisymmetry, any stream-
line in the LS jet that passes X is on a tube-shaped stream
surface. All the stream surfaces in the LS flow have a mini-
mum radius, called the ‘throat’ of the jet, where the speed of
a tracer particle on the stream surface is the highest. If we
define the umax in Equation (2) as the magnitude of velocity
at the throat of a stream surface passing Xy, the theoretical
minimum for Ry, based on the LS solution is (see the Sup-
plementary Material):

/ 2 [ cOs
RLS min = (S/Re% + 1) -1 v (3)

where ¢ is the stream function constant that depends on the
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placement of the pre-fiber nozzle at Xo:

2
o 2vrg (1 —cos?6y) . @
8/Re? + 1 —cosby

The jet diameter can be tuned by adjusting the position
of the pre-fiber nozzle or adjusting the flow rates. We com-
pare the measured Ry, reported in Figure 1(e) with Rys min,
as shown in Figure 2(c). The ratio Ruyin/RLs min is plotted
against the ratio of the momentum fluxes of the pre-fiber jet
[ (Qz/(ﬂ:R%)) % and the LS jet prut(Xo) at the pre-fiber noz-
zle, where uys(Xo) is the velocity of the LS jet solution at Xo.
Over two decades of the momentum ratio, Rpin/RLs min falls
in a range between 1.2 - 1.5 for configuration A and B, how-
ever, the relationship breaks down for configuration C at high
momentum flux ratios. The observation that Riin/RLS min > 1
is also not surprising because the viscous stresses that drive
the thinning of the pre-fiber jet are reduced as the pre-fiber jet
approaches the speed of the surrounding fluid [32].

In JAWS, the pre-fiber jet often has a different density than
the bath liquid. For example, when using a PEGDA solution
as the pre-fiber solution and water as the bath liquid, the den-
sity difference Ap/p1 = (p2 — p1)/p1 could range from O -
12% depending on the concentration of the PEGDA solution.
Due to the coupled relationship between the density and the
viscosity of the PEGDA solution, the effect of density on the
pre-fiber jet could be mistaken as a viscous effect.

‘We experimentally investigated the effect of density of the
pre-fiber jet using configuration B, as shown in Figure 3. We
added sodium chloride to the bath liquid to change its density
while using the same pre-fiber solution. The density of the
bath varies between 0.95 to 1.06 kgm’}, while the kinematic
viscosity of the bath varies between 0.89 to 1.09 mm?-s~!.
Different Q; values are used to ensure Re; = 60 when using
a bath with a different kinematic viscosity. The snapshots of
the pre-fiber jets are shown in Figure 3(a). Compared to the
pre-fiber solution with Ap = 0, the pre-fiber jet moves in the
direction of gravity when Ap > 0, whereas the pre-fiber jet is
displaced in the opposite direction of gravity when Ap < 0.

Similar to the pre-fiber jet profile in Figure 1(d), the radius
of the pre-fiber jet has a minimum value, Ry,;,, along its cen-
terline. In order to quantify the effect of buoyancy on Ryiy, we
plot Ryin versus Oy in Figure 3(b). Compared to the neutrally
buoyant scenario, the pre-fiber jet that is 6 % more dense than
the bath has a 30% increase in Ry;,; the pre-fiber jet that is
5 % less dense than the bath has a 25 % decrease in Rpiy.

‘We can understand the effect of buoyancy on the Ry, with
scaling arguments. The buoyancy force per unit length on a
pre-fiber jet scales as Apgﬂ:Riﬁ According to slender body
theory [33, 34], the hydrodynamic drag force per unit length
at leading order scales as uug, where u, is the velocity of
the pre-fiber jet relative to the local LS jet solution. Balanc-
ing the buoyancy and hydrodynamic drag forces, u, scales
as Apgﬂ:Rlz) f /1, where u is the dynamic viscosity of the
bath. Buoyancy affects the pre-fiber jet for a time of the or-
der L/urs(Xo), during which the stream function constant in
Equation (4) changed from ¢ to ¢¢, where ¢#/c is of the or-
der (ro+ugL/uis(Xo)) /ro. Using the relationship in Equa-
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FIG. 4. Multiple pre-fiber jets in a single JAWS system. (a) The
nozzles for the parallel JAWS configuration, where the assisting noz-
zle radius is Ry = 150 um and pre-fiber nozzle radius is R, = 125
um. The pre-fiber nozzles are 0.8 mm away from the assisting noz-
zle. (b) Experimental snapshots showing three pre-fiber jets being
stretched by the assisting jet. Re; = 19.2 and 0, = 10 /,Ll-min’lA (c)
PEGDA fibers produced using the three-jet JAWS system. (d) The
diameter distribution of 50 fibers produced by the three-jet JAWS
system.

. . g
tion (3), the ratio between the new Ry g .- and the buoyancy-
free Rps min Scales as \/c8/c, i.e.,

RiS,min o (rO +uyL/uLS (XO))
RLS,min )

. )

Equation (5) quantifies the effect of buoyancy in leading
order. Setting R,,r = RLs min for ug, we found RiS.min is no
more than 20 % higher or lower than Ry s min for cases of Ap >
0 and < 0, in reasonable agreement with experimental data.

An attractive aspect of JAWS is leveraging the axisymmetry
of the assisting jet to spin multiple fibers in parallel. The high-
est number of pre-fiber jets possible depends on the pre-fiber
jet diameter and its distance to the assisting jet. For demon-
stration, we used 3D printing to create a JAWS system with
three pre-fiber jets surrounding one assisting jet, as shown in
Figure 4(a). Each pre-fiber jet has flow rate Q, while the as-
sisting jet flow rate is still Q. The distance between the holes
(nozzles) that issue pre-fiber jets and the assisting jet are the
same so that the conditions for the entrainment of the pre-fiber
jets are the same. Therefore, the same fibers can be made
with three times the throughput. An experimental snapshot of
the three pre-fiber jet JAWS system in operation is shown in
Figure 4(b). The pre-fiber jet can be seen being focused and
stretched by the assisting jet. The fibers produced through this
setup are shown in Figure 4(c) where the diameter of the fiber
dy = 67+6 um. The distribution of dy have a coefficient of
variation (CV) of 9.4%, as shown in Figure 4(d).

The JAWS system can be readily adopted to making other
types of materials. For example, stereolithography resin is a



AIP
ﬁé_ Publishing

photopolymer that dissolves in isopropyl alcohol (IPA). We
have used commercial stereolithography resin formulation as
the pre-fiber jet and IPA as the bath and assisting jet to make
stretchable fibers (data not shown), even when the pre-fiber jet
is 5000 times more viscous than the bath liquid.

SUPPLEMENTARY MATERIAL

Derivation for Rys min using the Landau-Squire solution can
be found in the Supplementary Material.
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