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Fast Solidification of a Gravity-Stretched Liquid Jet
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Spinning is widely used in nature and industry to form thin solid fibers from a liquid. While the fiber
radius is readily determined when draw speed is controlled, many situations involve a draw force, making
fiber radius difficult to predict. Here, we take advantage of a gravity-stretched jet configuration with tunable
light-induced solidification, to elucidate spinning dynamics for a sharply localized liquid-to-solid
transition. We show and explain how light intensity and solidification kinetics control the solidification
locus, which opens routes for characterizing fast solidification kinetics. We also determine how the fiber
radius, the transient regime following light switch-on and jet stability are set by gravity, inertia, and
capillarity. These results offer predictive control on the spun solid (fiber versus beads), including for

intermittent solidification.

DOI: 10.1103/yh2j-b3wq

Spinning is vastly used to produce fibers in textile and
building industries [1,2], for biomaterial engineering [3—7],
drug delivery [8], particle manufacturing [9—11], or sensing
and actuation [12-16]. It is also naturally used by silk-
spinning arthropods to nest, displace or catch prey [17,18].
The process involves a feeding fluid, which is drawn while
changing rheological properties, because of cooling, evapo-
ration, solvent exchange, concentration, or chemical reac-
tion [19-25]. This coupling between rheology and shape
change generally makes spinning intricate, because rheo-
logical changes depend on the draw and determine stability,
and because the draw is not always set by imposing a speed,
which fixes the fiber radius [26-30], but by possibly
complex forces—e.g., weight, drag [31], electrostatics
[32-37], or centrifugation [38—40]—which depend on
solidification. Therefore, important information, such
as the locus of solidification, the radius of the spun fiber
[41-43], or its uniformity [44,45], remains often unpre-
dictable for force-driven spinning.

Here, we show that spinning complexity is significantly
reduced for gravity-driven situations with a sharp change in
rheology relevant to in-air microfluidic applications. We
use a model gravity-stretched jet configuration with light-
induced tunable solidification, providing independent con-
trol on the jet speed, solidification delay, capillary effects,
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and draw force. This control allows us to address the key
facets of the spinning dynamics, for a sharp liquid-to-solid
transition, in particular, how the jet dynamics and solidi-
fication kinetics set the solidification locus, and how the
fiber radius, transient dynamics, and jet stability are set by a
subtle balance between gravity, inertia, and capillarity. Our
results suggest a route for characterizing fast light-induced
reaction kinetics. They also yield a predictive map for the
spinning output (fiber versus disjoined beads, stability
against global capillary modes), including for intermittent
spinning.

Experimental setup—The setup consists in solidifying,
rapidly and on demand, a liquid jet stretched by gravity in
the air [see Fig. 1(a)]. The jet is formed by forcing a
photocurable liquid through a vertical cylindrical nozzle
with a constant flow rate. The flow rate Q sets the steady jet
velocity at the nozzle outlet ug = Q/(zh3) ~0.1 — 1 m/s,
with hg the nozzle outlet jet radius (0.35 mm <
hg < 0.45 mm due to die swelling). The liquid is a highly
reactive resin mixed with a photoinitiator, which is acti-
vated by ultraviolet (UV) light absorption (see the
Supplemental Material, Sec. 2 [46], for details on the
setup). Before illumination, the liquid is Newtonian
with a mild viscosity 79 = 50.3 mPas (and a surface
tension y = 44 mN/m, giving a nozzle Weber number
phoud/y ~ 0.3 — 10). At a distance zyy ~ 5 mm below the
nozzle, the jet is exposed from four sides to intense UV
illumination obtained with UV LEDs focused over an
effective length Zyy = 1.93 mm (see the Supplemental
Material, Sec. 2 [46]). The light intensity [ is varied
between 0.5 and ~6 kW/m? (measured with a thermal
power sensor; see the Supplemental Material, Sec. 2 [46]),
which yields solidification times down to ~10 ms. Light
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FIG. 1. Setup and phenomenology. (a) Sketch of the setup.
(b) Image sequence of the transient and steady solidification upon
illumination. Below the light, the jet shows a sharp thinning front
(g = 0.24 m/s, I = 1.96 kW/m?, = 385 mm). (c) Below the
front, the jet is solidlike, as revealed by placing a plate in its path.

rise time (~1 ms) is shorter than the jet timescale
(hg/ug = 1 ms). The jet is collected in a water bath, at a
distance .Z ~ 100400 mm below the nozzle. The
obtained fiber radius ranges from =0.13 to ~0.23 mm.
Jet response to UV illumination—Prior to illumination,
the jet is entirely liquid [see Fig. 1(b) and Movie 1 of the
Supplemental Material [46]). It is stretched by gravity and
breaks in droplets by capillarity (Plateau-Rayleigh insta-
bility). As light is switched on, the jet changes drastically.
Within 50 ms, it is interrupted a few millimeters below the
light spot, and the lower part is gradually replaced by a
solidlike thread, thinning slowly over ~0.5 s. This transient
regime settles a steady jet, featuring a sharp thinning front,
with length Z ~ 1 mm. Above the front (z < zg — ¢), the
jet thickness is unchanged relative to the no-light case.
Below the front, the jet is much thinner and uniform. This
uniformity indicates the jet is solidlike [from the tensile
stress due to the jet weight, ~pg.Z, the observed stretching
rate  and deformation, od,u = —(2u/h)o,h <1072 s7!
and Ah/h <1072, suggest either a jump in viscosity
by over five decades to ~pg.Z/d.u > 10* Pa s, or a
Young modulus ~pg.#/(Ah/h) above 10° Pa; see the
Supplemental Material, Sec. 3 [46]]. This change is
illustrated in Fig. 1(c) (see the Supplemental Material,
Movie 2 [46]), by intercepting the jet below the front. The
jet does not form a puddle, but coils, like an elastic or
highly viscous thread [49-51], confirming it is a solidlike
fiber at the bottom of the thinning front (z = zg).
Importantly, the jet response involves three timescales:
(i) the delay between illumination and solidification
[~(zg — zyy)/u ~ 10-100 ms] revealed by the distance
zg — zyy from the light spot to the uniform fiber, (i7) the

short solidification duration (<£/u ~ 1 ms) reflected by
the short length ¢ of the thinning front, and (iii) the long
duration of the whole jet transient (~.%/u ~ 0.5 s), which
relates to the collection distance .. These timescales set
the thinning front, the regime of solidification, and the
settle time of the process. To understand how, we first
tackle the locus of solidification and its dependence on
illumination.

Locus of solidification—Figure 2(a) (see the
Supplemental Material, Movie 3 [46]) illustrates how
steady solidification depends on the light intensity 1. At
low I (0.5 kW/m?), the jet is unaffected and keeps
breaking in drops. For a larger I (~0.5 — 0.6 kW/m?),
solidification competes with breakup, and beaded or wavy
fibers are formed [11]. At higher I (=1 kW/m?), waviness
vanishes, and the steady solidification of Fig. 1(b) is
recovered. This evolution reflects the dependence of the
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FIG. 2. Locus of solidification. (a) Steady solidification for
increasing light intensity / (ug = 0.24 m/s). (b) Left: normalized
jet radius vs distance z to the nozzle. Dashed line: Eq. (1).
Right: model light intensity profile (arb. units), radical concen-
tration [M'], and polymerization fraction f = 1 — [M]/[M], vs z,
for I = 1.06 kW/m?. Right axis: travel time from top of light spot
(zyv — fuv/2). Solidification occurs at f = fg (orange disk).
(c) Linear polymerization reaction scheme. (d) Inset: solidifica-
tion position vs /. Main: solidification time vs [ (fg is the
measured travel time [ h(z)?/(h3ug)dz from zyy — yy/2 to
zg)- () Dimensionless solidification time zg vs dimensionless
intensity Z. Solid line: Eq. (3).
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solidification delay tg on /. The higher /, the shorter fg,
hence, the shorter the solidification distance zg. This is
clear from the thickness profiles shown in Fig. 2(b)—which
also confirm that the thinning front is sharp and the flow is
unaltered down to a short distance £ above zg. This is
also shown by Fig. 2(d), which reports the measured
solidification locus zg (inset) and corresponding solidifi-
cation time fg (main), for increasing / and nozzle outlet
velocity ug.

To rationalize these trends, we first model the jet flow.
Since the flow above the thinning front (z < zg —?) is
unchanged by lighting, we describe it like the no-light case,
assuming a low viscosity ~7q. For a steady and slender jet
(0,h < 1), mass conservation implies h*u = hjuq, with
h(z) the local jet radius and u(z) = u(z) - e, the vertical
flow velocity, which is essentially uniform across the jet
[52]. Additionally, since the initial velocity is larger than
the gravitoviscous scale [ug = (n0g/p)'/?1 [26,52-55],
viscous stresses above the thinning front can be neglected.
Therefore, from momentum conservation, the no-light
velocity follows a close to freefall law:

%/2
() —u0—|—2gz—W7(v \/—) (1)
€0

with a small capillary slowdown (last term) involving the
nozzle outlet Weber number of the flow Weq = pugho/y
(see the Supplemental Material, Sec. 4 [46] for derivation).
As shown in Fig. 2(b), Eq. (1) captures the evolution of the
jet down to the thinning front for the different light
intensities.

The next step is to understand the solidification delay. In
the present case where the photoinitiator is in excess and
the radical-monomer reaction is fast, polymerization is
limited by light, and solidification occurs after only a small
fraction of monomers (~1%) has reacted. This implies that,
although the monomer (PEDGA-700) is bifunctional
[56,57], solidification can be modeled as a three-step linear
radical-chain polymerization [58,59], such as presented in
Fig. 2(c) (see also the Supplemental Material, Sec. 5 [46]).
The initiation step is controlled by the absorbed UV light,
which activates monomers M into radical monomers M".
It only occurs during the transit across the light spot
and depends on light intensity / and exposure time
tuy = Cuv/uyy, with uyy the jet velocity at the light spot.
Radical monomers may grow into radical chains, which
increases the polymerization fraction f = 1 — [M]/[M],, or
deactivate into terminated chains. The competition between
initiation and termination sets the relaxation timescale
tir = (2ktkI)~'/? of the process, given by the termination
and initiation constants kT, k; (k; depending on photo-
initiator concentration and light absorption coefficient; we
assume uniform absorption across the jet and uniform
temperature along it and neglect oxygen inhibition, since
the absorption length ~0.8 mm is fairly larger than

hyy = 0.3 mm, the temperature increase due to reaction
exothermicity is < 0.5°C, the liquid is initially purged from
oxygen, and the atmospheric oxygen penetration depth
<10 pm is much smaller than hyy; see the Supplemental
Material, Sec. 5 [46]). Figure 2(b) illustrates how the
radical concentration [M°] evolves and the polymerization
fraction f increases along the jet as a result of the two
timescales (tyy, #;7), until the jet solidifies. To model this,
we solve the linear reaction scheme (see the Supplemental
Material, Sec. 5 [46]) for the polymerization fraction as

kp
t -1y tuv| 7
F(6) =1 [cosh ™9 4 T2 WV G VI 7 ()
It It It

with 1= [, ,(1/u)dz the travel time from the
top of the light spot, and we assume that the jet is
solidlike when f(z) reaches a fixed solidification
threshold fg, which is specific to the liquid we use
[11,59] (though further modulus evolution may occur
below). Introducing the natural dimensionless intensity
T =/t = 2ktk(yy/uyy)*1, we obtain an expres-
sion for the dimensionless solidification time:

_fs 1 (1—fs) &
tuv T2 tanh ZV2 | coshZ1/2

—1}, 6)

valid for 7zg>1 (see Material,
Sec. 5 [46]).

Combining Egs. (1) and (3), i.e., assuming that the
velocity above zg is unaffected by light (which neglects the
small change in the no-light velocity between zg — £ and
zg; see the Supplemental Material, Sec. 6 [46]), we obtain

the solidification distance as

B _@ ts dt Z:u(Z),
g =<Zuv D) +A M[Z(t/)]’ {Z(O)ZUV—@ (4)

the Supplemental

Atlow I, Eq. (3) gives tg ~ (uuv/fuv)[l/k'r/q[] x Muv/l,
and the solidification distance follows zg ~ grg o ug,/I°.
As shown in Fig. 2(e), this model matches experiments.
Albeit for a slight deviation at low [ for ug = 0.24 m/s
(where the breakup length zg compares with zg), Egs. (1)
and (3) capture well the evolution of the solidification time
across the different light intensity and nozzle velocity
investigated, using fixed values for (1 — fg) 2/ke = 6.2
and k1 = 2.75 x 10° L/mol/s. Moreover, the magnitudes
of the inferred reaction constants kgt and kp
(= 3.03 x 10* L/mol/s, assuming fg = 0.01) agree with
those reported in the literature (kT = 2.5 x 10° L/mol/s,
kp = 3 x 10* L/mol/s for similar chemicals [60]).
Thinning front and fiber radius—We now turn to the
impact of solidification on the jet dynamics, considering
first the steady state shown in Fig. 3(a). Immediately above
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FIG. 3. Thinning front and fiber radius. (a) Image, radius
profile, and velocity profile for steady solidification
(g =0.24 m/s, I = 1.24 kW/m?, Z = 385 mm). Dashed lines:
Eq. (1). (b) Sketch for the momentum balance. (c) Normalized
solid radius hg/hg vs ug for different collection length &
(zg = 18 mm is kept fixed by tuning /). Inset: close-up of the
thinning front. (d) Main: hg/hg vs £ (ug=0.24 m/s,
zg = 18 mm). Inset: hg/hg vs uq for different solidification
position zg (£ = 385 mm). (e) Typical transient evolution of
hg/hg as light is switched on (ug = 0.24 m/s, I = 5.58 kW/m?,
£ =385 mm, zg = 9 mm). (i) Early transient phase, before the
fiber reaches the bath. (ii) Intermediate transient phase. (iii)
Steady state. Circles: in situ measurements (see spatiotemporal
inset image). Squares: postcollection measurements [see (f)].
Solid line: Eq. (6). (f) Collected fiber (coiled on a cylinder).

the solidification locus zg, the jet thins down, from the
liquid base state radius /| to the much smaller radius /g of
the solid fiber, over the short length #. Since flow is steady,
this sharp thinning implies a steep increase in the jet
velocity, akin to a jump [see Fig. 3(a)]. The fiber radius is
thus set by the balance between this steep change in
momentum flux, p(hiug — hiu}), and the tensile stress
difference, (T, s + yhs) — (T, + rhL), between the liquid
(top) and solid (bottom) sides of the thinning front, with 7',
and yh the viscous-elastic and capillary contribution to
the jet tension [scaled by z to keep expressions short; see
Fig. 3(b)], respectively. The fiber radius is modeled by
noticing three crucial points: (i) the tension 7', on the

liquid side is negligible in practice [since ug = (1709/p)"/?],
(i1) since the fiber velocity is constant and uniform, the
tension 7, g must carry the fiber weight down to the
collecting bath, pgh (£ — zg), where the bath carries
the rest of the fiber, and (ii7) for a large collecting distance
Z, the proper weight ~pghéf of the thinning front is
negligible relative to the tension 7, 5. Making use of mass
conservation [hiug = hiu, = hjug, and neglecting, for
simplicity (see the Supplemental Material, Sec. 7 [46]), the
small density change upon solidification], we obtain (see
the Supplemental Material, Sec. 7 [46])

_ 9(Z —zg)
ug U uy  ug Weo

Since the liquid velocity u = u(zg—¢) is known
from the no-light base state [Eq. (1)], Eq. (5) provides a
parameter-free expression for the overall thinning ratio

hs/hg = +/ug/us, which is found to match observations
quantitatively. As shown in Figs. 3(c) and 3(d), Egs. (1)
and (5) capture the evolution of hg/hg with the initial
velocity ug. They also recover the direct dependence on the
collecting distance .%, and consistently predict little
dependence on zg over the threefold increase
explored [see Fig. 3(d), inset]. Note that Eq. (5) neglects
air drag, which is valid for low drag to fiber weight

ratios (here, ~1/pattir/ h§uoLud/pg~107%; see the

Supplemental Material, Sec. 8 [46]).

The above approach also explains the transient
regime following light switch on, when the thickness
hs(z,t) below the front is time dependent and non-
uniform. In this case, the momentum balance
at the thinning front is still (ug—uy)/ug =
T,s/ph3ul — (1/Weg)[\/uo/ur — \/uo/us], but the vis-
cous stress is m(t)(g—ug), with m(t) =
ffs ph(z)*dz the time-dependent mass (scaled by z) and
itg the acceleration of the pending fiber. Expressing the
fiber mass m(r) from the history of the solidification
section hg(zs,t)* = hjug/us(t) (see the Supplemental
Material, Sec. 7 [46]), we obtain

dug " U
S e —1 +—9
dt gm\ s Weo ug =1

T,s=

=0, fort <t (l early transient),
with ¢ . o o i 6
$= uss(/) , fort>1;;;(ii:interm. transient).

Equation (6) predicts an early transient stage, with an
initially short and thick fiber, which progressively thins
down as the drawing weight increases. This early tran-
sient lasts until the fiber tip reaches the collecting bath [see
Fig. 3(e), inset]. For small capillarity (Weq > 1), it follows

that ug (1) = u_ + gt/2,i.e., hg(t)/h. = (1 + gt/2u)~"/?,
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and t;/; = (2u /9){[1 +9(-L —zs)/u]"/* —1}. After this
time, the fiber mildly thickens over an intermediate
transient converging to the steady state of Eq. (5). As
shown in Fig. 3(e), Eq. (6) matches quantitatively the fiber
radius evolution observed immediately below the front. It is
also validated by postcollection measurements of a fiber
thickness profile [Figs. 3(e) and 3(f)]. However, it does not
capture interactions between solidification and fast capil-
lary modulations of the jet. In this case, the averaged
thinning ratio is close to the steady model [Eq. (5)], but
wave crests and necks are not thinned in exact proportion
(radius modulations are damped by the front; see the
Supplemental Material, Sec. 9 [46]).

Discussion—The analyses above draw a comprehensive
picture of gravity-driven spinning for fast solidification of a
nearly freefalling jet, in particular, of how the spun radius
and its history depend on solidification kinetics, inertia,
gravity, and capillarity. Their validation with a light-
activated solidifying jet allowing on-demand solidification,
with temporal and spatial control, offers several leverages
to characterize and tune spinning.

First, the solidification locus reflects the chemistry-
specific solidification kinetics, and jet solidification could
be used to characterize fast light-activated kinetics within
fractions of i/u. This represents ~100 ps for our system,
and could be reduced below ~0.1 ps with ultrafast systems,
as employed in microfluidics [61,62] or extreme UV-light
sources [63,64]. Alternatively, when kinetics are known,
light intensity pilots the solidification locus, which can be
used to tune interaction with the jet breakup and control the
spinning output. This is shown (for our system kinetics) by
the dimensionless collection map of Fig. 4(a) built on
Eq. (4). The ratio Zgg = zg/zg, comparing solidification
and breakup distances, indicates whether a uniform solid
fiber (Zgg <« 1) or disjoined beads are expected
(Zgg > 1). The ratio Zg¢c = zg/L, comparing solidifica-
tion and collection distances, determines whether the jet
or droplets should be liquid when collected (Zg¢ > 1) or
not (Zgc < 1). Using Egs. (1), (3), and (4) for zg and a
simplified model for zg based on prior works [65-69], (see
the Supplemental Material, Sec. 4 [46]), this collection map
captures the output for all our experiments (all conducted
for Zgc < 1).

Importantly, the chemistry-independent gravito-capillary-
inertial dynamics discussed above are not specific to
photopolymerization. They are relevant to all gravity-
stretched jets solidifying rapidly enough (this can be
validated, e.g., with a core-shell jet solidifying rapidly
by a diffusion-limited reaction; see the Supplemental
Material, Sec. 10 [46]). Our model is also relevant for
intermittent spinning and short fiber production, when
unsteadiness yields nonuniform fiber radius. Figure 4(b)
demonstrates the effect on short fibers obtained with pulsed
illumination. Fibers are thinner at the top than the bottom,
and nonuniformity increases for longer fibers, in agreement
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FIG.4. Steady collection map and short fibers. (a) Solidification
to collection distance ratio Zgc vs solidification to breakup
distance ratio Zgg. Symbols: experimental output [.Z is set, zg is
computed from Egs. (1), (3), and (4) with the same parameters as
in Fig. 2, and zg is computed from Eq. (S8) calibrated with
no-light experiments in the Supplemental Material, Sec. 4 [46] ].
(b) Short fibers obtained with periodic lighting (50 ms on, 50 ms
off, images are separated by 21.4 ms, I =4.68 kW/m?,
u, = 0.32 m/s). (c) Fiber radius nonuniformity vs dimension-
less fiber length gL/uf. Symbols: measurements for We =
pulh /y = 1.2 [light frequency of 10, 20, and 50 Hz, 50% duty
cycle). Lines: Eq. (6) (with hpt = Ay, hiop = hs(t), t < t;;;, and
Jéug(7)di’ = L] for We = o0, 1.2, 0.5 and 0.3. Bottom inset:
nonuniformity map [Eq. (6)].

with our transient model [Eq. (6); see the Fig. 4 caption],
which provides a predictive map for fiber tailoring.
Analyses also give insights on flow stability. Indeed, jet
solidification allows remote perturbations to propagate
upward via elastic modes. Most often, these modes do
not alter solidification, because they cannot propagate
through the jet liquid portion to reach the light spot.
However, for low velocity they do, which induces a
strong jitter at the light (see the Supplemental Material,
Sec. 11 [46]). The force balance behind Eq. (5) explains
how capillary and viscous stresses permit propagation, and
provides a criterion (1 = +/y/phy; see the Supplemental
Material, Sec. 11 [46]) for not compromising spinning
stability. These points stress that, though fluid mechanics
and photopolymerization kinetics are partly decoupled for
sharply changing rheology, they nonetheless interfere to set
the spun product.

Last, the simple mechanisms highlighted above open
questions, in particular, to address situations where drag is
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important [31] (see also estimates of the Supplemental
Material, Sec. 8 [46]), but not purely viscous [70,71], or the
situation when solidification is gradual or uncompleted.

Acknowledgments—The authors thank S. Wanrooij and
EMP Leusink, for manufacturing the UV light setup,
0O.J. Nguon and J. Jiang, for discussions about chemistry,
and P. Lantoine and W. Lette for their help in the laboratory.
J.S.S. and C.W.V. thank C.H. Venner, for continued
support. This work was supported by Dutch Research
Council (NWO, No. OCENW.M20.381) and Agence
National de la Recherche (ANR Sulets, No. ANR-21-
CE30-0015-01).

Data availability—The data that support the findings of
this article are openly available at [72].

[11 Y. Yue and M. Solvang, Stone and Glass Wool, (John Wiley
& Sons, Ltd, New York, 2021), pp. 1103-12.

[2] D. Rajak, P. Wagh, and E. Linul, Manufacturing technol-
ogies of carbon/glass fiber-reinforced polymer composites
and their properties: A review, Polymers 13, 3721 (2021).

[3] Y. Liu, M. Rafailovich, R. Malal, D. Cohn, and D.
Chidambaram, Engineering of bio-hybrid materials by
electrospinning polymer-microbe fibers, Proc. Natl. Acad.
Sci. U.S.A. 106, 14201 (2009).

[4] N. Diban and D. Stamatialis, Polymeric hollow fiber
membranes for bioartificial organs and tissue engineering
applications, J. Chem. Technol. Biotechnol. 89, 633 (2014).

[5] M. Rahmati, D. K. Mills, A. M. Urbanska, M. R. Saeb, J.R.
Venugopal, S. Ramakrishna, and M. Mozafari, Electro-
spinning for tissue engineering applications, Prog. Mater.
Sci. 117, 100721 (2021).

[6] G. Zhao et al., Hydrogel-assisted microfluidic spinning of
stretchable fibers via fluidic and interfacial self-adaptations,
Sci. Adv. 9, eadj5407 (2023).

[7] A. Sahasrabudhe et al., Multifunctional microelectronic
fibers enable wireless modulation of gut and brain neural
circuits, Nat. Biotechnol. 42, 892 (2024).

[8] A. Luraghi, F. Peri, and L. Moroni, Electrospinning for drug
delivery applications: A Review, J. Controlled Release 334,
463 (2021).

[9] B. Grena, J.-B. Alayrac, E. Levy, A. M. Stolyarov, J.D.
Joannopoulos, and Y. Fink, Thermally-drawn fibers with
spatially-selective porous domains, Nat. Commun. 8, 364
(2017).

[10] A. Gumennik, E. C. Levy, B. Grena, C. Hou, M. Rein, A. F.
Abouraddy, J. D. Joannopoulos, and Y. Fink, Confined in-
fiber solidification and structural control of silicon and
silicon- germanium microparticles, Proc. Natl. Acad. Sci.
U.S.A. 114, 7240 (2017).

[11] J. Jiang, G. Shea, P. Rastogi, T. Kamperman, C. H. Venner,
and C. W. Visser, Continuous high-throughput fabrication
of architected micromaterials via in-air photopolymeriza-
tion, Adv. Mater. 33, 2006336 (2021).

[12] A. Abouraddy et al., Towards multimaterial multifunctional
fibres that see, hear, sense and communicate, Nat. Mater. 6,
336 (2007).

[13] Y. Guo, X. Wang, Y. Shen, K. Dong, L. Shen, and A. Ahmed
Abdullah Alzalab, Research progress, models and simula-
tion of electrospinning technology: A Review, J. Mater. Sci.
57, 58 (2022).

[14] Q. He et al., Electrospun liquid crystal elastomer microfiber
actuator, Sci. Rob. 6, eabi9704 (2021).

[15] W. Yan et al., Single fibre enables acoustic fabrics via
nanometre-scale vibrations, Nature (London) 603, 616
(2022).

[16] Y. Cao et al., Gas-liquid two-phase bubble flow spinning
for hydrovoltaic flexible electronics, Nat. Commun. 16,
4397 (2025).

[17] F. Vollrath and D. Knight, Liquid crystalline spinning of
spider silk, Nature (London) 410, 541 (2001).

[18] E. Morley and D. Robert, Electric fields elicit ballooning in
spiders, Curr. Biol. 28, 2324 (2018).

[19] M. Mulder, Preparation of Synthetic Membranes (Springer,
Netherlands, 1996), pp. 71-156.

[20] V. Gupta, Melt-Spinning Processes (Springer, Netherlands,
1997), pp. 67-97.

[21] H. Golecki, H. Yuan, C. Glavin, B. Potter, M.R.
Badrossamay, J.A. Goss, M.D. Phillips, and K.K.
Parker, Effect of solvent evaporation on fiber morphology
in rotary jet spinning, Langmuir 30, 13369 (2014).

[22] H. He, L. Wang, Xu Yan, L.-H. Zhang, M. Yu, G.-F. Yu,
R.-H. Dong, L.-H. Xia, S. Ramakrishna, and Yun-Ze Long,
Solvent-free electrospinning of UV curable polymer micro-
fibers, RSC Adv. 6, 29423 (2016).

[23] A. Banerji, K. Jin, K. Liu, M. K. Mahanthappa, and C.J.
Ellison, Cross-linked nonwoven fibers by room-temperature
cure blowing and in situ photopolymerization, Macromo-
lecules 52, 6662 (2019).

[24] A. Page, M. Bechert, F. Gallaire, and F. Sorin, Unraveling
radial dependency effects in fiber thermal drawing, Appl.
Phys. Lett. 115 (2019).

[25] X. Zhang et al., Fabrication, property and application of
calcium alginate fiber: A review, Polymers 14, 3227 (2022).

[26] M. Matovich and J. Pearson, Spinning a molten threadline,
Steady-state isothermal viscous flows, Ind. Eng. Chem.
Fundam. 8, 512 (1969).

[27] H. George, Model of steady-state melt spinning at
intermediate take-up speeds, Polym. Eng. Sci. 22, 292
(1982).

[28] S. Xue, G. Barton, S. Fleming, and A. Argyros, Heat
transfer modeling of the capillary fiber drawing process,
J. Heat Transfer 139, 072001 (2017).

[29] R. Hufenus et al., Melt-spun fibers for textile applications,
Materials 13, 4298 (2020).

[30] Y. Shen er al., Thermally drawn multifunctional fibers:
Toward the next generation of information technology,
InfoMat 4, e12318 (2022).

[31] Z. Li et al., High-throughput production of kilogram-scale
nanofibers by Kdrmén vortex solution blow spinning, Sci.
Adv. 8, eabn3690 (2022).

[32] N. Bhardwaj and S. Kundu, Electrospinning: A fascinating
fiber fabrication technique, Biotechnology advances 28, 325
(2010).

[33] J. Guerrero, J. Rivero, V. R. Gundabala, M. Perez-Saborid,
and A. Fernandez-Nieves, Whipping of electrified liquid
jets, Proc. Natl. Acad. Sci. U.S.A. 111, 13763 (2014).

144004-6


https://doi.org/10.3390/polym13213721
https://doi.org/10.1073/pnas.0903238106
https://doi.org/10.1073/pnas.0903238106
https://doi.org/10.1002/jctb.4300
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1126/sciadv.adj5407
https://doi.org/10.1038/s41587-023-01833-5
https://doi.org/10.1016/j.jconrel.2021.03.033
https://doi.org/10.1016/j.jconrel.2021.03.033
https://doi.org/10.1038/s41467-017-00375-0
https://doi.org/10.1038/s41467-017-00375-0
https://doi.org/10.1073/pnas.1707778114
https://doi.org/10.1073/pnas.1707778114
https://doi.org/10.1002/adma.202006336
https://doi.org/10.1038/nmat1889
https://doi.org/10.1038/nmat1889
https://doi.org/10.1007/s10853-021-06575-w
https://doi.org/10.1007/s10853-021-06575-w
https://doi.org/10.1126/scirobotics.abi9704
https://doi.org/10.1038/s41586-022-04476-9
https://doi.org/10.1038/s41586-022-04476-9
https://doi.org/10.1038/s41467-025-59585-6
https://doi.org/10.1038/s41467-025-59585-6
https://doi.org/10.1038/35069000
https://doi.org/10.1016/j.cub.2018.05.057
https://doi.org/10.1021/la5023104
https://doi.org/10.1039/C6RA04566A
https://doi.org/10.1021/acs.macromol.9b01002
https://doi.org/10.1021/acs.macromol.9b01002
https://doi.org/10.1063/1.5109469
https://doi.org/10.1063/1.5109469
https://doi.org/10.3390/polym14153227
https://doi.org/10.1021/i160031a023
https://doi.org/10.1021/i160031a023
https://doi.org/10.1002/pen.760220505
https://doi.org/10.1002/pen.760220505
https://doi.org/10.1115/1.4035714
https://doi.org/10.3390/ma13194298
https://doi.org/10.1002/inf2.12318
https://doi.org/10.1126/sciadv.abn3690
https://doi.org/10.1126/sciadv.abn3690
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1073/pnas.1411698111

PHYSICAL REVIEW LETTERS 137, 144004 (2026)

[34] T. Kong, H. Stone, L. Wang, and H. C. Shum, Dynamic
regimes of electrified liquid filaments, Proc. Natl. Acad. Sci.
U.S.A. 115, 6159 (2018).

[35] C. Ding, H. Fang, G. Duan, Y. Zou, S. Chen, and H. Hou,
Investigating the draw ratio and velocity of an electrically
charged liquid jet during electrospinning, RSC Adv. 9,
13608 (2019).

[36] Y. Li et al., Developments of advanced electrospinning
techniques: A critical review, Adv. Mater. Technol. 6,
2100410 (2021).

[37] K. Liu, Y. Zheng, M. Newton, C. Ge, and B. Xin, Multi-
physics modeling and experimental verification of solidifi-
cation point of melt-electrospun jet, Textile Res. J. 93, 1251
(2023).

[38] Y. Fang, A. R. Dulaney, J. Gadley, J. Maia, and C. J. Ellison,
A comparative parameter study: Controlling fiber diameter
and diameter distribution in centrifugal spinning of photoc-
urable monomers, Polymer 88, 102 (2016).

[39] H. Xu et al., A Review on current nanofiber technologies:
Electrospinning, centrifugal spinning, and electro-centrifugal
spinning, Macromol. Mater. Eng. 308, 2200502 (2023).

[40] S. Marjuban et al., Recent advances in centrifugal spinning
and their applications in tissue engineering, Polymers 15,
1253 (2023).

[41] T. Nakajima, K. Kajiwara, and J. Mclntyre, Advanced Fiber
Spinning Technology. (Woodhead Publishing, 1994).

[42] L. Shang, Y. Yu, Y. Liu, Z. Chen, T. Kong, and Y. Zhao,
Spinning and applications of bioinspired fiber systems, ACS
Nano 13, 2749 (2019).

[43] M. Pervez, W. Sieng Yeo, M. Rahman Mishu, E. Talukder,
H. Roy, S. Islam, Y. Zhao, Y. Cai, G. K. Stylios, and V.
Naddeo, Electrospun nanofiber membrane diameter predic-
tion using combined response surface methodology and
machine learning, Sci. Rep. 13, 9679 (2023).

[44] B. Cramariuc, R. Cramariuc, R. Scarlet, L. Rozemarie
Manea, I. G. Lupu, and O. Cramariuc, Fiber diameter in
electrospinning process, J. Electrost. 71, 189 (2013).

[45] C. W. Visser, T. Kamperman, L. P. Karbaat, D. Lohse, and
M. Karperien, In-air microfluidics enables rapid fabrication
of emulsions, suspensions, and 3D modular (bio) materials,
Sci. Adv. 4, eaaol175 (2018).

[46] See Supplemental Material, at http:/link.aps.org/suppleme
ntal/10.1103/yh2j-b3wq for experimental movies, addi-
tional information on the setup and the derivation of
equations, which includes Refs. [47,48].

[47] E. Trouton, On the coefficient of viscous traction and its
relation to that of viscosity, Proc. R. Soc. A 77, 426 (1906).

[48] K. Potter, B. Balcom, T. Carpenter, and L. Hall, The gelation
of sodium alginate with calcium ions studied by magnetic
resonance imaging (MRI), Carbohydr. Res. 257, 117
(1994).

[49] M. Habibi, N. M. Ribe, and D. Bonn, Coiling of elastic
ropes, Phys. Rev. Lett. 99, 154302 (2007).

[50] M. Jawed, F. Da, J. Joo, E. Grinspun, and P. M. Reis,
Coiling of elastic rods on rigid substrates, Proc. Natl. Acad.
Sci. U.S.A. 111, 14663 (2014).

[51] N. Ribe, Liquid rope coiling: A synoptic view, J. Fluid
Mech. 812, R2 (2017).

[52] J. Eggers and E. Villermaux, Physics of liquid jets, Rep.
Prog. Phys. 71, 036601 (2008).

[53] D. Brown, A study of the behaviour of a thin sheet of
moving liquid, J. Fluid Mech. 10, 297 (1961).

[54] J. Pittman and J. Bayram, Extensional flow of polydisperse
fibre suspensions in free-falling liquid jets, Int. J. Multi-
phase Flow 16, 545 (1990).

[55] J Chateau, E Guazzelli, and H. Lhuissier, Extensional
viscosity and thinning of a fiber suspension thread, Phys.
Rev. Fluids 6, 044307 (2021).

[56] W. Yang, H. Yu, W. Liang, Y. Wang, and L. Liu, Rapid
fabrication of hydrogel microstructures using UV-induced
projection printing, Micromachines 6, 1903 (2015).

[57] S. Lee, X. Tong, and F. Yang, Effects of the poly(ethylene
glycol) hydrogel crosslinking mechanism on protein release,
Biomater. Sci. 4, 405 (2016).

[58] G. Odian, Radical Chain Polymerization in Principles of
Polymerization. (John Wiley & Sons, Ltd, New York, 2004),
pp. 198-349.

[59] E. Andrzejewska, Photopolymerization kinetics of multi-
functional monomers, Prog. Polym. Sci. 26, 605 (2001).

[60] S Kizilel, V Pérez-Luna, and F. Teymour, Mathematical
model for surface-initiated photopolymerization of poly
(ethylene glycol) diacrylate, Macromol. Theory Simul.
15, 686 (2006).

[61] W. Van Hoeve, S. Gekle, J. H. Snoeijer, M. Versluis, M. P.
Brenner, and D. Lohse, Breakup of diminutive rayleigh jets,
Phys. Fluids 22, 122003 (2010).

[62] A. Ganan-Calvo, J. Montanero, L. Martin-Banderas, and M.
Flores-Mosquera, Building functional materials for health
care and pharmacy from microfluidic principles and flow
focusing, Adv. Drug Delivery Rev. 65, 1447 (2013).

[63] V. Banine, K. Koshelev, and G. Swinkels, Physical proc-
esses in EUV sources for microlithography, J. Phys. D 44,
253001 (2011).

[64] A. Klein, D. Kurilovich, H. Lhuissier, O. O. Versolato, D.
Lohse, E. Villermaux, and H. Gelderblom, Drop fragmen-
tation by laser-pulse impact, J. Fluid Mech. 893, A7 (2020).

[65] U. Sauter and H. Buggisch, Stability of initially slow
viscous jets driven by gravity, J. Fluid Mech. 533, 237
(2005).

[66] A. Javadi, J. Eggers, D. Bonn, M. Habibi, and N. M. Ribe,
Delayed capillary breakup of falling viscous jets, Phys. Rev.
Lett. 110, 144501 (2013).

[67] S. Le Dizes and E. Villermaux, Capillary jet breakup by
noise amplification, J. Fluid Mech. 810, 281 (2017).

[68] J Chateau and H. Lhuissier, Breakup of a particulate
suspension jet, Phys. Rev. Fluids 4, 012001(R) (2019).

[69] I. Shukla and F. Gallaire, Frequency selection in a gravi-
tationally stretched capillary jet in the jetting regime, J. Fluid
Mech. 894, A6 (2020).

[70] Z. Pan, J. K. Nunes, C. Duprat, H.C. Shum, and H. A.
Stone, Controlling extrudate volume fraction through
poroelastic extrusion of entangled looped fibers, Nat.
Commun. 14, 1242 (2023).

[71] Z. Pan et al., Fiber formation mechanisms of jet-assisted wet
spinning (jaws), Appl. Phys. Lett. 125, 241601 (2024).

[72] 10.5281/zenodo.17733952.

144004-7


https://doi.org/10.1073/pnas.1801053115
https://doi.org/10.1073/pnas.1801053115
https://doi.org/10.1039/C9RA02024A
https://doi.org/10.1039/C9RA02024A
https://doi.org/10.1002/admt.202100410
https://doi.org/10.1002/admt.202100410
https://doi.org/10.1177/00405175221130774
https://doi.org/10.1177/00405175221130774
https://doi.org/10.1016/j.polymer.2016.02.029
https://doi.org/10.1002/mame.202200502
https://doi.org/10.3390/polym15051253
https://doi.org/10.3390/polym15051253
https://doi.org/10.1021/acsnano.8b09651
https://doi.org/10.1021/acsnano.8b09651
https://doi.org/10.1038/s41598-023-36431-7
https://doi.org/10.1016/j.elstat.2012.12.018
https://doi.org/10.1126/sciadv.aao1175
http://link.aps.org/supplemental/10.1103/yh2j-b3wq
http://link.aps.org/supplemental/10.1103/yh2j-b3wq
http://link.aps.org/supplemental/10.1103/yh2j-b3wq
http://link.aps.org/supplemental/10.1103/yh2j-b3wq
http://link.aps.org/supplemental/10.1103/yh2j-b3wq
https://doi.org/10.1098/rspa.1906.0038
https://doi.org/10.1016/0008-6215(94)84112-8
https://doi.org/10.1016/0008-6215(94)84112-8
https://doi.org/10.1103/PhysRevLett.99.154302
https://doi.org/10.1073/pnas.1409118111
https://doi.org/10.1073/pnas.1409118111
https://doi.org/10.1017/jfm.2016.836
https://doi.org/10.1017/jfm.2016.836
https://doi.org/10.1088/0034-4885/71/3/036601
https://doi.org/10.1088/0034-4885/71/3/036601
https://doi.org/10.1017/S002211206100024X
https://doi.org/10.1016/0301-9322(90)90081-S
https://doi.org/10.1016/0301-9322(90)90081-S
https://doi.org/10.1103/PhysRevFluids.6.044307
https://doi.org/10.1103/PhysRevFluids.6.044307
https://doi.org/10.3390/mi6121464
https://doi.org/10.1039/C5BM00256G
https://doi.org/10.1016/S0079-6700(01)00004-1
https://doi.org/10.1002/mats.200600030
https://doi.org/10.1002/mats.200600030
https://doi.org/10.1063/1.3524533
https://doi.org/10.1016/j.addr.2013.08.003
https://doi.org/10.1088/0022-3727/44/25/253001
https://doi.org/10.1088/0022-3727/44/25/253001
https://doi.org/10.1017/jfm.2020.197
https://doi.org/10.1017/S002211200500412X
https://doi.org/10.1017/S002211200500412X
https://doi.org/10.1103/PhysRevLett.110.144501
https://doi.org/10.1103/PhysRevLett.110.144501
https://doi.org/10.1017/jfm.2016.723
https://doi.org/10.1103/PhysRevFluids.4.012001
https://doi.org/10.1017/jfm.2020.247
https://doi.org/10.1017/jfm.2020.247
https://doi.org/10.1038/s41467-023-36860-y
https://doi.org/10.1038/s41467-023-36860-y
https://doi.org/10.1063/5.0232428
https://doi.org/10.5281/zenodo.17733952

	Fast Solidification of a Gravity-Stretched Liquid Jet
	Experimental setup
	Jet response to UV illumination
	Locus of solidification
	Thinning front and fiber radius
	Discussion
	Acknowledgments
	Data availability
	References


