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When a thin stream of aqueous sodium alginate is extruded into a reacting calcium chloride bath,
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it polymerizes into a soft elastic tube that spontaneously forms helical coils due to the ambient

fluid drag. We quantify the onset of this drag-induced instability and its nonlinear evolution using

experiments, and explain the results using a combination of scaling, theory and simulations. By

co-extruding a second (internal) liquid within the aqueous sodium alginate jet and varying the the
diameter of the jet and the rates of co-extrusion of the two liquids, we show that we can tune the
local composition of the composite filament and the nature of the ensuing instabilities to create soft

filaments of variable relative buoyancy, shape and mechanical properties. All together, by harnessing

the fundamental varicose (jetting) and sinuous (buckling) instabilities associated with the extrusion

of a submerged jelling filament, we show that it is possible to print complex three-dimensional

filamentous structures in an ambient fluid.

Slender filamentous structures buckle, fold and coil on a range of
length scales spanning the nanometric to the macrometric. For
example, an elastic rope fed uniformly toward a horizontal plane
coils into a spool™3; similar behavior is seen with a slender jet of
viscous fluid®'Z. In both cases, the presence of the plane bound-
ary leads to compressive stresses, while geometric scale separa-
tion implies the dominance of bending deformations. Quantita-
tive predictions for the coiling rates and radii then arise from the
balance of internal elastic or viscous forces and inertia and/or
gravity. The patterns arising from these instabilities have also
been harnessed to fabricate structures by coupling them to phase
changes in solidifying polymers and glass®19. Here, partly in-
spired by these examples, and partly by the quest to pattern fila-
ments in three dimensions without a sacrificial scaffold as exem-
plified by the 3Doodler pen[m, we ask if there are instabilities and
patterns that can be harnessed when a filament moves through
an ambient fluid while also changing from a liquid to solid. This
is seen in high speed liquid polymer extrusion in air’?, where
solvent-loss driven solidification happens so fast that it is almost
impossible to control the instability. But could one extrude a vis-
cous filament in an aqueous bath containing a crosslinker that
causes the stream to polymerize, buckle and coil due to the re-

@ John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Cambridge, MA 02138, USA.

b Department of Physics, Harvard University, Cambridge, MA 02138, USA.

¢ Department of Organismic and Evolutionary Biology, Harvard University, Cam-
bridge, MA 02138, USA.

¥ These authors contributed equally to this work.

+ To whom correspondence should be addressed. E-mail: Imahadev@g.harvard.edu.
T Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here].  See DOI:
10.1039/¢cXsm00000x/

sisting viscous drag forces from the surrounding medium, even in
the absence of compressive stresses due to a solid boundary? And
then control the patterns by varying the extrusion rate and even
the properties by co-extruding a second fluid within the jelling
jet?

We answer both questions in the affirmative. By extruding an
alginate solution into a calcium bath, we study the onset of a pe-
riodic coiling instability as well as its saturation via a combination
of scaling analysis, stability theory and computation. By introduc-
ing a second fluid at the inlet, we show that we can add periodic
droplet inclusions of oil and gas to the soft filaments. This allows
for a single-step fabrication protocol to make a continuous soft fil-
ament of varying composition, stiffness, curvature and buoyancy
that can be used to write and draw patterns in 3 dimensions in an
ambient fluid without a sacrificial substrate.

Experimental observations

Our experimental setup (Fig. [TA) for the fabrication of single
phase gel filaments and tubes uses a 2% w/w sodium alginate
solution, dyed with 0.01% w/w methylene blue, filled in plastic
syringes, and dispensed inside an aqueous bath (viscosity u) of
calcium chloride salt (150mM in water) at extrusion rates (Q,,
0.1 - 20 ml/min) via needles (inner diameter d, 0.1-2mm) (See
Appendix A.1 and Movie S1 for more details). For all the exper-
iments, the concentrations of sodium alginate and calcium chlo-
ride in the respective aqueous solutions were kept fixed, thereby
fixing the reaction rate (k) of gelation. As the polymerization
progresses, the elastic Young’s modulus of the crosslinked algi-
nate tubes increases from hundreds of pascals (within a few sec-
onds) to tens of kilopascals (over several minutes). We quantify
this change in the stiffness via simple gravity-driven bending of
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Fig. 1 Instability of a submerged jelling jet. (A) Schematic of the experimental setup that is used to obtain the drag induced coiling instability
of a solidifying sodium alginate gel tube in a water bath containing 150 mM calcium chloride. A syringe pump is used to deliver the 2% sodium
alginate solution, dyed with methylene blue, at a prescribed flow rate (Q,) via a blunt-tipped needle (inner diameter, d) into the calcium bath. As
the sodium alginate solution contacts the calcium ions in the water bath, it begins to crosslink to form an elastic soft tube and then buckles due to
the compression induced by the viscous drag of the surrounding liquid. (B) As the flow rate Q, is increased, we get a transition of behaviors from
classical rope coiling (yellow circles, 18G needle, d = 0.84mm at 0,=0.5ml/min), to drag-induced elastic coiling (red circles, 22G needle, d = 0.41mm
at 0,=0.5ml/min), period doubling (green diamonds, 22G needle, d = 0.41lmm at Q,=5ml/min) to chaotic crumpling (purple triangles, 22G needle,
d =0.41mm at Q,=20ml/min) (See Movie S2). All scale bars are 10 mm. (C) Phase space of the instability regimes shown in (B) plotted as a function
of the flow rates of the alginate extrudate Q, and the needle inner diameters d used.

filament segments, removed at different times from the calcium
chloride solution (Appendix A.2, Fig.[A3]A-B).

For extrusion from a given needle diameter (d) at very low flow
rates (Q,), a thin stream of alginate extruding inside the calcium
bath polymerizes to form an elastic tube. In this regime, when the
elastic tube pushes against the base of the containey; it starts to
coil like an elastic rope'’(Fig. , first panel), due to the result-
ing compressive stresses induced in the filament. However, as Q,
is increased, the polymerized elastic tube begins to buckle over a
characteristic length ¢ much smaller than the falling height, and
spontaneously forms loosely coiled helices (radius, R, and verti-
cal spacing between coils, A) as it falls through the liquid bath
(Fig. [IB, second panel and Appendix, Fig[AT). In this regime,
there is no influence of the floor. Further increase in the extru-
sion rate Q, leads to more complex patterns that exhibit signs of
period doubling in the spacing between the helical coils(Fig. [IB,
third panel), and when Q, is very large, the jet polymerizes and
crumples chaotically forming rough tubes that stay within a con-
ical region (Fig. [IB, last panel, Appendix, Movies S2-S3). The
phase space of patterns and morphologies is determined by the
extrusion rate (Q,) and the needle diameter (d) as shown in Fig.

(Movie S2).

Scaling analysis and stability theory

To understand these patterns, we note that if the polymerization
process with a rate k is relatively fast, i.e. kd/v>> 1 (v is the speed
of extrusion and d the diameter of the needle which is compara-
ble to the diameter of the tube (2r) that forms), the polymerized
filament behaves like an elastic filament of bending stiffness B. If
the filament buckles over a characteristic scale ¢, we can balance
the resisting bending torque B// in the filament with the forcing
viscous torque from the ambient fluid that scales as uv/¢? to find a
characteristic length scale1412

1/3
() o
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above which the extrudate should buckle and coil into a
helix spontaneously. Beyond the onset of buckling, we ex-
pect the radius of the helical coil to follow this same scaling
with R ~ ¢, while the frequency of coiling is expected to behave as

o~ v/l (%)1/3. 2

Plotting the experimental data for buckling length ¢, coiling ra-
dius R and coiling frequency o (Fig. [2), we find that the data
agree well with the scaling expressions obtained above. The ver-
tical spacing between the coils (A) also remain steady while the
stack of freshly coiled alginate tubes descends through the am-
bient calcium solution (Fig. and Movie S1). Furthermore,
we see that the entire range of scenarios from gravity-induced to
drag-induced elastic coiling can be collapsed to a single universal
scaling law that interpolates between two limits, gravity-induced
coiling and drag-induced coiling, leading to an expression

C~ (B/(uv+2pgr))'/? ®)

where Ap is the density difference between the alginate tubes and
the surrounding calcium bath (Fig. [3). In the limit of no external
fluid, we recover the well-known scaling law for elastic folding
and coiling®18 ¢, ~ (B/pgr?)'/3 .

Moving beyond a scaling analysis, we consider the linear sta-
bility of a thin elastic rod with length L, moving in a fluid with
viscosity p at a speed v, in the limit of low Reynolds number,
i.e. pvL/u < 1. For a flexible rod whose center line follows a
path Y (x,7) (see Fig.[1B) that is only slightly deviated from being
straight, force balance in the tangential and normal directions
yields

v s+ 0T (x,1), @
2 Us AY (x,1) +v U Y (x,7)

+ B (x,1) = (T(x,1) .Y (x,1)). (5)
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Fig. 2 Understanding the instability. (A) The directly measured buckling length ¢ is plotted as a function of (B/uv)

1/3 across various experiments

(closed circles), where needle diameters d varied from 0.1 mm to 2 mm, and flow rates varied from 0.2 ml/min to 20 ml/min. Simulation data are
shown with open square symbols. (Inset) Experimental snapshot to define ¢, extrusion velocity v, viscosity of bath u and bending stiffness B of the
polymerized filament. (B) Characterization of the drag induced elastic coiling instability via coiling radius (R) plotted as a function of the scaling
relationship (B/uv)'/3, with a slope of 0.4 for the linear regression for both experiments and simulation. (Inset) Definite of coiling radius R. (C) The
frequency of coiling ® for the experimental and simulation data shows that it scales as v*/3(u/B)!/ with a slope of 1.1. (Inset) Definition of @. Scale

bars in insets in (A-C) are 5 mm each.

Here T(x,t) is the tension in the rod, and p and 2y, are the ef-
fective drag coefficients in the tangential and normal directions
(us ~ u, up to logarithmic factors in the aspect ratio) obtained
from slender body theory'lZ. The accompanying boundary condi-
tions are that at the free end x =0, 32Y (0,1) = d3¥ (0,1) = T(0,1) =
0 while at the needle x = L = vz, the clamped boundary conditions
read Y (L,r) = dyY(L,t) = 0.

Solving equation to get T = —u,vx and substituting the re-
sult into Eq. while using the ansatz Y (x,t) = n(x)e°’ to de-
termine the growth rate of an instability ¢ yields the eigenvalue
problem

2p50m (x) + 2viesn' (x) + B 0" (x) + van” (x) = 0. (6

Since n — —n is a symmetry of the equation for real solutions
n(x), the growth rate ¢ will also be real. At the onset of instability
Re[o] = o = 0 so that Eq. (6) can be rewritten in scaled form as

20/ (E)+B " n (&) +En"(E) =0,

where x = L£ and B = u,vL3/B. By using the boundary conditions
at the free end, the solution to this equation can be written as

(7

3
N(E) =A+CE oF (‘—"—5—’3)7 ®)

379

where (F; is the confluent hypergeometric function®, Using the
boundary condition at the extruding end 1(1) = 0,1'(1) = 0 then

yields

a condition only satisfied for special values of . Solving (9) nu-
merically we find that this first happens for  ~ 3.48 and thus

yields
1/3
{~1.41 (E) .
uv

The above equation also yields an expression for the oscillation

9

(10

frequency . = v/¢ ~ 0.71 v*/3 (u /B)l/ 3. Numerical simulations
of an elastic filament moving in a viscous fluid (described in Ap-
pendix A.3) with lengths just above and below the threshold given
in Eq.[10]are consistent with this result, and provide a consistency
check on the stability theory as well as simulation.

Using experimental parameter values in the range B ~ Er*
(E =2.7 kPa, r ~ 0.1-2 mm), p ~0.001 Pa.s and v ~2-70 mm/s,
the experimentally obtained relation for the buckling length is
{~ 1.04 (B/p,v)l/3 (Figs. —B) while that for the frequency is
o~1.143 (,u/B)]/3 (Fig.|2[0), in reasonable agreement with the
values obtained from the formal calculation above.

Multiscale control of filament structure and
morphology

We can use our understanding of the drag-induced coiling in-
stability to control filament curvature. Since coiling is induced
by ambient drag, if polymerization occurs slowly, filament cur-
vature can get frozen in due to polymerization as a function of
the scaled polymerization rate kd/v (here k is the polymeriza-
tion rate, v = Qp/d> is the flow velocity). At low flow rates, the
tubes are relatively straight, while at higher flow rates, the tubes
are strongly crumpled within an approximately conical plume
(Fig[A), with an opening angle 6 that varies linearly with nee-
dle diameter(Fig and Movie S3). In this strongly crumpled
regime, the polymerized tubes have a disordered morphology
driven by the coupled dynamics of flow and polymerization that
occur on similar time scales. The morphology can be quantified in
terms of the variance of the curvature of the center line of these
tubes as a function of the flow rate Q, (Figl4[C). Turning this bug
into a feature suggests a method to fabricate filaments of vary-
ing curvature by controlling the needle diameter and the extru-
sion rate to ’freezes’ the dynamic instability of the filament. Con-
versely, in this chaotic crumpling regime, the small scale rough-
ness in the filaments (Appendix, Fig. [Ad4) could also serve as a
read out of the interfacial shear instabilityl? between the vis-
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Fig. 3 Universal scaling to describe gravity induced rope coiling and drag-induced filament coiling during flow.(A) Pictures showing the gravity
driven classical rope coiling (left: 18G needle, d = 0.84mm at Q,=0.5ml/min), drag-induced elastic coiling (centre: 18G needle, d = 0.84mm at
0,=5ml/min) and period doubling (right: 20G needle, d = 0.6mm at Q,=5ml/min) (See Movie $2). (B) Universal scaling (R ~ [B/(uv+Apgr?)]'/3)
shows how the radius of coiling, R, of the polymerized alginate tubes collapses data ranging from the gravity driven classical rope coiling to the drag
induced elastic tube coiling, with a slope of 0.5. The simulation data for the universal scaling fall close to the experimental data.
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Fig. 4 Characterization of the chaotic plume. (A) Snapshots of the chaotic plume observed for high flow rates (Q,) for a given needle (22G,
d=0.41 mm) (See Movie S3). (B) The plume angle (8) of the gel tubes in the chaotic regime formed at different inlet needle diameters (d) and
extrusion rates (Q,). 0 increases linearly with needle diameter (d), and is weakly dependent on Q, (depicted by the vertical spread at a given value
of d and in A). Inset shows an example image of the plume shape, i.e, an averaged video of the experiment with 22G needle (d =0.41mm) at Q,=15
ml/min, where 6 is measured from the point where the plume opens. Scale bar is 10 mm. (C) Characterization of the chaotic regime via standard
deviation of curvature (£.) of the gel tubes formed at high extrusion rates for a specific needle (here 22G, d =0.41mm). As Q, increases, Xy increases
and then saturates at very high rates due to finite thickness of the tubes.
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Fig. 5 Controlled patterning of co-extruded jelling jet. (A) Schematic of the experimental setup that is used to obtain composite fluid-in-solid
tubes via polymerization of co-extruding two liquids (2% sodium alginate, Q, and inner fluid, Q;) into an aqueous bath containing 150 mM calcium
chloride (needle inner diameter, d). A T-junction in the tubing allows the alginate solution and embedded fluid to meet, before entering the calcium
bath. (B) Curvature can be controlled by the inclusion of air bubbles at a prescribed (mis)alignment with the central axis of the tube, quantified
by A= (ry —r2)/r, which dictates composite tube curvature (k). (C-D) Controlling elastic moduli with inclusions: (C) Gravity driven bending
of small segments of composite filaments show that elastic moduli of filaments vary when oil droplets (silicone oil, kinematic viscosity ~100 cSt,
Poit = 972kg/m3, flow rate Q;, dyed red) are co-extruded within the alginate (outer extrusion rate, Q,). Varying the relative flow rates of oil and
alginate (Q, — Qi)/(Q, + Qi) controls filament morphology (spacing between oil inclusions, m and the size of the inclusions, n) and therefore elastic
moduli. (D) The normalized elastic moduli of the composite tubes (E./E,,) can be obtained by stretching the tubes (inset) and plotting the normalized
ratio E./E, as a function of (Q, — 0;)/(Qo + Qi). (E-F) Controlling density with inclusions: (E) The density of alginate tubes (pure, p,,=1054
kg/m?) can be lowered by introducing oil inclusions (p,i; = 972 kg/m?3) to form composite tubes (p., 1: 1006 kg/m?3; 2: 1018 kg/m3; 3: 1021 kg/m?;
4: 1045 kg/m?). Suspending these filaments in a density gradient column serve as a direct readout for the density (p.) of the column as the filaments
become neutrally buoyant at a height where their density is equal to the density of the liquid at that height. Here, the density at the bottom of the
container is 1050 kg/m?® and at the air liquid interface is 1010 kg/m?>. (F) The normalized density of the composite tubes ( p./pay) are plotted as a
function of (Q, — 0i)/(Qo + Qi)-

coelastic sodium alginate jet and the Newtonian fluid aqueous buoyancy (Figs. |5| E-F). All together, this allows us then to print
calcium chloride bath. and write out stable structures in the ambient liquid by dynami-
cally varying the co-extrusion rate of the internal fluid (oil/gas)

In addition to controlling the global morphology of the fila- and the extrusion of the alginate, as seen in Fig.

ment, we can also control its local structure and properties such

as its buoyancy, rigidity, and curvature. To do so, we introduce a Conclusions

second fluid such as an oil (e.g. silicone oil, p,;; ~ 972 kg/m?), or

a gas (e.g. compressed nitrogen) that is internally co-extruded Complementing the study of fluid filament coiling driven by
with the alginate solution, as shown schematically in Fig. boundary compression seen in the familiar honey-on-toast exper-
(Movie S5). At low co-extrusion rates, the internal fluid pinches iment, here we have examined the coiling of a submerged jelling
off due to interfacial forces, and forms small droplet inclusions. jet driven by bulk drag. A combination of experimental obser-
By varying the relative flow rates of the co-extruding fluid (Q;) vations, scaling analysis, stability theory and simulations allowed
and the encasing alginate (Q,), we can control the size, spacing us to characterize the onset and the nonlinear evolution of peri-

and position of the fluid droplet inclusions in the gel filaments. odic coiling. We then explored the possibility of controlling this
By (mis)aligning the gas bubbles relative to the axis of the fila- instability to create complex structures. By harnessing the sim-
ment (Fig. ), we can control filament curvature. By varying plest instabilities in elastic filaments and fluid jets, namely the
the fraction of internal droplets of oil or gas, we can also con- buckling of a slender elastic filament and the breakup of a slen-
trol the effective filament bending and stretching stiffness (Figs. der liquid jet, we showed how to create a quasi-one dimensional

C-D and Appendix, |A3|C-D) as well as the filament density and liquid-solid composite. The co-extrusion a thin stream of aqueous

Journal Name, [year], [vol.], 1 |5
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sodium alginate and a second liquid into a reacting calcium chlo-
ride bath leads to the the pinch off of the internal liquid to form
a beaded filament that buckles and coils. By controlling the rela-
tive rates of polymerization of the sodium alginate, with calcium
ions concentration, and the mechanical instability of the freshly
formed filaments, we demonstrated the use the underlying dy-
namical processes to write in three dimensions while controlling
filament properties such as buoyancy, stiffness, curvature as well
as chirality. Our ability to control and steer the shape of the soft
filaments using an instability stands in sharp contrast with the
deterministic approach used to deposit each voxel in the additive
manufacturing process?Y and suggests alternative ways to manu-
facture and engineer low-dimensional fluid-solid composites<1H23
for various applications2422|
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