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We show that a granular suspension, composed of particles immersed in a liquid, can form pearls, hooks, and arches when
deposited from a nozzle onto a translating substrate that acts as a liquid superabsorber. The removal of the liquid induces a rapid
pinning of the contact line leading to mechanically stable structures that are held together by capillary adhesion with shapes that
depend on the relative solidification rate. Pearls or hooks form depending on whether the suspension snaps off before or after
coming in contact with the substrate. A cylindrical thread with a near circular cross-section and various undulatory structures
forms if solidification occurs prior to snap-off. In particular, when the jet solidifies before coming in contact with the substrate,
it folds periodically, resulting in arches with a span length determined by the deposition flux and the substrate speed. Period
doubling and meandering are observed to lead to further structures with vertical and horizontal ripples when the deposition flux
is increased.

1 Introduction

The process by which a liquid drop or jet impacting on a sur-
face undergo solidification is important in many natural pro-
cesses and technological applications as in the formation of ice
and lava stalagmites, thermal spray coating !, inkjet printing?, A 0.54 B
and 3D writing>. While significant fundamental research d 0.52 « * °

.. eqe.- @ anl v
has focused on the hydrodynamic instabilities of a homoge- 05| =t d (mpm)
neous fluid experiencing dripping®, splashing’-8, and dewet- Granular Q| 0.4817" st
ting®, the understanding of the coupling between the flow dy- suspension H 0460535 1T 15 3 25 3

namics and solidification is still in its infancy. In particular, Q (mL/s)

most experiments and simulations are in a regime of slow Ve~ alC ! v
. . . .. 7 E10 Dripping |Jetting f

solidification (that may further include a phase transition or = ! +4

chemical reaction) which only results in a perturbation of the Substrate ~ 10° j/f

spreading dynamics on a surface '%!1, oo |

Recently, we demonstrated that a granular suspension 1079 (mLss) 10°
dripped onto a substrate leads to growth of intricate tower
structures that are held together by capillary cohesion!?. The  Fig. 1(A) A schematic of a granular suspension emerging from a
necessary condition was that the substrate acts as a super- nozzle with a flux Q and falling as a uniform thread onto a substrate
absorber for the liquid in the suspension. Here, we show translating with a speed Vs. (B) The solid volume fraction ¢; of the
that such a rapid solidification coupled with instabilities ~ SUSPension emerging from the nozzle is observed to increase with Q
(Rayleigh-Plateau or jet breakup, stick-slip contact line dy- f:fgiiifing?g;ﬁdg rlz Zrlliel?; ?rftgojrﬂ;lgi?gie:odé (€) The jet
namics, etc.) can lead t(_) novel CompaC.t an('i undulatqry strug— Rayleigh-Plateau-like instability is observed to increase linearly
turets 1(l)n aT l?ulzerabls?rbmg tsurf'ace Whl(t:h lsftril}?SIatt'mg hor11- with Q in the jetting regime. The transition from dripping to jetting
zontally. The translation rate gives rise to a further time scale occurs at O ~ 0.15mLJ/s.
which is important to the formation of the observed structures. ©

t Electronic Supplementary Information (ESI) available: See DOI:
10.1039/b000000x/
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Fig. 2 Examples of solidified structures obtained due to pearling and arching instabilities. (A) A cylindrical thread corresponding to the base
state of the system is observed when arching and pearling instabilities do not have time to develop before solidification (d = 2.0 mm,

Q =0.35mlL/s, Vs = 9.7cm/s). (B) Spherical to oblate axisymmetric pearls form in the dripping regime when H is varied linearly from 6 mm
to 14 mm from left to right (d = 1.2 mm, Q = 0.044mL/s). (C) Hook shapes are obtained when the snap off occurs after the drop has
contacted the superabsorbing substrate and solidification has reached the bridge connecting the drop and the nozzle (d = 2.0 mm,
Q=0.18mL/s, Vs = 2.4cm/s, H = 2.5 mm). (D) Periodic arches are observed when the solidification rises up the thread in the jetting regime
which folds because of gravity and solidifies (d = 2.0mm, Q = 0.18mlL/s, V; = 1.2cm/s, H = 10 mm). (E) The same arches viewed in
perspective illustrate their 3D nature. Scale bar is 4mm. (F) Phase diagram in the Ab-Dr plane showing four different regimes depending on
the relative solidification rate (Ab > 1 and Ab < 1) and flow regime (jetting and dripping). Ab and Dr are the absorption and dripping
numbers respectively (see text for their definitions). Black disks correspond to the experimental data shown in A to E. (G) The same data are
organized along the Su-axis highlighting, in particular, that hooks forms at high substrate speed (Su >> 1). Su is the dimensionless substrate

speed (see text for its definition)

In contrast with intricate weaving patterns observed with a
Newtonian fluid?®> 13, we show that the observed structures
which include pearls, hooks, and arches are not only three
dimensional and mechanically stable, but also have a differ-
ent physical origin because of rapid solidification. In addition
to finding novel coupling between solidification and hydro-
dynamical instabilities, our work can be viewed as providing
an alternative strategy to wet granulation and moulding to de-
liver and shape amorphous powders. A significant advantage
is that the powder can be suspended and transported in a lig-
uid medium under ambient temperature, which can be drawn
away, as the desired form is attained.

2 Experiment

A schematic of the experimental system along with the con-
trol parameters is shown in figure 1 A. A nozzle with diameter
d attached to a pump syringe is located at height H vertically
above a substrate which is mounted on a horizontal translating
stage driven by a stepper motor. Nozzles with inner diameter
of d =1.2, 1.6, and 2.0mm are used. The substrate speed V;
is varied between 1 and 20 cm/s. Unless otherwise stated, a
blotting paper is used as the liquid absorbing substrate with
the absorption strength characterized by liquid absorption co-

efficient in the medium D =4 x 107© mz/s (figure S1) (see
online supplementary materials). The substrate needs to have
a sufficiently high absorption strength for fast drainage and
solidification and is thus called superabsorber.

The granular suspension used consists of glass beads with
radius ¢ = 17 & 10um immersed in water with a viscosity
i = 0.9 mPa-s and surface tension ¥~ 70mN/m>. A suspen-
sion is prepared by first pouring 30 mL of liquid in a 60 mL
syringe and then filling it with the glass beads which sediment
to the bottom. A stepper motor is used to control Q over the
range 0.01 —2.0mL/s. The volume fraction of the glass beads
in the suspension ¢; which emerges from the nozzle is seen to
increase slowly with Q as shown in figure 1 B (see online sup-
plementary materials for methods). This trend shows that the
liquid entrains more grains with Q as it moves through the sed-
imented bed inside the syringe. We also find that the granular
suspension transitions from emerging as a drop to a jet near the
nozzle at Q ~ 0.15 mL/s. However, because a uniform jet will
eventually break-up into drops because of a Rayleigh-Plateau-
like instability 16, we measure the distance the suspension falls
Lgp during that time in figure 1 C. Thus, by using an appro-
priate H, one can choose whether the suspension impacts the
substrate as a drop or as a continuous jet.

Examples of the structures obtained depending on the vari-
ous instabilities and their sequence relative to solidification are
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shown in figure 2 and movies S1 to S4. In the jetting regime
and for H < Lgp, we find a continuous cylindrical thread as
shown in figure 2 A and movie S2 at relatively high Vi and Q.
This uniform thread is measured to have a large contact angle
with the substrate (6, ~ 140 deg.) and may be considered as
the base state of the system. By choosing Q in the dripping
regime, we find that a spherical or oblate pearl forms depend-
ing on H (see figure 2 B and movie S3). Hooks are obtained
when the snap off and solidification occur well after the sus-
pension comes in contact with the substrate (see figure 1 C and
movie S4). The effect of solidification is even more dramatic
at smaller substrate speed when we observe the spontaneous
emergence of arches with periodic contact with the substrate
as the contact line performs stick-slip motion (see figure 1 D
and movie S1).

These structures are fully self-supporting as seen in fig-
ure 1 E. It may be noted that they are held together by the
cohesive forces which arise in the residual liquid which re-
main between the grains in the suspension. In the laboratory,
we have found the reported structures survive for days if not
months as the residual liquid evaporates and develops weak Si
- O - Si bonds 7. Addition of binders in the suspending liquid
phase for example can enhance the binding strength between
grains after the residual liquid evaporates allowing structures
to be assembled from amorphous solids. However, this is not
a focus of the study here, and we do not discuss it further.

In order to understand the relative importance of the main
control parameters in our experiments, we introduce a dimen-
sionless substrate speed Su = V;/Vy;, which corresponds to
the ratio of the substrate speed V; and the flow speed of the
suspension out of the nozzle Vy; given by 4Q/ (md?) in the
jetting regime and by the impact velocity V; in the dripping
regime. Further, we introduce a second dimensionless num-
ber, the dripping number Dr = H/Lgp, where Dr > 1 cor-
responds to the dripping regime, and Dr < 1 corresponds to
the jetting regime. With this definition, it appears as if Dr
is independent of V; because Lgp is measured here without a
substrate. However, this is not true when the suspension falls
on to a substrate in the regime where Dr is small and Vj is
large, because the contact with the substrate due to its rela-
tive motion results in dragging and stretching of the liquid jet
before it freezes or snaps off. As, we will see later, this ad-
ditional dynamics plays an important role in the formation of
the structures observed in this regime. Finally, we introduce a
third dimensionless number Ab = 7g/7p which is the ratio of
the spreading timescale Tg and drainage timescale 7p. When
Ab = 0, the suspension spreads like an effective viscous fluid
without solidification. When Ab > 0, the suspension solidi-
fies with little spreading.

We now discuss how the three non-dimensional parameters
Su, Dr, and Ab allow us to organize a phase diagram of the
various observed structures. To aid visualization, we plot the

1 : 180
| A e
A o ! 8,=1150
I
0.75 '.-1 "t e a2
- L
< e 90 =
| ° @
0.5 | ° 60
| ®e
‘ 30
0.25 B 0
12 ‘ )
¥ AL
= 08 R
o
0.4 _\a_’"
/
0

0 01 02 03 04 05
Vi(m/s)

Fig. 3 Illustration of the effect of solidification on the equilibrium
shape of a pearl. (A) The aspect ratio A, of a pearl is observed to
decrease with V; while the contact angle with the substrate 6, is
roughly constant and is surprisingly high for a water-based
suspension spreading on a hydrophilic substrate. These shapes
illustrate the strong effect of solidification. The experimental
parameters are the same as in figure 2 B. (B) The normalized contact
radius R./R as a function of V; is fitted using Eq. 1 below

V; = 0.16cm/s (blue line) with tp = 7.2ms. Inset : Schematics of a
drop upon impact with a close-up of the contact line.

projection of the 3D phase diagram in the plane Ab-Dr (figure
1F) and along the line Su (figure 1G). In the Ab-Dr plane,
four regions are identified. Cylindrical threads are obtained
for Ab < 1, i.e. relatively slow solidification rate. Pearls,
hooks and arches are obtained for Ab > 1. Interestingly, dis-
continuous structures (hooks) can be obtain when Dr < 1 but
for large Ab and Su. Indeed, the jet is dragged by the substrate
in the hook regime (due to small H or Dr < 1) stretching it and
ultimately leading the jet to snap off, when Su > 1.

3 Pearling

To understand the process by which these structures form, we
next examine their physical features and the conditions under
which they occur, in more detail. In particular, we provide
the scalings for the three dimensionless numbers allowing us
to add experimental data on the phase diagram. Figure 3 A
shows a plot of the height to width aspect ratio A, of the pearls
to capture the degree of sphericity along with the contact angle
with the substrate 6, as a function of impact speed V;. While
A, ~ 1 for low V; and then decreases, 6, remains obtuse and
roughly constant over the larger range of V;. These shapes
are thus reminiscent of liquid drops sitting on a hydrophobic
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substrate, which may appear surprising given the hydrophilic
nature of the superabsorbing surface. However, we can un-
derstand these shapes by the fact that the solidification rapidly
pins the contact line (CL) when a small volume of liquid is
drained near the CL, leading to a rough air/liquid/grain inter-
face as illustrated in the inset to figure 3 B. Such an interface
causes a yield stress to develop because of the capillary cohe-
sion and friction between particles at the surface '2.

We plot the measured radius of the contact area R, scaled
by the radius R of the drop prior to contact as a function of
V; in figure 3B. R./R appears to have a finite value at low V;
and grows nonlinearly before appearing to plateau at higher V;.
This trend can be understood from the fact that a certain time
is required for the excess liquid to drain, which will yield a
very small contact area when the impact speed is small. How-
ever, as V; increases the contact area can be expected to grow
because greater kinetic energy is available to overcome vis-
cous dissipation of the drop before it solidifies. We therefore
consider the characteristic timescale 7p for the drainage of a
thin liquid layer of thickness & after the suspension first comes
in contact with the substrate. Over this time, the drop spreads
on the substrate and forms a contact area with radius given by

R./R ~\/tpVi/R. (1

This estimate is obtained using a simple geometric argument
which assumes a spherical drop and is thus valid for small de-
formations (R./R < 1), i.e. for times shorter than the impact
duration 1; ~ R/V;. Forcing a fit of the experimental data for
Vi < 0.16 m/s (corresponding to 7; > 7.5ms) with 7p as the
adjustable parameter, we find Tp = 7.2ms. Further, using an
imbibition mechanism, 7p, D, and & are found to be linked by
the dimensional relation

o~ E2/D 2)

We are unable to measure & directly, but we can estimate
it from the solid volume fraction both before and after im-
pact, ¢, ~ 50% and ¢ ~ 63%, respectively. Hence, & =~
(R/3)(¢} — ¢5)/ @5 ~ 100um. Thus, our model gives Tp ~
2.5 ms which is of the same order of magnitude as previously
estimated. Using this model, we can give a scaling for the var-
ious dimensionless numbers. In the pearling regime, we have
Ab~ RD/(V;E?), assuming that T, ~ 7; and Su ~ V;/V; where
we used the fact that Vy; ~ V;. Using experimental data from
figure 2, we obtain Ab in the range 0.5-20 and Su in the range
0.02-0.1. Overall, we find that at small impact speed, drainage
is faster than the impact (Ab > 1), which results in pearls that
are solidified in a configuration, far from equilibrium.
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Fig. 4 Hook formation and anomalous pinch off dynamics of a
stretched solidifying liquid bridge. (A) Sequence of hook formation
(thick blotter, d = 2.0 mm, Q = 0.088mL/s, V; = 4.8cm/s,

H = 2.5mm). Scale bar is 2mm. (B) Temporal evolution of the
liquid bridge waist w where an exponential thinning is observed.
From a fit of the data (solid line), we measure § =~ 2.7mm. (C)
w/w(ty) as a function of the normalized time to breakup 7/#( for a
fixed flux Q = 0.88mL/s and varying V;. For high substrate speed,
the diameter follows the scaling w ~ t* with (¢ = 0.53 4+0.05)
while a qualitatively different dynamics is observed at lower
substrate speed (Vy = 4.8cm/s) with (o = 0.35 £0.05).

4 Hook formation

We next discuss the hooks which form when a snap off occurs
after the drop comes in contact with the substrate as shown
in the sequence of images in figure 4 A and movie S4. This
occurs for small Dr (< 1) and large Su (in the range 5-50).
The solid phase can be noted to first grow off the substrate and
the liquid thread is stretched. After snap off, the tips recede
somewhat on the side attached to the substrate, and fully on
the side attached to the nozzle. Figure 4 B shows the minimal
waist of the liquid thread w. For r > #( set by the substrate
speed, we use a function typically used to describe the waist
of a liquid bridge undergoing pinch off '8

w(t) = w(to) exp(—Vs(t —10)/28), 3)

with { as a fitting parameter. An exponential fit is observed
for several V; with { ~ 2.7 mm which is the typical length of
the liquid thread. Due to its kinematic origin, the decrease
of the waist is essentially independent of the fluid rheology.
Then, for small waist (w ~ 0.6 mm) capillary effects become
dominant resulting in an accelerated thinning of the thread un-
til snap off occurs at time #,. In Figure 4 C, we plot in log-
log w/w(tp) as a function of t/fy varying the substrate speed,
where T =t;, —t is the time from break up. The minimal waist
is found to scale as (7/fp)* with an exponent o that depends
on the substrate speed. At high speed (Vi > 9.8 cm/s), we mea-
sure ¢ = 0.53 +0.05 which is clearly different from Newto-
nian fluids (& = 1)! and smaller than observed previously
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with dense suspensions (o = 2/3)%0. A still smaller exponent
(¢ =0.3540.05) is measured at smaller speed (Vs = 4.8 cm/s)
which may be due to the fact that the suspension is on the

verge of solidification at snap off.

S Arching

When V; is lowered further, pinch off does not occur and a con-
tinuous thread falls on and off the substrate resulting in arches
(figure 2 G and movie S1). This occurs because the solidifi-
cation rate of the thread up off the substrate slows down with
height, and the fluid region of the thread falls back on the sub-
strate because of gravity, which then quickly solidifies upon
contact in the shape of an arch. This process then repeats it-
self giving rise to various undulatory structures besides arches.
In figure 5 A, B, and C, we show the structures obtained by in-
creasing the suspension flux while keeping V; constant. At low
flux, slender arches are obtained. When the flux is increased,
due to volume conservation, the arches are thicker and thus the
undulations appear with smaller amplitudes and resemble rip-
ples. The key difference is that the solidification front rises up
the jet in case of arches, whereas solidification occurs after the
jet comes in contact with the substrate in case of ripples. This
fact can be seen from the bright spot in the images (figure 5 A,
B, and C), which indicates the presence of a thin superficial
liquid layer reflecting light.

Further, as Q is increased, period doubling can lead to su-
perposition of ripples and arches (see movie S5), and at still
larger Q, the structure is decorated by ripples that oscillates
sideways (see movie S6). Although this meandering insta-
bility is reminiscent of the coiling of a purely viscous jet on
a translating substrate 13 the mechanism is different here be-
cause it does not rely on a viscous buckling instability, but
rather on the pinning of the contact line and solidification.

The undulating structures can be characterized quantita-
tively by measuring the span and base lengths, /; and [, re-
spectively. We find that /; reaches a maximum with respect to
Q (figure 5D) and V; (figure SE) while /, is approximately Q-
independent and increases continuously with V;. Therefore a
specific combination of flow rate and substrate speed results in
an optimal span length. This optimal length can be understood
from the tower growth model '? and the CL pinning introduced
in the discussion on the drop impact analysis earlier. Arches
can be thought to develop as leaning towers growing with an
angle ¢ with respect to the substrate (see figure 5SA) reaching
their maximum height iy before falling. Thus, hx ~ ®D/vg,
where v = (¢ /¢*)Q/s is the growth velocity, s the arch cross
section, ® = ¢;/(¢F — @), and @ the solid volume frac-
tion after solidification. v is of the order of 20cm/s and al-
ways smaller than Vi. The arch span length is then defined
as the projected height on the substrate /; ~ hy cos o where
cosa = V/v, (for Vy < vg) yielding I ~ CIDDVS/vé. This
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Fig. 5 Images of undulating structures obtained by increasing the
flux Q including (A) arches (thin blotter, Q = 0.12mL/s,

Vs =2.4cm/s, d = 1.19mm), (B) ripples (thin blotter, Q = 0.26mL/s,
Vs =2.4cm/s, d = 1.19mm) and (C) meandering bumps (thick
blotter, Q = 1.76mL/s, Vi = 1.2cm/s, d = 2.0mm). Arches are
characterized by the span distance and a base length. Scale bars are
4mm. (D) Evolution of the span (green squares) and base length
(blue disks) with the flow rate at Vy = 2.4cm/s. A sharp decrease of
the spacing is observed for Q ~ 0.15mL/s separating the arch mode
with the ripple mode.(E) Base and span lengths as a function of the
substrate speed Vi at O = 0.18mL/s. (F) Evolution of the fractional
contact length f. with V; for two flow rates Q = 0.18mL/s and

Q = 0.26mL/s showing a linear increase.
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law captures qualitatively the decrease with Q and the increase
with V at small substrate speed. The maximum observed with
Q may be attributed to the influence of the nozzle which con-
strains the tower height. This constraint is observed at small
0, because H has to be decreased accordingly to avoid drip-
ping.

Next, to understand the decrease of /; with V; at higher sub-
strate speed, we measure the fractional contact length defined
as fo=1,/(l;+1p) (0 < f. <1) for different flow rates by vary-
ing the substrate speed (figure SF). f. is found to increase
linearly with the substrate speed until the arch instability is
completely suppressed (f. = 1) which occurs at V; = 14.6cm/s
for Q = 0.18mL/s and V; = 9.5cm/s at Q = 0.26mL/s. The
shape obtained is thus a cylindrical thread in constant con-
tact with the substrate along its length. In this regime, the CL
speed is simply V; and the characteristic time for spreading is
then 75 ~ & /V; which is the time to renew a volume of typ-
ical size & near the CL. Solidification is not fast enough to
pin the contact line when Tg ~ Tp, yielding a crossover speed
VX ~ D/& ~ 2cm/s which corresponds to the maximum ob-
served in figure SD. When V; > VSX , the thread falling back on
the substrate experiences an extended spreading before being
pinned resulting in larger /, and smaller /; due to a compara-
tively slow solidification rate.

We can now give the scaling for Ab in the cylindrical and
arch regime. Using equation 2 and 75 ~ £/V;, we obtain
Ab ~ D/(V4€) which is ~ 0.4 in the cylindrical regime and
~ 4 in the arch regime. However, the formation of arch in-
volves periodic impacts of the thread on the substrate, there-
fore, Ab is best estimated using the scaling of the pearl regime,
yielding Ab in the range 5 — 10> depending on the impact
speed which can vary from 1 to 30cm/s.

6 Conclusions and Perspectives

In conclusion, we have shown that a new class of structures
arise in rapidly solidifying flows driven by a rapid removal
of a liquid from a dense suspension as it comes into contact
with a liquid superabsorber along with other dynamical insta-
bilities. These structures go well beyond the vertical slender
tower structures, we have demonstrated previously !2, which
arise when a granular suspension is dripped onto a stationary
substrate. We find that a variety of shapes including spherical
and oblate pearls, arches, and hooks can spontaneously form
depending on the liquid absorption rate, the degree of spread-
ing, flux, and substrate speed.

Accordingly, we introduce three dimensionless numbers
Su, Dr, and Ab, which capture the ratio of the substrate and
flux velocity, the drop height relative to the length of the
emerging jet before breaks up, and spreading and absorption
time scales, respectively to organize a phase diagram covering
the various regimes investigated. Using these three dimen-

sionless numbers, one can understand the overall features ob-
served in the phase diagram and the conditions under which
they occur. In particular, when Ab > 1, pearls occurs for
Dr > 1 and hooks for Dr < 1 and large Su. At moderate Su
and Dr < 1, arches are obtained. For smaller Ab (< 1), the
observed structures are the cylindrical threads.

Further, unlike a viscous Newtonian fluid which gives rise
to various meandering patterns in a thin horizontal layer which
is in contact with the substrate, and thus essentially two di-
mensional 1>-13 the structures obtained are three dimensional.
Because of the paramount importance of liquid absorption and
solidification, the origin of the structures is also quite differ-
ent from that for a viscous thread interacting with a substrate
where gravity and viscous forces set the length and time scales
relative to translation. Thus, the spreading dynamics where
the flow over the substrate is coupled with a solidifying pro-
cess yields a rich set of patterns which underlies a complex
non-linear dynamical system. In this context, it would be in-
teresting to consider how one can move from one limit to the
other by changing the viscosity of the suspending fluid which
will progressively reduce drainage rate but introduce viscous
force. However, this is beyond the scope of this investigation.

Finally, our study offers not only an opportunity to develop
granular suspension models which undergo rapid jamming,
but also applications as noted in the introduction. Specifically,
current 3D printer matrices rely on using a temporary filling
which need to be dissolved away to create an arch or dome like
structure. This is not only cumbersome but also not feasible
when a hole is desired which cannot be reached after assembly
of the structure. The demonstration of the formation of arches,
besides other rich variety of structures, suggests the potential
of granular suspension and our technique towards such appli-
cations.
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Spontaneous formation of arches when a granular suspension is deposited on a translating substrate
composed of dry granular beads which acts as superabsorber for the interstitial fluid.
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Textual abstract

Arches, hooks, and pearls are observed to spontaneously assemble when a granular suspension is
dripped onto a moving liquid-absorbing substrate.



