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ABSTRACT: The widespread occurrence of liquid freezing has @ e (i)
profound implications for materials science, advanced manufacturing, IS olidified film il
and the global climate. Emerging from the intricate interplay of fluid spreading -/

4 . oy
/ capillary retraction
3 L y N B
dynamics, heat transfer, and phase change, recently, a captivating I it

array of artistic and elegant patterns has been revealed. However, the Cold substrate T —| r —|
solidified liquid component generally displays a pronounced

resistance to deformation, thereby hindering the critical mechanical ~— ,~, = - G _omoooooss >

coupling inherently associated with thin films and soft materials. In ' -y

this study, by investigating a hexadecane droplet impacting an
aluminum substrate under strong supercooling conditions, we
observe that this soft solidified droplet undergoes self-folding,
followed by polygonal wrinkling due to Gauss’s theorema egregium.
These polygonal wrinkles of the submillimeter-thin film experience a striking sequential morphological transformation, characterized
by a diminishing edge number, transitioning from octagonal to heptagonal, ultimately culminating in a tetragonal configuration. Both
scaling analysis and numerical simulations demonstrate excellent agreement with the observed polygonal wrinkles.

KEYWORDS: Soft solidified droplet, Polygonal wrinkles, Supercooling, Elasto-capillarity effect

Liquid freezing in nature is closely associated with global In this work, by impacting a hexadecane droplet onto a
climate change' and plays a crucial role in a broad range of supercooled substrate, we observe self-folding and subsequent
technologies, including cryobiology,” the food industry,” and polygonal wrinkling in the soft solidified droplet. We find that at
materials science.’ As exemplified by Prince Rupert’s drops in strong supercooling, the solidified film, which is tens of
the 17th century, also known as Batavian tears, red-hot droplets micrometers thick, is peeled off from the substrate at the onset

of molten glass were released into water, subsequently forming
tadpole-shaped pieces of glass that were subjected to super-
cooling. Their extraordinary mechanical properties, featuring a
strong head and a fragile tail, intrigued England’s King Charles
II, to whom Prince Rupert of Germany presented these glass
drops.””®

Due to the strong multiphysical coupling across multiple
length and time scales, various complex patterns have been

of the retraction stage or at the capillary time scale by
overcoming adhesive stress. Due to the elastocapillary effect,
this thin film is subjected to buckling instability, forming
polygonal wrinkling patterns. The number of edges in these
patterns gradually diminishes over time. Both scaling analysis
and numerical simulations show remarkable agreement with
experimental observations.

identified in the morphology of an impacted frozen droplet.”~"" Observation of Self-Folding. A hexadecane droplet
During this process, the delicate fluid—thermal coupling of (Ci6Hsy, freezing temperature Tj,i, = 18.0 °C, the diameter
hydrodynamic flow, capillary effects, and phase transitions gives of Dy = 2.8 mm, or the volume of V;, = 11.5 L) was generated by
rise to a host of fascinating behaviors, including tip a capillary needle at room temperature and released from an
singularities,"” hierarchical cracking patterns to release the initial falling height H,. Then the droplet at a velocity

thermal contraction stress,”” delamination and peeling once

thermal stress overcoming adhesive stress,'* and selflifting (=10, —60) °C, corresponding to supercooling AT = (T _

droplets driven by an internal solutal Marangoni flow."® T ’ \ o Cr Sp 11 g o sup ls 20T W freceing
Alternatively, the fluid—mechanical coupling, as exemplified ) € (28,78) °C (Supplementary Note S1).

by the intricate interplay between droplets and sheets, arises

from the interaction between surface tension and elasticity.'®~"* Received: December 20, 2024

This coupling can generate fascinating elastocapillarity Revised:  June 3, 2025
Accepted: June 6, 2025

Published: June 11, 2025

uy ~ (2gH,)"* impacts a cold aluminum substrate Ty, €

phenomena, such as capillary origami during spontaneous
wrapping of a droplet with an elastic sheet,'” capillary wrinkling

by a floating droplet on a nanoscale-thickness polymer film,”’
21

capillary wrapping with a near-perfect seam.
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Figure 1. Solidification patterns as a function of AT for a hexadecane droplet falling from H,, = 10 cm. (a) Sticking pattern at weak supercooling of AT
=30.5 °C at Ty, = — 12.5 °C. (b) Self-peeling pattern at moderate supercooling of AT = 48.9 °C at T, = — 30.9 °C. (c) Self-folding pattern with the
distinctive polygonal configuration at strong supercooling of AT = 59.9 °C at T, = —41.9 °C. The blue line shows the maximum spreading diameter

D,y While the red arrows indicate the onset of self-folding.
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Figure 2. Phase diagram of solidified pattern. (a) Phase diagram of sticking, self-peeling, and self-folding depending on Hy and AT. (b) 1/S scaling law
of D,,./Dy in eq 1. (c) Temperature profile calculated from the 1D two-phase Stefan model. (d) 2/5 scaling law of the bending curvature k, with Hy in

eq 2; the inset is the geometric sketch.

Figure 1 presents the fast-speed images of the solidification
pattern as a function of supercooling. At weak supercooling AT
=30.5 °C or Ty, = —12.5 °C (Figure la), during its spreading
stage, the droplet extends radially outward, until reaching the
maximum spreading diameter (D, = 2R,,,,..). Meanwhile, a thin
solidified film of hexadecane is gradually formed by contacting
the cold substrate. Afterward during the retraction stage,
solidification along the vertical direction continues, and the
upper residual liquid contracts inward to the center. Eventually,
the thickness of the solidified film increases, but the solidified
film remains stuck to the substrate due to the interfacial adhesive
stress, leading to the sticking pattern similar to the frozen pattern
of the impacting water droplet’>** (Supplementary Movie 1).

At moderate supercooling of AT =48.9 °Cat T, = —30.9 °C
(Figure 1b), the effect of thermal stress mismatch within the
solidifying film is significantly magnified when subjected to
vertical cooling and a temperature gradient, arising from the
thermal contraction in the solidified film. From the side-view
snapshot at t = 100 ms, the film starts to peel off, and then
gradually the air gap (6) between the deformed edge of the film
and the substrate further widens (Supplementary Movie 2).
Thus, by overcoming the adhesion stress, the solidified
hexadecane droplet detaches from the substrate to release the
stress and form the self-peeling pattern, in a fashion similar to a
metal droplet or water droplet.'***

However, at strong supercooling of AT = 59.9 °C at T, =
—41.9 °C (Figure 1c), although the spreading stage is similar to
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that in the sticking and self-peeling patterns, the distinctive
behavior of the self-folding pattern is observed during the
retraction stage (Supplementary Movie 3). At the onset of
retraction of the residual liquid film at ¢ = 6.5 ms, the edge or
outer rim of the film bends and lifts off, as indicated by the red
arrows from the side-view snapshot. Then, as the residual liquid
film continues to retract inward, the bottom film is further pulled
up and eventually encounters the self-folding process, resulting
in an intriguing wrinkle morphology.

From the top-view snapshots (Figure 1c), the rims of the
solidified film display polygonal transformation with a decrease
in the number of edges (IN), from an octagon shape (N =8) att =
8.5 ms, to hexagon (N = 6) and quadrilateral (N = 4) contours at
t = 12.5 ms and t = 200 ms, respectively. Further, this large
detachment (5) between the solidified film and the substrate is
validated from the side-view snapshots, confirming the self-
folding.

Phase Diagram. By investigation of a wide range of physical
parameters of the initial falling height H, and supercooling AT
in experiments, a phase diagram (Figure 2a) is established for
the three solidification patterns. As the degree of supercooling
increases for a given H,, the pattern transition progresses
through sticking, self-peeling, and self-folding stages.

We perform scaling analysis of D,,, during the spreading
stage, which is dominated by the inertia-viscous effect,

D(t) ~ Re"®(uyD3)"/¢"/6**° where Re = puyDo/u is the
Reynolds number and p the density and y the viscosity of
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Figure 3. Self-folding mechanism. (a) The measured adhesive stress (7 g.) as @ function of AT, and the occurrence of self-folding at strong

supercooling. (b) The self-folding time scale aligning with the capillary time scale Holding

capillary Of €9 4. (c) Time-dependent Aproject/ Amax indicating

the fast self-folding and subsequently the slow transition of polygonal wrinkling. (d) Sketch of (i) spreading stage with the increased hy;,, with time, (i)
peeling at the instance of retraction stage, and (iii) the subsequent folding and wrinkling by the elasto-capillarity effect.

hexadecane, respectively. D, is reached when the spreading
front is arrested, which occurs once the velocity of the freezing
front Vprecing = KAT (k = 0.011 m -s™' -K™* for the kinetic
coefficient)”® matches the velocity at the contact line
v ~ D(t)/t ~ ReuO[DO/D(t)]5ID(t)sz.M Then the following

scaling is obtained,

D, ( ugRe )1/5
D, KAT (1)

Indeed, as shown in Figure 2b, all experimental data for AT =
20—82 °C and H, = 10, 20, 40, and 80 cm collapse on a single
master line with 1/5 scaling.

Self-Peeling. At moderate supercooling, the bottom
solidified film is detached from the substrate around 100 ms
during the late retraction stage (Figure 1b). The thickness of
solidified film (hf,-lm) grows with time,
Ha(t) ~ (DB)'? ~ (ATt)'?,' where D, = 2k AT/(p,L) is a
diffusion coeflicient, k, and p, are the thermal conductivity and
the density of the solidified liquid, respectively, L is the latent
heat of solidification per unit mass, and AT is the degree of
supercooling. Based on the 1D theory of the two-phase Stefan
model (Figure 2c, Supplementary Note S4), hgi, reaches tens of
micrometers within tens of milliseconds, and the temperature
proﬁ}g 2£1as a nearly linear distribution within the solidified
film.™™

We perform scaling analysis for the bending curvature of the
self-peeling due to thermal stresses. By simplifying the solidified
film as a free thin disk subjected to a constant temperature
gradient, the thermal elastic moment density can be obtained,*”
Myma ~ EHfy,(@AT), where E and a are Young’s elastic
modulus and the thermal expansion coefficient, while the film
thickness at the instant of peeling

Hy,, ~ DS/DElax ~ (HO/AT)_Z/5 from eq 1. By combining
Myj,erma With the bending stiffness B ~ EHf3,-lm, the bending
curvature (k.) is expressed as below,

K.~ Mthermal/B ~ aAT/Hﬁlm ~ ATs/SHg/S (2)
Indeed, this 2/5 power law is comparable with the experimental
data for the curvature as a function of H, (Figure 2d). Here the

bending curvature in experiments is directly calculated from the
side-view profile (the inset of Figure 2d), . = 85/(46> + D7),
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where D, is the diameter of the outer edge or rim and § is the
vertical distance between the outer edge and the substrate.”*
Self-Folding Mechanism. The self-folding occurs around
10 ms at strong supercooling (Figure 1c), which is much faster
than the occurrence time scale of self-peeling around 100 ms. In
both cases, the thermal-elastic stresses within the solidified film
[Giurma ~ E(aAT)?] need to overcome the adhesive stress
[%odhecive( T) ] between the solidified film and solid substrate,"*

()

As shown from the measured adhesive stress, 7,gee(T),
between the solid hexadecane and aluminum substrate (Figure
3a, Supplementary Note S2), as supercooling level AT increases
from 30 to 50 °C, the adhesion strength is reduced dramatically
with 2 orders of magnitude, from 10 to 0.1 KPa. Hence, at strong
supercooling (AT > 50 °C), Tygpesive ~ 0.1 KPa becomes so weak
that the solidified film can be easily peeled or detached from the
solid substrate at the initial retraction stage, which is
characterized by capillary time scale

Eeapillary = (/)Rg/}/)l/Z = 8.7 ms (y = 0.028 N/m for the surface

tension of the hexadecane droplet).
Indeed, as shown in Figure 3b, the occurrence of folding times
tholding aligns with the capillary time scale,

Othermal > Tudhesive(T)

(4)

which likely signifies the dominant role of capillary force in the
self-folding behavior.

During the folding process, the horizontal projection area
(Apmject = 7R}, R, defined for the radius corresponding to an
equivalent area base) of the droplet can be measured from the
top-down view in experiments (inset in Figure 3c). As shown by
the shadow in Figure 3¢, A, et/ Amax decreases rapidly within 20
ms during the retraction stage and then undergoes slight changes
until the droplet is completely frozen, which corresponds to the
gradual transformation of polygonal wrinkling.

Hence, the mechanism of self-folding is as follows (Figure
3d). Once the droplet impacts the substrate, during the
spreading stage, the thickness of the solidified film (hy,,),
which is contacted with substrate and subjected to supercooling,
grows with time. Then at the instance of retraction stage at
teapiliaryy the film is peeled away from the substrate, since the
thermal stress prevails over the adhesive stress. Because hyy,, is so
thin and the film is so soft (the elastic modulus of solid

tfolding = tcapillary

https://doi.org/10.1021/acs.nanolett.4c06529
Nano Lett. 2025, 25, 9899—-9903


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c06529/suppl_file/nl4c06529_si_005.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c06529/suppl_file/nl4c06529_si_005.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06529?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06529?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06529?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06529?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c06529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(@
Exp
(b) 1Fm
i,
003
Simu 0.01
(c) [1mm
001
-0.03
Simu
d —
@ 10 R
o O AT=61.5 °C, Exp.
8 8 —— Simulation
a
6 @ 26
OA:
4 a 4
2 2
0 50 100 150 200 04 06 08 1

t (ms)

Figure 4. Polygon-wrinkling instability. (a) Snapshots of folding process for Hy = 10 cm at strong supercooling of AT = 61.5 °C at T, = —43.5 °C. (b,

c) Oblique view and top view for displacement (LNt,) in simulation at various R, = 2.78, 2.61, 2.38, 1.97, 1.86 mm. (d) Sketch of a thin-dish geometric

model under an external load in simulations. (e) Number of wrinkles (N) as a function of time in experiments. (f) Simulations consistent with

experiments for N as a function of R,/Ry,,.

hexadecane E ~ 100 MPa***"), the solidified film is susceptible
to the deformation under the capillary force of the residual
liquid. Eventually, this elasto-capillarity effect leads to the
buckling instability and the wrinkled patterns. Further, this
mechanism of the elasto-capillarity effect is verified by an
analogous experiment of impacting a water droplet on a thin
PDMS film"*° (Supplementary Note S3, Supplementary
Movie 4) .

Polygonal Wrinkling. Different from the buckling in drying
droplets of colloidal suspensions’' or nanometer-scale hex-
agonal patterning at the surface of microbubbles,” here during
the solidification process of the impacted droplet, the thin peel-
off solidified film is constrained by the geometrical incompat-
ibility as described by Gauss’s theorema egregium, and will be
subjected to the buckling instability, producing the polygonal
wrinkling patterns. From the perspective of dimensional
analysis, since the bending modulus of a 2D sheet, akin to a
1D slender rod, is B ~ EH}HW the typical elasto-capillary length
(L,.) is estimated by balancing surface tension energy and elastic

17,19,32,33
energy,

L.~ (B/y)"? ~ (EH},/y)'? ~ 1 mm (s)
In a similar fashion of thin-film capillary wrinkling under the
capillary force exerted by a droplet placed on its surface,”’ we
obtain the wavelength of wrinkling at the outer edge subjected to
the internal pulling by the capillary surface from the residual
liquid (1), and the number of polygon wrinkles (N) as below,

(6)

Moreover, to quantitatively understand the polygon-wrin-
kling mode, we perform numerical simulations of the deflections
of a thin-dish model under an external load®*** (Supplementary
Note S5). The contact area between hexadecane and the
substrate and the associated R, decrease with time during the
folding process, and then the number of wrinkles is reduced with
time as well (Figure 4e).

A~ (LR)? N=2zR,/A~ (R,/L,)"*
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For various R, under the constrain of R, + I = R, (Figure 4d),
the dimensionless displacement of the r-component
(LNt, =u,/R,,) is obtained (Figure 4b and c). Clearly, the
wrinkling mode in simulations is similar to the folding pattern of
the droplet for each corresponding R, in experiments.
Furthermore, the wrinkle number (N) dependent on R, in
simulations is in excellent agreement with experiments (Figure
4f).

These findings on the polygonal wrinkling of soft, solidified
droplets might inspire future work to explore the complex fluid—
thermal—mechanical coupling associated with advanced manu-
facturing for flexible electronics,® shape-morphing devices,””
and soft robotics.*®
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