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Abstract

This study presents a lightweight particle-based framework for visually simulating self-jumping ice driven by the recalescence
process during freezing. Unlike previous graphics studies that focused on icicle growth or optical rendering, our method models
the dynamic coupling between thermal asymmetry and evaporative momentum that leads to spontaneous detachment. The system
automatically identifies the nucleation site from the evolving temperature field, propagates asymmetric freezing fronts, and ac-
cumulates directional impulses within arc-limited regions to determine the jump direction and magnitude. After detachment, the
dynamics are reduced to a rigid-body phase while preserving the original frozen silhouette for visual consistency. The extended
solver also supports arbitrary shapes defined by input mask images, demonstrating robust jumping behavior across non-circular
geometries and sampling patterns. The proposed framework balances physical plausibility and artistic controllability, offering an
efficient and visually coherent approach to recalescence-driven ice simulation.
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Symbol

Description

Physical Meaning / Role

T;

T
ATnue
Thuc
Qg

J’L7 Jw

n;

JaCC
Tacc
Fjump
Tjump
esccd
Opos /neg
Wm

ko
Upos/neg
Aty

3
impulseGain
r;

Xcem

M
9

Temperature of particle %
Melting temperature
Supercooling threshold
Nucleation temperature
Liquid fraction

Evaporation flux (ice/water)

Surface normal

Accumulated linear impulse
Accumulated angular impulse
Jumping force

Jumping torque

Nucleation angle

Front propagation angles
Mushy-band width

Phase transition rate

Front propagation speed
Impulse accumulation window
Arc half-width parameter
Impulse amplification factor
Position vector

Center of mass

Total mass

Gravity

Local surface temperature (K) of each particle.

Reference melting point of water (0°C).

Temperature difference below T, required for nucleation.

T — ATye, the critical temperature for seed formation.

Ratio of liquid phase for particle ¢ (o = 1: liquid, o = 0: solid).
Mass flux of vaporization from ice and water surfaces, used in im-
pulse computation.

Outward unit normal vector at particle ¢, defines direction of flux.
Time-integrated linear momentum imbalance causing self-jump.
Integrated torque resulting from asymmetric flux distribution.
Time-averaged force generated from accumulated impulse Jacc.
Torque applied during detachment, computed from Tacc.

Angular position of the first seed where T; < Thyc.

Angular coverage of recalescence front in +/— directions.
Temperature band width for thermal clamping around 75, .

Rate constant controlling liquid-to-solid conversion.

Angular velocity of the recalescence front.

Time interval over which impulses are integrated to produce force.
Angular width of arc region used for directional impulse integration.
Scaling constant controlling jump strength in simulation.

Relative position of particle ¢ from the droplet’s center of mass.
Position of the droplet’s center; main point of force application.
Sum of all particle masses; used in rigid-body motion computation.
Gravitational acceleration (9.81 m/s?).
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Table 1: List of symbols and physical terms used in this study.
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Figure 1: Particle distribution generated by Poisson-disk sampling
within a circular domain. Each particle maintains a minimum sepa-
ration distance 7,iy,, resulting in a more natural and irregular place-
ment compared to a uniform grid. The gray dashed circle indicates
the boundary with radius R.
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Figure 2: Cooling bias as a function of surface angle. Surfaces fac-
ing upward (y direction) experience stronger evaporative cooling,
while downward-facing regions remain nearly unaffected. This di-
rectional bias models the natural tendency for the upper surface to
cool and nucleate earlier under reduced pressure conditions.
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Figure 3: Surface temperature as a function of surface angle during
the cooling process. The blue line indicates the initial temperature
T; = Tinis, and the orange line shows the temperature distribution
after 40 simulation steps. The dashed line represents the nucleation
threshold T,y = T3, — AT e, Where the first crossing point marks
the auto-nucleation seed. The result confirms that the upper surface
(around 90°) cools faster and reaches the threshold earlier, consis-
tent with the directional cooling bias model.
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Figure 4: Surface temperature field and auto-nucleation seed on
a circular droplet. Colors represent the temperature distribution
along the surface, where upper regions (y) show slightly lower tem-
peratures due to stronger evaporative cooling. The red marker in-
dicates the first nucleation site that reaches the critical temperature
Thue = Ty — ATy, initiating the recalescence front propagation.
This result confirms that the proposed cooling-bias model repro-
duces the experimentally observed asymmetric onset of freezing
under reduced pressure conditions.
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Figure 5: Final coverage of the recalescence front along the sur-
face angle. The blue line represents the final propagation of the
front, while the dotted line indicates the seed angle 0ccq. The uni-
form value of 1.0 across all angles indicates that the front has fully
propagated over the surface at the final simulation time, signifying
complete freezing coverage before thermal stabilization.
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Figure 6: Surface temperature distribution along the surface angle
after front propagation. The blue line shows the temperature before
the clamp operation, while the orange line represents the clamped
temperature inside the recalescence front. The dashed line denotes
the nucleation threshold Ty, = T;, — ATyhue, and the vertical
dotted line marks the seed angle fyceq. The nearly uniform pro-
file results from a small clamp width (w,,,) and a short simulation
time (40 steps), leading to minimal temperature variation across
the surface. This demonstrates that the mushy-band model effec-
tively stabilizes the temperature near 0°C and prepares the system
for subsequent solid shell formation.
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Figure 7: Liquid fraction « distribution after the recalescence front
propagation. The blue line represents the liquid fraction after the
front passes, and the vertical dotted line marks the seed angle sceq-
The nearly constant o ~ 1.0 indicates that most of the surface re-
mains in a liquid state due to the short simulation time (40 steps)
and small phase transition rate k.. Slight reductions in « corre-
spond to regions already affected by the front, where particles grad-
ually transition from liquid to solid through the mushy band. This
confirms that the proposed model effectively captures the spatial
range and gradual progression of solidification behind the recales-
cence front.
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Figure 8: Front coverage (Solid) and arc-limited accumulation
window (Dashed) along the surface angle. The arc region is de-
fined around the front tips (605 /neg) With a narrow angular width
(&), preventing the cancellation of opposite horizontal compo-
nents. This selective integration ensures a consistent jump direc-
tion driven by asymmetric vapor flux near the recalescence front.
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Figure 9: Directional impulse density J,o¢ and its cumulative pro-
jections along the surface angle. The blue curve represents the local
vapor flux imbalance (J; — J,,), while the dashed and dotted lines
indicate cumulative J, and J, components, respectively. The re-
sult shows that the arc- hmlted accumulation preserves the vertical
(Jy) component responsible for self-jumping, while the horizontal
(Jz) components are nearly canceled out.
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Figure 10: Geometric visualization of the arc-limited accumula-
tion on the unit circle. The colored points represent the arc regions
where the directional impulse is integrated, and the arrows from
the center indicate the accumulated impulse J .. (dark) and the re-
sulting jump force Fjump (light). The force vector points opposite
to the seed direction (—6sc0q), consistent with the experimentally
observed self-jumping behavior.
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(a) Initial particle distribu-
tion

layer construction

(b) Surface detection and

(c) Visualization of jumping force using the
proposed method

Figure 11: Overview of results. (a) Initial particle positions in the liquid state, uniformly distributed within a circular domain. (b) Kernel-
density-based surface detection and BFS-based layer construction. The green outer layer (level 0) represents the detected surface layer,
which is used as a reference for shell coverage computation and front propagation. (c) Visualization of the jumping force obtained
from the arc-limited impulse accumulation. The gray contour indicates the initial ice shape, magenta arrows represent the direction and
relative magnitude of the force Fjump = Jace/At s, and the magenta contour visualizes the post-jump position of the ice silhouette. The
motion occurs in the opposite direction to the seed angle, confirming that asymmetric flux integration around the arc front effectively
suppresses horizontal cancellation and preserves consistent jumping directionality.
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(a) (b) (©

Figure 12: User-controlled seed position and its effect on jumping direction. The three subfigures show examples where the initial
nucleation (seed) position was manually placed instead of being determined by the physically based cooling model. As the seed position
changes, the direction of the resulting jumping motion and the displacement of the circular ice shape also vary accordingly. This
experiment demonstrates that while the proposed framework is grounded in physical modeling, it can also support user-driven control
over the freezing and jumping behaviors, allowing interactive and artistic flexibility.
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Figure 13: Effect of silhouette geometry on self-jumping direction and magnitude. The gray points represent the initial particle positions
sampled from each mask, while the light blue points indicate the displaced positions after applying the jumping force Fjymp. Different
shapes yield distinct jumping behaviors depending on curvature, symmetry, and the spatial distribution of surface flux imbalance.
Asymmetric shapes such as the spiral (b) exhibit concentrated impulse accumulation and stronger jumps, whereas symmetric shapes
such as the heart (c) or bird (d) produce balanced flux and weaker, more centralized motion. These results demonstrate that the proposed
solver naturally reflects geometry-dependent variations in momentum flux and directional self-jumping dynamics.
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@ Gray COM
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Figure 14: Jumping behavior with Poisson-disk sampling. The gray
points represent the initial particle positions, and the light blue
points indicate their displaced positions after the jumping impulse
F;ump is applied. Compared with grid-based sampling, the over-
all jumping direction and magnitude remain consistent, but mi-
nor variations are observed due to the spatial irregularity inherent
to Poisson-disk sampling. The non-uniform particle spacing intro-
duces slight differences in local kernel density and surface normals,
resulting in small deviations in the accumulated impulse. Never-
theless, the overall jump direction remains stable, demonstrating
that the proposed solver is robust to different particle initialization
schemes.
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