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[Abstract]

This paper presents a stiffness-based real-time deformation method for frozen hair without physical
simulation. Frozen hair exhibits increased rigidity, limited deformation, and clumping with gaps, which
are difficult to reproduce with existing physics-based or manual approaches in real time. We model
freezing effects using stretching and bending stiffness, approximated through lightweight vertex
displacement and rotational deformation. The method supports user interaction and strand-wise intensity
variation, and extends a wet-hair adhesion model to simulate clumping with spatial separation.
Applicable to generic static hair meshes, the approach achieves consistent real-time results without

complex simulation, enabling practical use in interactive graphics applications such as games, animation,
and VR.

» Key words: Frozen hair, Stiffness-based hair modeling, Real-time appearance deformation,
Vertex-based deformation
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I. Introduction

oejrlere otk AfRlele] g TSt Ay a4

2, 7 Aefor 750 wet Aflee) Qi A
A depiick. 5] e vzt A% ofapt
1WA Haple AR e gejxeyn
7pR|0], ol2jat Aol Ao RE Halsh 9l
Agiet. o] 5 AT vleplae 283 vl Aej
218 Aol FYEUA o] FAs) F7kst, WA 5
oA TReIAIA] o], tjejztet Yola) Afolo] 3
Zo] @HEls S=4 9N S ol

7129 ojejrlet Ry U Aol AT £z 7

ES7I e ofebiers o W) ek 52l )

Tt

\JJE

O
—= ol

i)

J[rn U oy of

O_u
rulo |J

U AlgElole olelee S4 ASS AEoR A
# % gJoL, A4t vlgo] A1 melole] Aol %g
sto AAIZE S8olUt ALGAF HBALE 2740l A§sP]
ol AL Stk B, AAIQ F4e] Rl o
W I B YA S BliLA ATsA, At

S datol o] o)A W] 2 ojEste) Ande
SAI517] oL, X80l o] matelato] SHAE A
gjolct. £5] WAD ojapiee) A2, ol2idt 7|E A
2 upAlogl 7p Z7lef EQ0] 2 1xZ FulAo
= E@sb] ot

o
Ir
N
.

o
L
ko
e
ol

N

u:E J&

<2

R

r&v

o ogh

A,

M S4st 53 }\]EE
Q} Kh,]—?ﬂ o] }\}_9_7(} 7;1

th. ol2{gh Wetoll A A

flo]dof| o) EsHA] kL ’5‘.’3 Ao

A 7tx7} 3t

_4_4

o rjr
i) ¢
m [o
22
> o >
> rr
> ma
0oy M
L@ >
o

| &
B L
ob
)
40 2
ok o
N Th
i
2
o
~

I

1

ol

OZ‘.‘; m“ﬂ oL

o me rg to

v T7l0 1
Loﬂ—ii

B el vl
5 92 FAY 9E AY AHOE A

2 79 Jlof T} 2ol A% 4 ik A,
2izel 70 5718 A VI8 Wgos Bl
2] Alg2olyl QlolE AR Bo] 7hsd 7
pre AN S, AM8AL BEAES S4
AUHoz Aojg 4 9 WAUSS

)
o -

AN " o]

nellete] 2elxoe

o T =L
g 2B ol g &
=]
=

Nﬁgﬁlﬁo_?

En) L 08 a

T TR T
N
l—D:
>
il
)
)

N
N

oXx oX

D)

2

3 1o

odh

o=
}5 o 282 —ErUr. ol2fgt

>
>
N
N
>
0

lar
N O
—_ [l
I o o
<L o

(¢}

U (= o N
o M ro 4
=2 ro
> o
= b
et rr
oo 1A
i Olg
I
;92
s
J}mj\)
ror 2t
0 e
I-H
o
H;:
o
|J
éé
4B
N
iz

II. Related Work

olellere ool 7hen 71 A9(AEME)R A
o] 9lof, Eo]d(stretching), 3% (bending), BIEH
(twisting) 5 SRR Ty AT WY Ab] FES
iRty ol Ne=r  AsP] sl
Position-Based Dynamics(PBD)= &£%/3 7]¥F A&
oAl 9Jx] BALS B3 2x]|A ok Aal /o] &o]A]

Sote tad mfdYaz F]Eo foil]. 53] A
X5

b gP3ollM= "Hl4linextensible)” £4& &

7Zlo] 2931, Bender & Follow-the-Leader #A|€9]
7I5tte UlolES Juto R Tal/Ak WEozE A
EHE A= dAlske AARE Alggold 7]“&% AIA]
SITH2). Eot wol/vlEde Zoeh Bt st ©A
L2 = Bergou =9] Discrete Elastic Rods?} &2 %zt
seol, AEdeo] FuMw 24 mAAe 59
stretching/bending/twistingS 4=l 7|5tsto 2 Al

SReti{3].
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Adaptive Wisp Treeg A|Qtoto], ZAH AHAIR
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Al739r H7He A= Real-Time Hair Simulation
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2ol Y= S5/dolH #Y] HE = £ {0 AE
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B st & A 571 - Alo] 1H B)e'
Ueh= dSols A8 Sobd 2989 947t f-851tt.

A2 H27He] 74 (clumping)¥} 73X (adhesion)>

AP 2 QA HSAGT} BRI, o]F A 2]
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w3 Al hair-fluid 42518 % 288 54 W
2 U2 o 9100, o) ARolHE A Aot T3y

S-&(porous flow)s &3l &4/ 55 =TT fluid-

hair coupling® PJstEICH10]. Chgt of2jst Hao 4]
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X
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ARl Qlt}. o F =°1, Lyu et al.&= CNN 7]8t ®7t
7182 &9l guide hair2 28] s e 2|71t 542
Ao W2 AIRFerioni[11], Wu et al.+= implicit
neural representationg &8st §&%9 a7t
DHEYE $o85hiTi12].

E3h Hsu et al.= =2 7|8 Alg2fo]d} glolg 7]
O 22 Z29e hybrid W5 & A6t 2 t[13], Jiang
et al. = XA 2RSS Bl =22 7|9 AledolAde] Al
ARE 7352 7Ndshiti 14].
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III. The Proposed Scheme

1. Overview and Notation
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2. Stiffness-Based Freezing Deformation
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3. User-Driven Hair Alignment
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I = {la H ps,]\ﬂ*l - ¢ H = T, (10>

0, otherwise.
SR R R EEE S
s gt 2ol Akt

Vg * U

Toull Tl +e) (1)

23 R, = R(a,¢,) 2 AR
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1
t”.zi
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S
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tm(l —z)tx
o714 z€[0,1] = AFAPF 2A5H= intensity T2}
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OxE g80laL, z = 00]H £ Fol|Agt 3]Ho] Yo}
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=

ps; = p:sn,() + w(tsﬁi,)Rs (pu 7p:sn,()>+ (1 - w(tsﬁi,) ) (pu 7p:s\,()>
(13)

4. Clumping With Spatial Gaps

W4 o7t FAle AL n27iEY] A AEf
(self-adhesion)a} FARRH HJMEHY 7|9t SA)S 7t
KRS, Hds] GATE]7| 5oy 2/ Afojof] S(gap)o] ‘&
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"\ o h
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g(r)= {(1 ) ’ " (14)
0, r>nh
Ao Agste A WE = Oaa Ao
q_p;,i
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4 N(p,,) I g—pyill +e
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o slone. Wz nge 132 10 X
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5. Discussion of Complexity and Real-Time

Feasibility
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2 595h= A BA=E 7Y, clumping H7l= BF
d hU ol AY 2] | N|of vlgc). weta A



82 Journal of The Korea Society of Computer and Information

2Rt ofje} 2o] FT 4 ek

DA W]
"e‘/\]?_“ d= ol k2 hE Astehal, o]z BMg 33t
3li%d(grid hashing) o= FASHH oA oM =
O A Egﬂo] &S stdsh £~ 9

Aok e AR AR, 5= Kia, Fe A B
IShA] o7 Wioll, 28] 718t Alg2olA ¥y
At 2‘11 =7 24 Joh gepa AARE IF

FA| mho]mefele Nl Az Aoz e, 7}
UA= FreezeDeform, UserAlign, ClumpWithGaps=
oozt Zt WA= 7 A&{stiffness

enforcement), ¥&F A& (directional alignment),

7¥7F
|

3 FFS 1k SA)(clumping with spatial gaps)2

oSt} (Algorithm 1 &HR).

Input: Hair strands H, user input ¢, parameters (ks, ky, z, etc.)
Qutput: Deformed hair strands H’

for each strand s in H do
// Step 1: FreezeDeform
apply stretching constraint using k,
apply bending constraint using ky
end for

for each strand s in H do
// Step 2: UserAlign
if strand s is within interaction radius then
compute rotation toward user direction
apply index-based interpolation
end if
end for
for each vertex p in H do
// Step 3: ClumpWithGaps
find neighboring vertices within radius h
compute adhesion force
update position with gap-preserving correction
end for

return H’

Algorithm. 1. Frozen hair deformation pipeline.

IV. Experiment and Results

Fig. 12 0}9A 43 7|90 g nj2]71Eq] 3
2 Alojgh 21g BoErh & AP sYsh
oM Mz o i (intensity)5 A&7t
Fig. 1l(a)= 3A 7}& 0.8, Fig. 1(b)= IJA 7t
sfgsict. 3d F=rt 245 o7t A 4o 1
A 5Pt o AZEY, & FejEy U o

O o¥ rg
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2
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A& F7AF W WP} efdt v, sld Rt W
2 9ol 2] Q12| 3|3 ggo] AMK 02 U]
of Wekpe 7242 vigo] ghulelxlnl, ZyK o2 wrt
DEYD Arze T4 gele] vapizel YyEL
sfolet 4 olc
(@ (b
Fig. 1. Hair rotation results driven by mouse input with

different rotation intensities. (a) Intensity = 0.8 produces

a strong rotational effect along the entire hair length,

while (b) Intensity = 0.2 attenuates the rotation toward

distal regions, resulting in smoother and more gradual
hair curvature (red: root, blue: tip).

Fig. 2 73/3(stiffness) meju|gof wg YA4H w2
712te] Q|9 ®ighE vlwst Autg HojEtth Fig. 2a)=
94 5ap7F AgE7] Ao d& t2j7te FEjold, Fig.
2(b)e} Fig. 2(c)= 242} 73/ 3fol 7.02} 3.00.= HAH
259 94 s Uepdich. 7ol w2 4% H7r
o] FAA HFo| ox|E]o] MA| o]z} v|wA FUsA
FAIEHY, LEAGO] Zdagh AR Qo] FAgH
Y, 7do] Hodas m2j7p Al 1HE 7Ho] R4
o] Z71sto] EAlRE ZFo] FEfA|IA LY, Bt

ApAAZ D 8| FARRl vlA 9]3jo] AAES Sholsh 4

= [e] a T
At oot Ak Aot g 71W Alo] melo] A
Neje] vjelrtet 9g AWHoR AT 4 9eg
o=t
(a) (®) (©

Fig. 2. Effects of stiffness on the appearance of
frozen hair. (a) Original hair before freezing, (b)
frozen hair with stiffness = 7.0 showing reduced
waviness and more uniform strand lengths, and (c)
frozen hair with stiffness = 3.0 exhibiting increased
flexibility and irregular curvature.
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(@ (b)

Fig. 3. Frozen hair with clumping effects. (a)
Original hair before freezing and clumping, (b) and
(c) frozen hair with the clumping algorithm applied,
where nearby strands are grouped within a spatial

threshold after alignment using mouse input.

Fig. 32 W44 t2j71Eof| 3Al(clumping) 8115 A
B3t ZitE o4& Fig. 3a)w B4 2 84 st A
|5)7] o] 42 )it PEE UEUH, Fig. 3(b)et
Fig. 3(c)= W72 AJHoIA 33 gaelgo] Aed Z2uts
HoEO & Ao ARSSE g daelE2 ojejt=t 7t
=50l 44 A2 HHe Ulo HRIFH oot AR o=
AH=stE 2 A EQict o]of met 8] gupr} obRA o2

22 4 IS, 0194 UL o]ga) vkt Ao

et JEoM S eIk 1 A, Qe ol

Tl sl go] 2Ae Fistel 2TE L Wiol AAAT
o

Table 1. Performance evaluation of the proposed
method.
#Strand #Vertices U3 G2 FPS
frame (ms)
100 2,000 6.8 147
300 6,000 16.5 60
500 10,000 28.7 35

S
FPSJ O]E1EHE]H6‘ naQlEo]ES Ox|sk= HOo2 L}
ERgon], A& 2o ofsf ohek 413
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V. Discussion
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