R A

= ] u gL A

Ay 7hed @) 2Ed”

lo] 50 24o] A, Lo] g2}
Pgheeoh 7 E A E glo] ok, 2o] so] Ao shar of s} ek
Hyum0315, yoonsanglee}@hanyang.ac.kr, %jangy@ewha.ac.kr

Deformable Wing Modeling for Biomimetic Butterfly Flight

Wumin Lee’, ?Yikweon Jang, 'Yoonsang Leef
Department of Computer Science, Hanyang University,
“Division of EcoScience, Ewha Womans University

aof
el Hae s e 499 wge 3984 &
#43} ma ergael BAH G v o3
WAL ADes] AL AR il Dol TEH 5
e g mHge] AFAlT, B AT M
o) AW RS OE A B 2absta, A4

F7 Qe Aggomd Amy Fyd he 5B
1}

Hgo] Gl AA|o AA=HA AFE = flexible wing
7IRke] yn] dlS A9k,

1. A&

<5 18 AlEHolA AT 2Eek vjg FoEe] A
w3to] FFw o] gt} Chen 5 [2]L wg AHow +f
2o gl o] ko 2 IRl FU)ef &S
st WAl R AAzE Un] vld F2S A ek
o 2 Ao dd A HL2F T [1]—8— [2]9] &
+3t9 ¥71938 A3 Ortega Ancel 5 [3]S #Harsh
7198 A4 dAs &8st ey e s 4y
v o] B3 TS A3A3}AT}. o]F Vaxenburg 5 [4]
< 299 @719} S WAl B RdoA T
datets ZYAHAE ARSI oE olE AT
(141 ENE ‘4‘?4 ZA 2 BEAgste] G HEyge
o7 %“i“‘jr Lu & [5]2 ¥ (unsteady) &714
gt gy7bA] Hked sk ﬂﬁ}du jiﬂol A 11]’\]"_5& }

Chen & [6]2 3% 979 A3 WIS =470
(skeleton—-driven) B2 AlEdo|AsIE T &7 &4
o RE wael vel BoE ] greie i
* TR R EE, QoF=X (Extended Abstract)
=l Qo “‘E% (Extended Abstract)oi/ﬂ B =i
B o=k 58711 E‘r Lﬁtﬁiloﬂ Xﬂ ]"O]

BEARTT ATATA (RO-2024- 00399136) m 4&7]?
AWEAR D AWEANGAAAL TG
AR (RS—2026—255084O4)9] A g Wwol P Y

+ AALA =}

Yo g A ke ks Feje Wdae s
% Q94 on gysdrt. EF o] mue s

=L ol At ofh

1é¥7H /\}o],] %g]x% /\Lixl-s.o ;}EX] ok}, = o
5 [1]€ " A] &= (mesh collision)”|¥to 2 ok-Ht
A%S RAHEe vf oy, @l A e o) 2d
ol ATH= sHAIF o] AUt

2o Aol A= AA duo AW FxE v A
i]-;ﬂ FTx2 :L/\}—a]_ Oo:] 1/1—7H Dt—ﬂo xﬂo]-—g_h:]_ /\lxﬂ
wa] grie] My dAYFH sdeAl, E 71HY =
Aoz vE Fuo Wyl W YYHES T
ergom, TRA FEA N REA FE Px2
o &R O FEAEe 2AY

2. Y¥) @i 24

2.1. AA yu @A 727 54
22 G gk il o2 AR e AW LR o]
it E3] 9Hd(leading edge) 9 }\]uﬂo
7373 o] lx:o]_ 147]] ;Lz x%iﬂ% 2] 2] &}
B 5 g (7] vl G §
AAgE 73] 6§3(DLM/DVM)0] FHE W3
o] W3o] MAwefg] 7 F(axillary sclerite)
27 71F-(wing base)® AEE = H]-/\]g
8]

2
2

2 o K
o,
N
N iil
oft ot rEE

tio

o X N ool 00 it it rk
SRR T oo Y
rd
fo
flo
T
=
N
1
2 r
E
r
JXE
N
N
X
)
] fru
i3
oo R b o 2 > rlo oft

m [o -

6?
B
E
@
><
=i
o
=
B
@]
o
=
=i
=8
‘73,
FU
oft
o
it
o
Mo
offt
[o
oot
oX,
ol
o
A

Wil ])\/\E]'

2.2. AA FXE WE% 74 S 2

= EL*E% wHel, 1, w5, 4709 g 715, agla
AMS 1dste AAEE A9 2 2l Ve =
T 3R I H BEER AdAEE AR :‘E“‘EE]“%,
o] #de sldol AHd FxE uwg AW AAEE A
¥t} monarch butterfly €701 W3 A9 3} axillary
7% [8]F Faste], A= 47, AEAE 3719
BAet o]ES ol WHE fxE AT, ddel Jhrt
= AALTF ¢ =2 A, s Folstel AA



Gl vlrder Fx 5SS xdslth 59 H4
v 3 A vAYES 7 715 #-olge= ulil
A4S F8l Esigith 71 du) Wy AlEdelAd
AT (6] BEe A4l F7] d4E ALt #HEE
2 A= OE phases AAste]l @I M <AfA L
2 AT wbE B2 Ao = A yH] Gl
=5 WAYUSH FASHA Gl 1R dEd e dedt
T7] 489S ALston, g o dU WIS A
Wz Aol A Y Bk o] AA=HA K
LHLEF Qo @i 71He I &5 #E FRE
met G AAR dEEH, G SR 3l 3 A
4, 371984, 18 70”«] g 2Hgol odl FE A
o= WygHn, I A ZFHA FEA 7Rk
T4 & 7XE 3l 2AsksiTh 7 Bele A
Davis = [10]¢] =43 monarch butterfly®] HF¢¥E
FAC 7IHkste] A3l on, AlE el S &
H3t7] 918 108 =AY Hs] A 83T,

2o WY 54& mashy] g8 G Edele 2w
233 3l(end spring force)= F7F4 o2 A3t}
T 2w Alele] dA A9 271 Aol (Lees)el 2l
dete v 2993 Ag weked)e] Hashs A
4 A gl Foz Hojerh

Fiping = k(L — Lyest) +bL

=

1 1
Fife = EPAHWZCL(!I), Farag = EpAi|Vi|ZCd(‘I)

q71M p &7 UE, A WA AZge] WH Ve i
HA e £5 Cla)ot Ciala)e E’—l%%‘(angle of
attack)oll w2 &g Alget FH AFot. 7|E AT
so] & A IE 7Hge A de, & Oﬂ:rLJ o
H._ uH /\]xi tﬂ?ﬂlﬂ\ji 7_}- )]\:]—71-634 tﬂZ—] Aﬂ—

Vi Tk Wy AEel wet FHo= il ]a

gl ol WAl WME o] Fr|gEEd A4 g Al
Abgl gl e EAISEA #3E(barycentric coordinate)E ©]
g3sto] AR Al AN Eul kst

3. 49 A

ad 1t @A v 23 G [11], (b ZEe] A&7

ol Azt

2 1= 2AA monarch butterflyd] @783 Ak a)3}
Bdlo] A& ol Ai(b)E vlug Aot F 4
BEolA ok AlMS whet A wigo] ) &
T2 Ay, drf "ol wed W 3o opd
H FEE FoA = o] dEET

3 B mdo = gl 715 #Aol flappingS F7]
THE dEEs s, 97t flappingt®  ofulEf
herngJr dev1atlonm?ﬂ:°EE A A= 3F

=
o

Epe ol W) Z1 ae) wel % ]1d
%E TEE Eq":jr ;ﬂl‘ﬂrﬂl‘ _L]-;Goﬂ}\-} 3 ]Q_':]@J'_a:‘—q_
g AW A 7] v ds A
o 93 SEHow 3% WYPo ﬂﬂ%
[e)

o

ORI e icae: Ao <O B TR IS S |

, AA]l U)ol 28] ”711 71T°ﬂ A

A Fwpe sEdow WyRt: Aoy ww
(819 A2 FAL + Ut
AEH

2024.

[2] Q. Chen et al., "A practical model for realistic butterfly
flight simulation," ACM Transactions on Graphics, vol. 41, no.
3, pp. 1-12, 2022.

[3] A. Ortega Ancel et al., "Aerodynamic evaluation of wing
shape and wing orientation in four butterfly species using
numerical simulations and a low-speed wind tunnel, and its
implications for the design of flying micro-robots", Interface
Focus, vol. 7, no. 1, p. 20160087, 2017.

[4] R. Vaxenburg et al., "Whole-body physics simulation of fruit
fly locomotion", Nature, vol. 643, no. 8074, pp. 1312-1320,
2025.

[5]T. Lu et al., "Data-driven control of insect flapping flight via
deep reinforcement learning," [EEE Transactions on
Visualization and Computer Graphics, early access, 2026.

[6] Q. Chen et al., "Real-time wing deformation simulations for
flying insects", ACM SIGGRAPH 2024 Conference Papers,
2024.

[7] R. J. Wootton, "Support and deformability in insect wings",
Journal of Zoology, vol. 193, no. 4, pp. 447-468, 1981.

[8] P. R. Ehrlich, "The integumental anatomy of the monarch
butterfly Danaus plexippus L. (Lepidoptera: Danaiidae)", The
University of Kansas Science Bulletin, vol. 38, no. 18, pp.
1315-1350, 1958.

[9] Y. Ma et al., "Wing coupling mechanism in the butterfly
Pieris rapae (Lepidoptera, Pieridae) and its role in taking off",
Journal of Insect Physiology, vol. 131, p. 104212, 2021.

[10] A. K. Davis and M. T. Holden, "Measuring intraspecific
variation in flight-related morphology of monarch butterflies
(Danaus plexippus): Which sex has the best flying gear?",
Journal of Insects, vol. 2015, Article ID 591705, 6 pages, 2015.
[11] life in a Blink — Art of High Speed Photography, “Healing
flight of butterflies — 1000 fps slow motion”, YouTube,
Available: https://www.youtube.com/watch?v=keP4zHb1C5M



https://www.youtube.com/watch?v=keP4zHb1C5M

