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FLIGHT ANALYSIS OF A BUTTERFLY FLYING AWAY FROM A WALL WHILE CHANGING
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The motion of a cabbage white butterfly flying away from a wall while changing its flight
was measured, and numerical simulations were performed using a computational model
reflecting its motion. Firstly, the motions of the monitor points on the butterfly’s wing
and body were measured, and time series data of yawing angle, pitching angle, rolling
angle, flapping angle, abdominal angle, angle of attack, and lead—lag angle were obtained.
As a result, when the butterfly turned rightward, the lead—lag angle of the left wing
increased, and the angle of attack of the right wing increased. Secondly, a computational
model reflecting the measured motion was constructed to calculate the flow field. As a
result, wing-tip and leading-edge vortices were formed on the wings of the butterfly model,
and they were released in the direction opposite to the direction of motion. Thirdly, the
aerodynamic and inertial torques of the left and right wings were calculated. The results
showed that the symmetry of the aerodynamic and inertial torques of the left and right
wings was greatly broken during the change of direction. In other words, the butterfly
rotates its body and changes the direction with asymmetric aerodynamic and inertial
torques of its left and right wings.

Key Words: Flapping Flight, Butterfly, Turning Flight, Lattice Boltzmann Method,
Immersed Boundary Method
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Fig.1 Experimental appartus.

Table 1 Physical properties of a butterfly and experiment

environment.
Variable Symbol  Unit Value
Wing length L m 18.3 x 1072
Thorax length len m 4.6 x 1073
Thorax width wen m 2.0 x 1073
Abdomen length laba m 10.5 x 1072
Abdomen width Wabd m 2.0 x 1073
Time-averaged wing-tip velocity  wug m/s 1.31
Flapping period T s 122 x 1073
Total mass M kg 4.5 x 107°
Atmospheric temperature — °C 19.9
Humidity - % 40.0
Density of air Pt kg/m®  1.19
Kinematic viscosity of air v m?/s 1.52 x 107°
Reynolds number Re - 1305
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Fig.2 Monitor points on a butterfly.

px OEEZH T2 X5 ICHREL .
2.3.3. EhKEEF

MUREE X D EBETY 7 by 27 2HWT, BiffE
MEITS5. £, Fig 2R LAEREBRORBELE LTER
LEBREITo7. CORBATEIFES T2 THIRXT3
BOOTHOTEEE R T=. £, HEIRKY 7 by 27
BOEDH S HETERBHNTE 205, BoOEEIZXDEF
HEBEN 2 HEP, B—aThrkoBHI#HLW. Z
D=, BEITERTERVWEGE, FETHERDOEN
1To7-.
2.3.4. EXRTAS LT —2DNE

BB & D 1§ Sz ZRICEE D 5 = RT3k
5. Sec. 2.3.1 XD RDIZAFLNT X =&, HEERT X —
X%H LT, Sec. 233 K HRDAH AT 3HHTDRITHE
B BN Y 7 by 27 EHWTERICEEERD 5.
F7, RDLZRITEFITH LT, 39 ROZ/DN_RLIHERA
ERIEATV, RS EN R T — &2 2 L.
2.4. BEEDFHE

Fig. 3(a) W% z, y, 2 £ T HEILEERS 2T, 2
Nz, 2 KFI T, yEiZshE BT e 3 2 6 FEIER
Th2. £7-, H2KMt TDFig. 2 TRIFHESDOMEN Y

(a) wall (b)

y(upward)

NLEZRER A, B(t),C(t), D(t), E(t), F(t), G(t), H(t), I(t)

v L, MEHLOMEBENY MLk z(t) £ LTUTORTE
#55.

zo(t) = AL BO (1)

2
ZOHFHLDOAMEBERY Lz, B ED Tz 10 HOALE NS
A s, WORUIZBREDOLE L BHIOMAE (Fig. 3(b)),
BEEMOREZ L ERD 5.
2.5. AE
MU AZERTEER S, S—4 VM, CyvF U I,
u—y YA, P EM, BEAOF 5 O0AEERD S.
BRSO NENY LD x(t) 25 DHERT M L% Zh
ZRA(t), Be(t), Ce(t), De(t), Eco(t), Fe(t), Ge(t), He(t), I(t)
55, LTI LT AR 1T

Ac(t) = A(t) — mc(t). (2)

2.5.1. A—1 VA

S—A4 YA, cTaAR» S RO Al(t) & y oDz
THAREL, cMICELCHET 2METHE. £7, At
Zoyz FEHASET 2. FEBEOMENY L AL LT
DEITRES.

J:OT, 5""/{ :/7\‘% eyaw(t) Liu—l:@; 5 b:?%‘ﬁ-é.
Oyaw (t) = atan2 (a.(t),ay(t)) . (4)

2B, atan2 BB O ERIIf TR A THHET 3.
2.5.2. EvFUIA

Vo F oM, X7 MR I — 4 27 AT EER X
B, 2HIESAD>» S RZKD A(t) L 2 HIORTAEZRL, 2
B LTS 2METH L. ¥uF v IAERD 220D,

Thorax

Thorax

eﬂap

Thorax

Fig.3 (a) Geostationary system Y ; (b) definition of angles.



RS OMERZ ML E o BICE LTI — A > 7573
IRX Y 5. r#EEROEERITH] S1 (kA SR) % Fuv 7z [6lix
BONRT FLEZNZI Ayaw(t), Byaw(t), Cyaw(t), Dyaw(t),
Eyow(t), Fyaw(t), Gyaw(t), Hyaw(t), Iyaw(t) £ 3 2. TR
K LT Apan(t) R

Ayaw(t) = S1(Oyaw (1)) Ac(t), ()

TIT, Apn(t) D2 RANZ0THSB. LEdoT, N2+
N Ay () BUIT D X S ICHRE S,

EoT, EvF VI 0t) IZUTOLSITRES.

Opit (t) = atan2 (by(t), b (1)) . (7)

2.5.3. A=Y >/ A

0—1 Y 7MiE, EXI MYy F VAT EEEX
&, s BWIESAD S RO D(t) ¥ G(t) DBETAZHEL,
cHNCB L CRIEEST 2METHS. n—U VI AERDZ D
W, RSO ENY MVE 2L Ty 7> 75750
FHRE 5. 2 SR O EIRITH] S5 (8 A ZH) 2 Hwi:H
REBRORZ M VEZNRZRN Apis(t), Bpit(t), Cpit(t), Dpit (1),
Epie (1), Foie (t), Gpit (), Hpie (8), Inie (1) £ 35, LUTICcRE L
LT Apis(t) Z/RY.

Apic(t) = S3(=0pic(t)) Ayaw (t)- (8)

Dpi(t) ¥ Gpin(t) & yz FEASE L2 M L% DL (1),
Gli(t) £ F 5. L7dioT, Ghylt)— Dhi(t) BRD & 512
£HE3.

Goi(t) —Dpi(t)=c=| ¢, |- 9)

0—Y Y27 A D(t), G(t) DHEE (|G (t) — D(t)|) DE
BIZEXDBEENKRELR>TLES. 2Tl DHET
Kbz,

- 20[mm|<|Dq(t) — Go(t)| DHE

0—Y Y7 O (t) BUTO XS ICEES.

Oro1(t) = atan2 (—cy(t), co(t)) . (10)

+ 0[mm] <|De(t) — Ge(t)| <20[mm] D&
KD (t),Gri(t) O EZR P L, MTO XSRS,

0
P=|p, |. (11)
Pz

FoT, =V V70 IZRDEIITEKES.

Oro1(t) = atan2 (p.(t), py(t)) . (12)

2.5.4. PIE=A

TNE2EMZ, EXT MLk a—A V7, EvF oy, u=1
YU EEE X, o BT S B2k D(t) & Ed(t) 2
R FHDEMRZ ML e dBORTAZRL, BB L T
MR T 2METH 5. PN EALRD 272018, FR O
EARZ MLE s EicBE L Te—Y Yy 7AR R NEHIE 5. ¢
A O (MR T4 S1 (H A 28) ZHVEEEZOR S b
N ZNEIN Aroi(t), Broi(t), Croi(t), Drol(t), Erol(t), Fro1(t),
Groi(t), Hioi(t), Lot (t) £ 35, LTICKRKRE LT Aa(t) &
R

Aror(t) = S1(=0:01(t)) Apie (1), (13)

ZZT, RZ ML Di(t) ERZ ML E(t) DAVER D,
SEH Dyot Erol DHAIERRANZ bV ng(t) ZRD 5.

D.o(t) X Eral(t)
D.oi(t) X Eeol(t)] ny(t) |- (14)

Mo (t) =

BNIERRAR 7 DV no(t) % yz SFHICHE T 5. HHEHZON
Z A nh(t) BUTO XS5 ICERE 5.

0
no(t) = | ny(t) |- (15)
n.(t)

EoT, ME72EMA O0pap(t) BUT DL S ITRES.
Oiap (t) = 90° + atan2 (ny(t),n.(t)) . (16)

FEROPNELEMITONTDH, N7 ML Gro(t) 227 ML
H.o(t) Z FAWTHEKICKRD 2. 4B, BESTAZTELET 5.

2.5.5. [RERA

JEERAE, N7 v kI —4 VT, VyvF Uy, a—1)
7 LS 1, 2 WIS D 5 RO C.(t) — Bo(t) &
hrohdmeERL, dHCHALTHET2AETHS. 2
ZT, Brol(t), Crot(t) D zFE0TH 2. LEdoT, N
Z R Crol(t) — Brol(t) BT D X5 1cKE 5.

Crol(t) - Brol(t) - C(t) = Cy(t) . (17)

FoT, A Oua(t) IUTO XS ICKES.
Oaba(t) = atan2 (cy (1), —ca (1)) . (18)

2.5.6. WA, U—F 378

LGROMA, V—F 5 7MERDDLDICHERDTNIT
M5y, B EZ c WCBAL TREE X ¥ 5. « BiEE O [ET
751 81 (I8 A Z8) ZHVEEERONRY M e zhzh
Afiap (t), Biiap (t): Chap (t), Daap (t): Eqap (t), Fiap (t), Gaap (t),
Huop (), Inap(t) £33, LUTIARKRE UT Agap(t) 2R

Aftap(t) = S1(0fap (1)) Aror (2).- (19)



WAEHNEEMP LR E0P e 2 MORTAZREL
THED, 2B L THET 28ETH5. £7, Dawl(t),
Efop(t) % oy FHNEEICHE T . HEB0oBHAE
Dion(t), Bhap(t) £ 3% £ RZ ML Djp,(t) — Efpap (1) 13X
DEIITRES.

do
Dgop(t) — Egap(t) =d = | d, | . (20)

J: D f, Hﬁ aattack(t) &i;j-\,o) J: 5 &:2%% %) .
Oattack (t) = atan2 (dy(t), dy(t)) . (21)

V=R 7MIHEEERS Rz SISHORTHRENH . 2
WOLTAZRLTED, yicELCHET 2HETH 5.
%7, WEOBIA Daap(t) ZREIC 22 FHERIANGE T 2. §
BOBIRE Dy, (t) £ 5% 2T b Dg, () — Agap(t)
BERD K SITRE 3.

€x
Diiop(t) — Anap(t) =€ = | 0 (22)
€z

FoT, V="F "+ 77 Oead-tag(t) ZRD XS ITKES.

Gleadflag (t) = atan2 (ez (t)7 €z (t)) . (23)

2.6. FHHEBERS

WEDPNE Tz S X Z AN B DI ERRE O HE T
ZHND. AROTFHEIBRE uo, FEOTNE XA T =
0122 [s] FAHWTUTO LSk 2. RBPNIEEAT
&, PNET: 2 Opap DEBRINCHRKEZ H - T HRITHRK
EZISETORME LTERLTWS. ZhUE, &KREG
DHETHRRZEZIS 2, SEIOFHTIE, AREEREDF]
R 2 EXIZIERICTH - 7.

o, = & [ ol s, (o)

27U, up(l), un(t) 3ZNZHEMA D, E OdEE %L,
Dyit(t), Bpi(t) D—RLBESERHWTHET 2. AROA
U X up, 1IZOWVWT D, B G, H Z W THARIZK
5.

3. RERER
3.1. AE

Fig. 4(a) ICIROEHORRINFHEZRY. &b, 0<¢/T
<0.8 THAMML, 0.8<t/T<1.2 THAMICKE L MR
BLTWV3.

Fig. 4(b) 123 — 4 ¥ 7' Oyaw(t), ¥ v F ¥ 7 Ohie (1),
0=V Y7 O(t), HROPNEIZEM Ohap,,,, (1), EROD
PHET2 B A Opap,op, (1), REERA Oapa(t) ORI ERT. &
U, 8—=A Y7 Opaw(t) 1%, THHKED S OEN ERT.
%7z, Fig. 4 ORHNE, NI A ORMZE X D k720

W EEAMT =0.122 [s| TEIOTIELLTWS. 757 TD
BEOEETIEEORD TAL, HOMEENTIZIRD EFERL
TWa., /2, AT AEERERLTWS.

N7 E A Onap, s Onapy, PRAZNLED, HHEAEH
DOPE2EMICRKREREZZIEIIZERALTHS Z e bd
3. t)T =0 fHE T 90°, t/T = 0.6 [ TIEH —80° &
RoTED, BMIIKRELSEZETIVHRAT 22 8bhr s,
F72, BERDTATREMEIRD L 2MELET 2 2,
MU BRFFIED TATREOTPRNW b2 5. 3 —
A 2T Qo 1%, HHEEERLTWE E 2ICKRELSELT
W3, EuF VI O KIEET 32, KEERICHLTHIC
45° Y EEFTW 3 Z e b 5. JT AR 90° i 2
TW32eddb, KFEHECHL CTRERZZOE FHME
EZTWB3ZehmAsBNs. a—V Y7 M0, %, HHkx
BHRFICKELSBOLLTVWS., ZoZehb, HRAEHRT 3L
EFICRELBEREZEEEIETWSE Z e bh 5. BEEA Oaa
BIRD TA LOBETRELIBEMULEAD, IRY EFRIICHED
LTW Zehbhb.

3.2. ELOHEY

Fig. 4(c) KO E L OB DR AL ZRT. 2 kb,
r HAOEMICEHT 2, BELBKELKBLTVWEZE
bz, £RD FALURKC 2 FEOEZIIHEML T
5. y HAIOEMICERT % &, HHAERERED & y S HEOZENL
MRELHEMLTHRZZeBbhd. ZOZehs, HED
MEREZRMPS LR LEZDHALNS. —F, 2z A
DEMIZIE, IR TALRRIRD RIFRTREREZITRL,
M ORM ST E > SN TR L e b2 5.

3.3. FREGHR L BESHDER

Fig. 4(d), (e) KWALARZNZNDY — KT 7 Ocad-1ag (),
WA Oatpack (t) DRFEZLZRT. UV —F 5 7 Olead1ag 13,
HARIERFICERDO B RENZ M S, V—FK- 52
A Olead-lag BREL 2D LHIE L BREDOER ZED /NS L
5720, RMBEBEIARELIR2eEZIONS. ZITH
MAREMB L, MR BREOZAZROEBEOM D HHIHE &
BEOER-TVEHTOHEMEET I Wb DTH S, —77,
W Qagpack 3T AHRHRRHICER DT B RENZ L2 5.
TROE, PNE L HANCH L THEEIETIEL BoTW
2Zehbhrd. £, FARORG PRI ZHKLLL
25, HROBREEEZIZ v, = 1.12[m/s], ER DRI
T X 1E uo, = 0.92[m/s] TH o 7.

D Eo#ER» S, AR TI Fig. 5 2R3 L3512, £
HECTREMEBEMPARELLRZ Z e TELKIBINKEL R
D, BRCTHIE ML IR EL RS, FRmFEEI A
INEL B Z e TEROBE N LI BWNELS RS, —7F, A
BTN T2 < ATt LU CFATICHE W 72 ® ZEKARFT A /N
X AD, MEMCHRIE ML ZINE RS, %7, BiFE
YREIPWREL BB THEDOBE M ZHKREL LS.
THICE D, EAEEROTEK L2 v B b L2 AIERFRIC R
ZDAAERLTVWEEEILNS.



— left wing

— right

02 04 06 08 1 12 14

t/T[-]

— left wing — right wing

-200 .
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

t/T[-] t/T[-]

Fig.4 Experimental results: (a) body movement of a butterfly flying away from a wall from ¢/T = 0.0 to 1.5 in the experiment.
(b) time variations of the yawing angle Oyaw, pitching angle 6pi:, rolling angle .01, flapping angle 4., and abdominal angle
Oaba; (c) time variations of the trajectory of center of mass in the z-, y- and z-directions; (d) time variations of the lead-lag

angle fiead-1ag Of the right and left wings; (e) time variations of the angle of attack Gagack of the right and left wings.
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Fig.6 Shapes of the right forewing and hindwing: (a) photo

image; (b) numerical model.
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Fig.9 Body movement of a butterfly flying away from a wall from ¢/7" = 0.2 to 1.0 in (a) the experiment and (b) the simulation.
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Fig.10 Results in the vortex visualization for Re = 1000: (a) isosurface of the magnitude of the vorticity (|V x u| = 2uo/L)
around the butterfly model from ¢/T" = 0.1 to 1.5 viewed from the right rear of the butterfly model; (b) isosurface of the
magnitude of the vorticity (|V x u| = 2uo/L) around the butterfly model from ¢/T = 0.1 to 1.5 viewed from the right front of
the butterfly model; (c) isosurface of the magnitude of the vorticity (|V x u| = 8uo/L) around the butterfly model at ¢/T" = 0.4,
0.6, 0.8 and 1.0 viewed from the left front of the butterfly model.
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Fig. 11 Time variations of the inertial torque of the wings

around (a) the z-axis, (b) the y-axis and (c) the z-axis.
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