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The flapping flight of tiny insects such as flies and butterflies is of fundamental interest not only in
biology itself but also in its practical use for the development of micro air vehicles. It is known that
a butterfly flaps downward for generating the lift force and backward for generating the thrust force.
In this study, we consider a simple butterfly-like lapping wing-body in which the body is a thin rod
and the rectangular rigid wings flap in a simple motion. We investigate lift and thrust generation of
the model by using the immersed boundary-lattice Boltzmann method. Firstly, we compute the lift
and thrust forces when the body of the model is fixed for the Reynolds numbers in the range of 50 -
1000. In addition, we estimate the supportable mass for each Reynolds number from the computed
lift force. Secondly, we simulate free flights when the body can only move translationally. It is found
that the expected supportable mass can be supported even in the free flight except when the mass
of the body is too small, and the wing-body model with the mass of actual insects can go upward
against the gravity at the actual Reynolds number. Thirdly, we simulate free flights when the body
can move translationally and rotationally in order to investigate the effect of the rotation of the body.
It is found that the body has a large pitch motion and consequently gets off-balance. Finally, we

discuss a way to control the pitching angle by flexing the body of the wing-body model.
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Fig. 1: Illustration of a wing.
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Fig. 2: Wing-body model with two rectangular
wings and a rod-shaped body.

38

DEHE Z-X FERICEL TEENHETE. #o
T, EROEEBNIAFROEFNC L > TREIND -
», ERICEEINEERDERIIAETHS.
Sw D Ty 2335 El#R%, 3-2-1 Euler A2 Lo
TR T 3. T, D EHH, nlh, ¢TSS 5 AL
Ry MvEENEN e, e, ec &L, T, D X8,
Y B, Z 8IS AEARY MrEERELex,
ey, ez L Ll &, [e, e, el [ex, ey, ez]
ZHLTUTOE 5260 5.

leg, e, ec] = [ex, ey, ez]Sz(a(t))S1(—0(t))1,
TZT, So, S IXLAT TEZ LN AEERTSITH .

cos¢p 0 sing
], (2)

52(¢)=[ 01 0
—sing 0 cos¢

1 0 0
Si(¢) = [ 0 cos¢ —sing ] . 3)
0 sing cos ¢

AE o(t) XROAAE, AEOL) IROWTEA
ThY, UTTEZDLNS.

a(t) = a—z'“- {1 + cos (2%” g)] . @)

8(t) = 0z cos (2?’%) , (5)

ZIZT, an BEKAA, 0y IPE-EAREE, T
NI 2B TH B, AFETIE, O, =45° &
T5. aft) & 6(t) OAERFTHA TS DL, BB
Y TALEIZET (a=0° 2, Y EiITFRRIC
FMOES (0= ay) KA EIICTHEHTH
3. am=0° Oz, RIIEEICEY EiTFbh,
am = 90° OB, RIZEEAITEY Eifbh?
ZEILEETA.
AFEOBETNLTIL, LD ) ICHROME
IZHTAERTA o) #EZXDZ L THAZEXT
W3, —F, EEBOF 3 i, RoOREIxTS
BAAIIHEVEZLT, ERXRAEERLTZ&IC
IO ROAAEEZTNS.OW “DET, B
EORETNOERL, EBEOFa voEE LI

X (forward)

C 7 (downward)

Fig. 3: Coordinate systems fixed to the body
(X-Y-Z) and the left wing (£-n-¢).
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Fig. 4: Computational domain for simulations of
a butterfly-like 3D flapping wing-body model.

Periodic

40

Tab. 1: Spatial and temporal resolutions. Az is
the lattice spacing and At is the time step.

Re L T
50 40Az  6000At
100 40Az 6000At
200 40Azr  6000At
300 50Ax 6000At
374 55Ax 6000A¢
500 60Az  6000At
619 T2Azx 7200At
800 96Ax 9600A¢

1000 120Az 12000At
1190 144Az 14400At
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Fig. 5: The time averaged (a) lift coefficient CL, (b) thrust coefficient Cr, and (c) power coefficient Cp,
as well as (d) the efficiency Eg for Re = 50-1000.
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0.001
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Fig. 6: The nondimensional expected support-
able mass against various Reynolds numbers for
om = 90°. The upper red curve describes Nyexp
for L = 3.0 [mm], and the lower black one for
L = 181 [mm]. The conditions for a fruit fly
(L = 3.0 [mm]) and a small butterfly (L = 18.1

[mm)]) are also included.
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Fig. 7: Trajectories of the center of the
mass (COM) of the wing-body model with
Ny =16, 17, 20, and 30 for L = 3.0 [mm] and
Re = 200. The initial position of the COM is
(x/L,y/L) = (0, 0). The symbols on the trajec-
tories indicate the position of the COM when the
wings are at top dead point.
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(2) L =181 [mm] DiHE Fig. 10iZ, Re = 500
ICBWTERTEESY Ny = 0.2, 05, 1.0&L
el &0, REFTNVOBEBLOBHEZRYT. ZIT,
Ny = 0.5 1% Re = 500 (AT 5 Nyexp £ Z LT
LICEETS. ZOREY, Nv=0.5(= Nmexp)
ORERIIZETLTNBZ L3ah5. F7-, Fig. 10
£y, NMexp FV/NPNENNy =02THLETFTLT
WAHZ EBgnD. ZORKRIEL = 3.0 (mm] D
BELIZERY, BHEERICBOTIE Mrexp X
NN EEHHIEERLTVS. iU,
—EOMI I L HZELO ETEBNRE LV
B, RIBOWEIZT HENEER/NELRY, #
FERICHERTAY72 Reynolds BBMET L, +47287
BPELNRWEDHEEZLND.

L =3.0 [ mm| DFE LRI, ROEEZ 7,
E8, BTO 3 OHELHRE Fig. 11 &7



( a) 1000
o Upward flight
x 4 Keeping altitude
0f = 1 x Downward flight
[ Fruit fly

Ny

200 400 600 80 1000 1200
Re

(b) o T —— Meyp (L=3.0 [mm])

1 e Upward flight

A Keeping altitude
* Downward flight
[ Fruit fly

00 W W A0 0 &0
Freq[Hz]

Fig. 8: The map of (a) Re-Ny and (b) Free—M
containing the expected supportable mass and
points describing upward flight, keeping altitude
in flight, or downward flight for L = 3.0 [mm].
The condition of a fruit fly is also described.

—— Instantaneous value
¢ Time-averaged value in each stroke

Fig. 9: Time variation of the forward velocity
U, of the wing-body model for the condition of a
fruit fly (L = 3 [mm], Re = 620, Ny = 61). The
instantaneous value of U, and the time averaged
value of U in each stroke are described.

9. Fig. 11(a) £V, Re < 1000 Ti¥, Nuexp LA
TOERTHETLTLEY Z B ohd. —F,
Re > 1000 TiZ, Nyexp 1E EARIT, HDWVIEHE
BEHERFPHERTND Z 20353525, 72, Janatella
leucodesma M5 (L = 18.1 [mm], Re = 1190,
Num = 3.36) X Fig. 11(a) OFRWUATRINT
WEA, ZOFRFIZBNTIZEERITLTNDZ
LD, ZOFERIE, L =30 [mm] DEEL

—— Ntexp ( L=3.0 [rmm] )

N

-6-5-4-3-2-1 01
x/L

2345

Fig. 10: Trajectories of the center of the
mass (COM) of the wing-body model with
Ny = 0.2, 0.5, and 1.0 for L = 18.1 [mm]| and
Re = 500. The initial position of the COM is
(z/L, y/L) = (0, 0). The symbols on the trajec-
tories indicate the position of the COM when the
wings are at top dead point.

Ffglc, BAEET L ThoTh HHEE TH
EORADEI XX DI+ hEERH
LBBZLERLTNS.

BEDD, Fig. 11(a) EHERTRTR LK%
Fig. 11(b) i/~ 3. Fig. 11(b) IZ#V VT, Janatella
leucodesma D ERMFIL Freq = 17.5 [Hz], M = 24.0
[mg] TRENTWVSBN, EEIZIX Janatella leu-
codesma (% Freq = 13.3 [Hz] BETHIX<. &
DEVE, FEHAEDOET A TIEPITE & ARIE
O = 45° ZRWVWTWADIZXH L, FEBED Janatella
leucodesma TiL by = 59° THBZ EMNBAELT
W3, LaL, RHESLMHD Reynolds 3 Re R°F
KRIRE S Uyip 13, FEBRD Janatella leucodesma
DEBEIZ—BELTVWEZ LIZEETS.

& 512, Janatella leucodesma DMIZEIT B,
BETFNORERE U, # Fig. 121277, 20K
Xy, —EOMTEiTHT D U, OFBIIKREWN
2, FORTHMEIL /T = 14 THREGEEIZEL
TWBZ ERGhd. Zhi, BEFLVOERT
HEEBUEBH/NS WD THD, LirL, BRETL
DRIEE (U, /Usip = 0.32) 1XFEEED Janatella
leucodesma DREFHEHE U, /Uyp = 0.77 36 &
D H/hEV. T, Fruit fly OF&EFORHE L A
2, ZHROBRETNANHEET I2HINPEREDOR
HBRRETHHNL D BNENZ EEZRLTVS.
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Fig. 11: The map of (a) Re-Nwm and (b) Freq—M
containing the expected supportable mass and
points describing upward flight, keeping altitude
in flight, or downward flight for L = 18.1 [mm].

The condition of a Janatella leucodesma is also
described.

—— Instantaneous value
» Time-averaged value in each stroke
06 T T
05 E
04
a 03
é: 02
8 01
) 0
0.1
s

Fig. 12: Time variation of the forward veloc-
ity U, of the wing-body model for the condi-
tion of a Janatella leucodesma (L = 18.1 [mm],
Re = 1190, N = 3.36). The instantaneous value
of U, and the time averaged value of U, in each
stroke are described.
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Fig. 13: (a) Trajectories of the center of the mass
(COM) of the body and (b) time variation of the
pitching angle of the body for L = 3.0 [mm],
Ny = 38, and Re = 300. In (a), the initial po-
sition of the COM is (z/L, y/L) = (0, 0), and
the symbols on the trajectories indicate the posi-
tion of the COM when the wings are at top dead
point.



6.3 HEHHEE (HEHY)

AEOHETIL, YENLEH LIREDOEER T
MP LTV, ZOFHTIE, RECEELZEIC
A, HEEARIFIIRIETRELTS. KHE
TiX, BIEi & BRBIC o = 90° 28V, L = 3.0
[mm] Z48% L CEHEEIT.

Fig. 1312, Re = 300, Ny = 38 (L = 3.0 [mm],
Re = 300 1ZRF % Nytexp) & L7z & & 0, BLOBL
BRe Y F o 7 H Opisen DEALZERT. Fig. 13(a),
(b) £V, BET LDy F U TABRRLIZKEL
2, BEMICIEEREYEZELTLEY Z &8 00
5. ZOXHT, CoFr/AanEEriTRERE
Ko TWAZ LI, o a vicl+ 3550
LEEDNENTWS, fEoT, BB R F FHk
BHICRITT2ITIE, Yo Fr I ArEET 5
BRVEIIRDEEZEZILND. 2B, ROEAXT
NS, BEFNMIERFRA~NDESES, *
FaA— AV TABEIZ ThoteZ LEHERLT
W5,

6.4 EvFriAHEEO®RE

BHIZ, EyTF U AREET S FEZONT
BT 5, EEOF g vk, RESKE (Thorax)
LHEER (Abdomen) 24 TRY, KER L EE
OEMNESFEET L L THBOY yF L AR
HIE LT3 KBFETIE, ZoOYyFr SEHIE
EERODANDZET, BETANEREZHIT
ICRES I IZRIT TE B3R RAT S, =2 Tlifs
Bk, BEF Ve, y FALIERSET, %
T yFUSERE LML D LTS,

HETNOMRGEE B L EEIC2, BESoE
&% Ly, EHOES% L, &35 (Fig. 14). =2
T, Ly =L+ L, THD. 7=, BEOEES M,,
BHMOEESY M, 235, 22T, M=M,+M,
Thd. EHLEEOEBAEAL, WHOMBGNLE
S by DILBIZH D &7 5. ABFFETIL, Janatella
leucodesma ##E16)|2 LT, Ly = 0.75L, L, :
L,=3:7, My:M,=44:51, £3=0.23Ly, &7
5. ZOXORAEELHSEETMIBANT, M
BRIz 09 B HEROFER A Ocone ZBIIZE XD Z &
;Q;%HQJ%K@ Y F U T Open EHIETD L%

Connecting point with wings

Connecting point with abdomen
L,

n

Fig. 14: The body composed of the thorax and
the abdomen for controlling the pitching angle of
the wing-body model.

Abdomen

BIER Iz k9 DI DMK A Ocony ZIRET DT
EEEXD. A Oony TOBDERETDHZ LI
REETHDD, I TIEED2BMOIETHS
Boont ZRETS. b L feont BEMETHIVUT Opiten
FBD L, Oeont BAMETHIUT pipen (TEIMT S
TERTREND. FIT, HBHEEMEa (>0) I
LT, beont PEZ a, 0HDVE —a ITRET
BZET, Opiven EHIEHTZZ L 2RHD. HitL
LT, EvTF U7 i DRE S830 5 MIE 6
(> 0) INICULE D X 91T Oeony PIEERET 5.
PATFIC, & 3R L1281 D Opyen(t) BEEFTH
BEFIZ, Ooont(t) BRET D EMREERT

o IF feony(t — At) = 0 THEN
- IF Bpitch(t) > 6o THEN

gcont(t) =a

— ELSE IF 6piten(t) < —6o THEN
Ocont (t) =—a

— ELSE .
Bcont (t) = Ocont (t — At)

— ENDIF

¢ ELSE IF ont(t — At) = a THEN
— IF Bpiten(t) < 0 THEN

Bcont (t) =0
— ELSE .

acont (t) = Ocont (t - At)
— ENDIF

o ELSE IF cont(t — At) = —a THEN
— IF Bpiten(t) > 0 THEN

écont (t) =0
— ELSE .
Bcont (t) = ocont (t - At)
— ENDIF
¢ ENDIF

Z OFIEIE TR, FIZIEE Y F U7 A Opiten > bo
L7pole b &, Goon DIEILa (> 0) ICRESH, #
RBELT, Opitch AT 5. A5, FD Ocont
DEIX, Ouitch = 0 IR DE TR SIND. 725,
COMBER. B ETRNDEDO—FITHS
ZLITEETS.
FEROHIEEEAWT, BIEH TR LA S B
T%&MH (o = 90°, L = 3.0 [mm], Re = 300,
Nu = 38) CRITHERENTINERIETS.
Fig. 1512, 6p = 5°, a = 120° x F2, kL&
ZDOMEOELDEBR, Y oF v 7 Opiwen PHE
RIZEMb, B8 L OISRz 2 B OEXTE Ocont P
RS (L %73, Fig. 15(a) X W (b) &V, v
Fo SEOBITHBANESL, BBEPREH
TR EERIIIRITTE CWA Z L B30 5.
%7z, Fig. 15(c) X0, KEERIzxtd 2 EEMOME A
1Z, WIICIZEFRICENT 3 H00, 0% 120°
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Fig. 15: (a) Trajectory of the center of the mass
(COM) of the thorax, (b) time variation of the
pitching angle of the thorax, and (c) time varia-
tion of the relative angle of the abdomen to the
thorax when the pitching angle of the thorax is
controlled by flexing the abdomen. In (a), the ini-
tial position of the COM is (z/L, y/L) = (0, 0),
and the symbols on the trajectories indicate the
position of the COM when the wings are at top
dead point.

BEADLEHLTWBZ EBa0Mn5. Z0O/Fk
Fix, LROREEIZLY, EBEOFavnd i
VoF U TARHIETERAZ EE2RLTWA, L
L, &#EIZ L =3.0[mm], Re=300, Ny =38
DEBETTITOREZLDTHY, EEOFa oD
FEMNBIIRELLBR>TVWE, EEOFa v
FETH ZOHBERER TH B 0IZO0 TS
BOBBEL L7V,
7T BE
FavFELUAEELIRTII-EEERAN
T, (i) MEEZEEL-BEORDERIZ LD
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KADHE, (i) REDOHEDAEZFHF LB EE
B, (iii) A& DIE, EEEEZEBICHFLZEHE
&, (iv) REOEEZHET 2 FEORNO 45
HOBEHEZIT- .

(i) TiX, Re =50 5 1000 DHKEE T, HAd
£ o = 40°, 60°, 90° iZDW\\T, HARE, 3
NFREB L OB HREOBRY T EHE L. £
DFER, am BT BICONT, £ Re AHIM
TBIZONT, BHIFHIH RS L HAREITE
MLTWBZ ERahot=. LrLFOHEMKIL
Re BT B2 o0 TEA LT BZ Lo
. Eie, BHEEESAREIL, an KL THE
DELLZ2WDS, Re 38T 31200 TEOHEI
BLLTWBZERyhotz. &b, Bohi=
BEIEEH RN S, EHIIH L THFTRER
TERTEER Nvexp ZROT-.

(ii) TiX, (i) TROZHEHE NMexp 28, L =
3.0 (mm] (Fruit fly ® 27 —) OFRITIXED
Reynolds #zxt L THXEFRBETH D = & ZRED
Bi-. Linl, L=18.1[mm] (MEDFa DR
r—v) DFEITIE, Re > 1000 TiL Nyexp X
FARETH DM, Re < 1000 TIIXFEAFREIZ A2
DT LEBgrol. ZofRRE, REOES)ICX
D, RIEDOFEX Reynolds EAMET 43 Z & 2R
LTW3. £/, FEBEED Fruit fly % Janatella leu-
codesma & B U A4~ —)l, Reynolds ¥, EWXRTE
BT, LAMRITARETHAZ LEENDE. Z0
Temb, BMRRETATH-TH., EROR
BOREERXZ DD+ B2 EHHLED
ZEBGnot.

(i) Tix, EEEEET DL, Py FrIAD
WM L > TEBEZHL, MENICRITTERY
ZERRLE. (iv) T, REEF TS L
WZEoT, YoFr7AOHEMEMZ, BB
T ERMBAICRITTE D Z &R LT.
i

ARFRO—ERIL, FRR25FE (R 29%LT53
HPCI v 27 AFIFBFFEERRE (ID: hp120112) 12 &
DR EZERERA T A TV F—DRA—/3—
ara—4% CRAY XE6 #FBHLTEK L.
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