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The flapping flight of tiny insects has been investigated for the development of micro air vehicles. Wing motion
is one of the important factors for lift and thrust generation and enhancement in flapping flight. In this study,
we construct a four-wings model in which the wings are divided into the fore- and hind-wings, and we investigate
the effect of the difference between the motions of the fore- and hind-wings on the aerodynamic performance of a
butterfly-like flappaing wing—body model. First, we calculate the lift and thrust forces generated by the butterfly
model with the difference of the lead-lag angles ¢ between the fore- and hind-wings for various combinations of
their each lead-lag angle (¢, ¢1,) when the body of the model is fixed. We find that the lift and thrust forces
increase with ¢y for (pf, op) = (0°, t). Second, we calculate the lift and thrust forces generated by the butterfly
model with various values of the maximum angle of attack a¢ of the fore-wing when the body of the model is
fixed. We find that the lift force increases with a,,s. Then, we simulate free flights and find that the four-wings

model for (¢f, @b, aAme) =

(0°,30°,120°) can fly higher than the two-wings model. This result is consistent with

the lift and thrust forces obtained when the body of the model is fixed.
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Fig. 1: Butterfly model with four triangle wings and a
rod-shaped body.

% Suzuki et al.(M PRELUZEFIICBWT, HApiE
CRBIINDIFZANEETIVREBEL, PNE SR
W BHBEEBEOMEDEDHEIIONTHRNLZ
ZHBE U7,

KIFFETIE, AWBEETIVEMEL, A - BED) —
R« I 7 RMAEDREN - BHOREIZED &
DB E G Z DD EHFHNZ, T LT, IKREERD
ERE2SZ AR S 2.

2. WABLARL-ZEB-REETIL
2.1 EFILOEK

WAL 728 fAkE T IV % Fig. 1 1TRT. ZOET
Vi, AMOE LA SHERINTE D, HOBRI=
A NS 5T Suzuki et al.(D Iz k> TIREINAEET
NWEIFERRBEZLIZEREINZW. 4 ROEIZEHIZE
AEFT, REZEAEN L, BHEN L OBEMA %0
=AEELTED, TR -2WEDETE, X5
2, BRIEIEE IS VERROE D & U, 4 DR & ik
(&, MR H T & BARTHARL L T\ 5. AR S E 2R AR
CHIEDRTAE ¢, BEORTAZ o, & L, BIEEE
BORTM%E o £ T 5. RIZETIE, (¢r, 0p) DILAG
DEELIEEIETY—R - T7MH%E o = or + @1
ERBLTWS. 72, ke AMOEOEREITZENE
Nomy & my TRRIZOHBLTHEY, EFILVOREREIZ
M =my +my &9 5.

2.2 PEEEA

ETNOMET-E 1L, EROWESHIZ, i NE
XIZHB AL, BBEACHL L2202 T5. £7,
ARTRIZZ O & S S EOEH) 2 58] 5728, Fig. 2(a)
DEIICHEPRDIELSTIIR M % L 5 2 DDMEIER %
BATS. 1 DIFMARICEE X Nz R 3y, T, R

5 33 @RERGNE S VRY D A
E06-2

(a)

(b)

Z(downward)
Fig. 2: Two axes fixed to the body (X-Y—-Z) and (a)
the right fore wing (&nst), (b) the right hind wing
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Fig. 3: Computational domain for simulations of a but-
terfly model.

Table 1: Spatial and temporal resolutions. Az is the
lattice spacing and At is the time step.
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Fig. 4: The time-averaged thrust coefficient C't and
lift coefficient C1, at Re = 500 as functions of the dif-
ference of the lead-lag angles ¢; between the fore- and
hind-wings for various combinations of (s, pp) when
the body of the butterfly model is fixed.

4. BIBEEE

AW TIE, RAEOHEBHEATH % Egs. (12), (13)
ERMEFET 572012, HORABERAEFRILY <V
% A0 ZFHWTERE L2, HOAABER- BFRLY <V
®IE, ERET ETBREIRSRN AR TE, »DOEN
® Poisson FHFERZ < BEPLZWIERDOBWFIETH
D, WEERBLL 7R E R/ RAkE T VoM, (T kv
REBU 2PN S B R E T opfs (L12) H =ik
TERFRRNE 72 ERATOMSE 131 b VSN T V5.
ZOFEOFMIZSE G 10 23S, ETIL
DEH HFEATH 5 Egs. (15), (16) OEUEREIIZIX 21K
¥ O Adams-Bashforth %2 FIWCEHE L 7-.

FHARGHIIE, Fig. 3129 180 x 12L x 120 DA
FRMEIS 95, EARBESOBERSEMA L LT, o il
WCHEEZE R EER U, TAUADOmEIZT R 2L
ZMEe 35, WHIZBWTIE, T TV O FE
DR (21, Y, 2) = (0, 0, 0) IZEDN, FIKHNDOFAA
TERILRBE T 5. AWIZETI, 2 M5OMRED T ILF
Tay ok EAWS 2 TaHEAREZRRKL,19 20

Copyright (© 2019 by JSFM



4 T T T T

3t Y — (@5, 9p) = (0°,30°) | |
— (96 9p) = (15°,159)

2 — (¢ ¢p) = (30°,0°)

s Ly

O .................................

-1p downstroke upstroke |

_2 1 1 1 1

9 92 94 96 938 10

t/T

Fig. 5: The time variations of the lift coefficient Cf,
at Re = 500 for (¢f,¢n) = (0°,30°),(15°,15°) and
(30°,0°) when the body of the butterfly model is fixed.
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Fig. 6: The color maps of the pressure fields on the
plane perpendicular to the z axis for z = 0.5L from the
wing root at (a) t/T = 9.53 and (b) t/T = 9.90 when
the body of the model is fixed.
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Fig. 7: The time-averaged thrust coefficient C'r and lift

coefficient C7, at Re = 500 as functions of the maxmum
angle of attack aps of the fore-wing when the body of
the butterfly model is fixed.
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Fig. 8: The time variations of the lift coefficient Cf,

at Re = 500 for various values of the maxmum angle

of attack aps of the fore-wing when the body of the
butterfly model is fixed.
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Fig. 9: The wing position at t/T = 9.60,9.70 and 9.80
for aus = 120° viewed from the right side of the butter-
fly model.
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Fig. 10: The trajectories of the center of the body at

Re = 500, Fr = 14.7, Ny = 61 and WR = 0.0048

without pitching rotation.
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Fig. 11: The trajectories of the center of the body at

Re =500, Fr =14.7, Ny = 61 and WR = 0.0048 with

pitching rotation.
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