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Wing flexibility is one of the important factors not only for lift and thrust generation and enhancement in flapping
flight but also for development of micro air vehicles with flapping wings. In this study, we construct a wing with
span-wise flexibility by connecting two rigid plates with a torsion spring and investigate the effect of the span-wise
wing flexibility of a butterfly-like flapping wing—body model by using an immersed boundary—lattice Boltzmann
method. First, we investigate the effects of the spring stiffness on the aerodynamic performance when the body of
the model is fixed. We find that the time-averaged lift and thrust forces increase as the wing flexibility decreases,
and there is an appropriate range of wing flexibility where the time-averaged lift and thrust forces are larger than
those of the rigid wings. This is because the wing-tip path and the wing-tip speed increase at the appropriate
value of the spring stiffness. However, the efficiency is smaller than that of the rigid wing in all cases due to large
energy consumption. In addition, we investigate the effect of the wing flexibility for various locations of torsion
spring. As a result, the effect of wing flexibillity is diminished as the torsion spring gets closer to the wing tip.
Furthermore, we investigate the effect of the wing flexibility for various Reynolds numbers. As a result, we find
that the wing flexibility which gives the maximum force depends on the Reynolds number. Next, we simulate
free flights when the body can only move translationally. We find that the model with the flexible wings at an
appropriate value of the spring stiffness can fly over a little more distance than that for the rigid wings. Finally,
we simulate free flights when the body can move translationally and rotationally. It is found that the model for

any value of spring stiffness gives an increasing pitch motion and consequently gets off-balance.
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Fig. 1: Tllusration of (a) a triangle wing with span-wise
flexibility and (b) a butterfly-like flapping wing—body
model with two flexible wings and a rod-shaped body.
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Fig. 2: Computational domain for simulations of a but-

:Periodic :No slip

terfly-like 3D flapping wing—body model.

Table 1: Parameters of a butterfly and a fly.

Janatella leucodesma  Fruit fly
L[mm] 18.1 3.0
Num 3.36 61
WR 0.1 0.0048
Fr/Re 1.98x1073 0.029
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Table 2: Spacial and temporal resolutions for various
values of the Reynolds number Re. The wing length L
and the flapping period T are multiples of the lattice
spacing Az and the time step At, respectively.

Re L T

300  50Ax  6000At
500  60Az  6000At
700  86Ax  8000At

1000 120Az  12000At

6,y[deg.]
\K |

-60 -
downstroke upstroke\\, e

9.2 9.4 9.6 9.8 10
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Fig. 3: Time variations of the deformation angle 6, for
Re = 500, CP = 0.5, and the condition of a Janatella
leucodesma (L = 18.1[mm], Ny = 3.36, WR = 0.1)
when the body of the model is fixed.
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Rigid

Fig. 4: The isosurface of the magnitude of the vortic-
ity (|V x u| = 2Uy;p/L) around the wing-body model
at t/T = 9.27 at various values of Nk for Re = 500,
CP = 0.5, and the condition of Janatella leucodesma
(L = 18.1[mm], Ny = 3.36, WR = 0.1) viewed from the
front side of the wing—body model when the body of the
model is fixed.
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Fig. 5: The trajectories of the center of the wing-tip
for each Nk for Re = 500, C P = 0.5, and the condition
of Janatella leucodesma (L = 18.1[mm], Ny = 3.36,
WR = 0.1) when the body of the model is fixed. The
symbols on the trajectories indicate the position of cen-
ter of wing-tip when the wing-tips are at top and bottom
dead points.
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Fig. 6: Time variations of non-dimensional height
of wing-tip stroke d for Re = 500, CP = 0.5, and
the condition of Janatella leucodesma (L = 18.1[mm)],
Ny = 3.36, WR = 0.1) when the body of the model is
fixed.
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Fig. 7: Time-averaged wing-tip speed USE" of flexible
wing for Re = 500 and CP = 0.5 as a function of the
non-dimensional spring stiffness Vg when the body of
the model is fixed.
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Fig. 8: Time variations of (a) lift coefficient Cr, and
(b) thrust coefficient Ct for Re = 500, CP = 0.5, and
the condition of Janatella leucodesma (L = 18.1[mm],
Ny = 3.36, WR = 0.1) when the body of the model is
fixed.
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Fig. 9: (a) Time-averaged coefficient Cp,, (b) time-av-
eraged thrust coefficient C'r, (c) time-averaged power

coefficient C'p, and (d) power-loading coefficient Cpy, as
functions of the non-dimensional spring stiffness Nk for
Re =500 and C'P = 0.5 when the body of the model is
fixed.

Table 3: The time-averaged lift coefficient Ciigd, the

time-averaged thrust coefficient C{jgd7 the time-aver-

aged power coefficient C;,igd7 and the power-loading co-

efficient C’gﬁd obtained by the rigid wings for various
values of the Reynolds number Re.

Re  cpsd  cred cned oriad
300 0.718 0.688 291 0.341
500 0.744 0.744 2.63 0.401
700 0.773 0.767 2.60 0.419
1000 0.802 0.789 2.49 0.452
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Fig. 10: (a) Time-averaged lift coefficient Cp,, (b)
time-averaged thrust coefficient Ct, (c)time-averaged
power coefficient C'p, and (d) power-loading coefficient
Cpy, at CP = 0.4, 0.5, 0.6, and 0.75 as functions of the
non-dimensional spring stiffness Nk for Re = 500 and
the condition of Janatella leucodesma (L = 18.1[mm)],
Ny = 3.36, WR = 0.1) when the body of the model is
fixed.

MRRELBRDIFEMTT DI Db otz £oT, FF
METIEH 2D, BMUTREEZ G20, WIERED
LEREREN, HHEBONDEZ 2 PbhroTz. X 51Z,
BEOFNNAMEBEELEZCHELLE Z 5, BRILE
PEWIFY, ROFZUMOMELZITIZI< BB I LN
R TE 2. 72, Re LI EMR, BohsH,
N AL DU 72 Ny DRKEXE Re T2 IZHR
L2 enbhrotz. UL, RellX s TRIRIGFIMED
KELRBIFEETF U,

(ii) TlE, Re =500 THRAHATREA/NLDNT (Fruit
fly) 28 & L CERE T2 2 25, #y)zRito#R
Ik o THiE - EATE 2R HIAR X A EU .

(iii) TH, NEONT (Fruit fly) 28€ LU CEHHEZ2TT-
el A, WRE, ZMELHIZEY F VI 0, 3R~
IZRELS o7z, Lo T, HEAMOEDFEKM: % EFE
UTERBLERIIEEINR NI b o 7.

SHOMEL UT, EBROBED/NNT A =X TOFHE R
ENEFoND.

Eif2

Z DD —EIL, JSPS BHAE JP19K 14885 D Biijk
IZEovizbnE L.

SE X

(1) Ma. K. Y., Chirarattananon P., Fuller S. B. and
Wood. R. J., “Controlled flight of a biologically
inspired, insect-scale robot,” Science 340 (2013),
pp. 603-606.

(2) Ristroph. L. and Childress. S., “Stable hovering of
a jellyfish-like flying machine,” J. R. Soc. Interface
11 (2014), 20130992 (7pp).

Copyright (©) 2019 by JSFM



06 Re =700 —¥— o
55 / Re = 1000
Rigid -

) 1

Nel-] Nie[-]
Fig. 11: The ratios of (a) time-averaged lift coeffi-
cient Cp,, (b) time-averaged thrust coefficient Ct, (c)
time-averaged power coefficient Cp, and (d) power-load-
ing coefficient Cpy, to the values for the rigid wings
credoned s onedand CREY) respectively, as func-
tions of the non-dimensional spring stiffness Nk for

CP = 0.5 and the condition of Janatella leucodesma
(L = 18.1[mm], Ny = 3.36, WR = 0.1 ) when the body
of the model is fixed.

(3) Zhao, L., Huang, Q. and Deng, X., “ Aerodynamic
effect of flexibility in flapping wings,” J. R. Soc.
Interface 7 (2010), pp. 485-497.

(4) Zheng, L., Hedrick, T. L. and Mittal, R., “ Time-
varying wing-twist improves aerodynamic effi-
ciency of forward flight in butterflies,” PLoS ONE
8 (2013), €53060 (10pp).

(5) Eldredge, J. F., Toomey, J. and Medina, A., “ On
the role of chord-wise flexibility in a flapping wing
with hovering kinematics,” J. Fluid Mech. 659
(2010), pp. 94-115.

(6) Cheng, X. and Lan, S., “Effects of chordwise flexi-
bility on the aerodynamic performance of a 3D flap-
ping wing,” J. Bionic Eng. 12 (2015), pp. 432-442.

(7) Combes, S. A. and Daniel, T. L., “Flexural stiffnes
in insect wings: Effect of wing venation and stiff-
ness distribution on passive bending,” Americam
Entomologist 51 (2005), pp. 42-44.

(8) Nakata, T. and Lui, H., “ Aerodynamic perfor-
mance of a hovering hawkmoth with flexible wing:

a computational approach,” Proc. R. Soc. B. 279
(2012), pp. 722-731.

(9) fI,, “ EAGREIOWIEL Y WIMETIZ T7 (2001), pp.
447-503.

(10) Gao, N., Aono, H. and Liu, H., “Perturbation
analysis of 6DoF flight dynamics and passive dy-
namic stability of hovering fruit fly Drosophila

8 33 @RERGNES VRY D A
E06-4

Oy[deg ]

downstroke upstroke

9.2 94 9.6 9.8 10
t)T

Fig. 12: Time variations of the deformation angle 6,
for Re = 500, CP = 0.5, and the condition of a fruit
fly (L = 3.0[mm], Ny = 61, WR = 0.0048) in free flight
without rotation.

4 . . . :
3 - -
=2 1
= N¢ =03
=05
1F =07 .
=10
=20
=50
0 Rigid
0 1 2 3 4 5
x/L

Fig. 13: The trajectories of the center of the body at
various values of Nx for Re = 500, CP = 0.5, and
the condition of a fruit fly (L = 3.0lmm], Ny = 61,
WR = 0.0048) in free flight witout rotation. The sym-
bols on the trajectories indicate the position of center
of body when root parts are at top dead point.

melanogaster,” J. Theor. Biol. 270 (2011), pp. 98-
111.

(11) Fei, Y. and Yang, J., “Importance of body rotation
during the flight of a butterfly,” Phys. Rev. E 93
(2016), 033124 (10pp).

(12) Yokoyama, N., Senda, K., Ilima, M. and Hirai
N., “ Aerodynamic forces and vortical structures
in flapping butterfly’s forward flight,” Phys. Fluids
25 (2013), 021902 (24pp).

(13) Suzuki, K., Minami, K. and Inamuro T., “Lift and
thrust generation by a butterfly-like flapping wing—
body model: immersed boundary-lattice Boltz-
mann simulations,” J. Fluid Mech. 767 (2015),
pp.659-695.

(14) Suzuki, K., Aoki, T. and Yoshino, M., “Effect
of chordwise wing flexibility on flapping flight of
a butterfly model using immersed-boundary lat-
tice Boltzman method,” Phys. Rev. E 100 (2019),
013104 (16pp).

Copyright (© 2019 by JSFM



Ng =03

Fig. 14: The time variations of foward velocity U, of the
model for Re = 500 and C'P = 0.5, and the condition
of a fruit fly (L = 3.0[mm)], Ny = 61, WR = 0.0048) in
free flight without rotation. The symbols indicate the
time-averaged value in each stroke.

(15) Minami, K., Suzuki, K. and Inamuro, T., “Free
flight simulations of a dragonfly-like flapping wing—
body model using the immersed boundary—lattice
Boltzmann method,” Fluid Dyn. Res. 47 (2015),
015505 (17pp).

(16) Ota, K., Suzuki, K. and Inamuro, T., “Lift
generation by a two-dimensional symmetric flap-
ping wing: immersed boundary-lattice Boltzmann
simulations,” Fluid Dyn. Res. 44 (2012), 045504

(27pp).

(17) Kimura, Y., Suzuki, K. and Inamuro, T., “Flight
simulations of a two-dimensional flapping wing by
the IB-LBM,” Int. J. Mod. Phys. C. 25 (2014),
1340020 (8pp)-

(18) Suzuki, K., Aoki, T. and Yoshino, M., “Effect
of wing mass in free flight of a two-dimensional
symmetric flapping wing—body model,” Fluid Dyn.
Res.49 (2017), 055504 (17pp).

(19) Suzuki, K. and Inamuro, T., “ Effect of internal
mass in the simulation of a moving body by the
immersed boundary method,” Comput. Fluids 49
(2011), pp. 173-187.

(20) Inamuro, T., “Lattice Boltzmann methods for
moving boundary flows,” Fluid Dyn. Res. 44
(2012), 024001 (21pp).

(21) Suzuki, K. and Yoshino, M., “ Numerical simula-
tions for aerodynamics performance of a butterfly-
like flapping wing-body model with various wing

8 33 @RERGNES VRY D A
E06-4

planforms,” Commun. Comput. Phys. 23 (2018),
pp. 951-979.

(22) Dudley, R., “ Biomechanics of flight in neotropi-
cal butterflies: morphometries and kinematics,” J.
Exp. Biol. 150 (1990), pp. 37-53.

(23) Shyy, W., Lian Y., Tang, J., Viieru, D. and Liu,
H., “Aerodynamics of low Reynolds numder flyers,”
Cambridge University Press, New York (2008).

(a) ! . . . \ .

y/L[—]

Op[deg.]

1 2 3 45 6 7 8 910111213 141516

Fig. 15: (a) The trajectories of the center of the body
and (b) the time variations of the pitching angle 6, at
various values of Nx for Re = 500, CP = 0.5, and
the condition of a fruit fly (L = 3.0lmm], Ny = 61,
WR = 0.0048) in free flight with pitching rotation. The
symbols on the trajectories indicate the position of cen-
ter of body when root parts are at top dead point.

Copyright (©) 2019 by JSFM



