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The flapping flight of tiny insects has been investigated for the development of micro air vehicles (MAVs). Wing
motion is one of important factors for lift and thrust generation and enhancement in flapping flight. In this study,
we attempt to enhance the thrust force and to control the pitching motion of a butterfly model by changing wing
motion. First, we calculate the thrust force generated by the butterfly model with various centers of the flapping
angle and various lead-lag angles when the body of the butterfly model is fixed. We find that the thrust force
increases as the center of the flapping angle increases and as the lead-lag angle decreases. Next, we investigate
the optimal combination of the center of the flapping angle and the lead-lag angle such that the thrust force is
maximized. Then, we calculate the free flight of the butterfly model with flight parameters of an actual butterfly.
As a result, the forward-speed of the butterfly model reaches a cruising speed of an actual butterfly. Second, we
attempt to control the pitching motion of the butterfly model by using a lead-lag angle.
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Fig. 1: Butterfly model with two triangle wings and a
rod-shaped body.
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Fig. 2: Two coordinates fixed to the body (X —Y — Z)
and the right wing (£ — n — ().
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Fig. 3: Computational domain for simulations of a but-
terfly model.

Tab. 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'r and lift
coefficient C1, at Re = 300 as a function of the center
0. of the flapping angle when the body of the butterfly
model is fixed.
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Fig. 5: The time-averaged thrust coefficient Ct and lift

coefficient C, at Re = 300 as a function of the lead-lag
angle v when the body of the butterfly model is fixed.
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Fig. 6: The time variations of the thrust coefficient Cp
for various lead-lag angles at Re = 300 when the body
of the butterfly model is fixed.
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Fig. 7: Vortical structures visualized by the Q-criterion,
that is, the second invariant of velocity gradient tensor
at t/T = 9.8 for various lead-lag angles viewed from the
top side of the butterfly model. The butterfly model is
shown as a red surface, and the isosurface of Q-criterion
(Q = 15) is shown as a gray surface.
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Fig. 8: The time-averaged thrust coefficient C't at
Re = 300 as a function of the lead-lag angle « for var-
ious centers . of the flapping angle when the body of
the butterfly model is fixed.
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Fig. 9: Vortical structures visualized by the @Q-criterion,
that is, the second invariant of velocity gradient tensor
at t/T = 9.8 for (0.,v) = (—20°,—40°) and (40°, —40°)
viewed from the left side of the butterfly model. The
butterfly model is shown as a red surface, and the isosur-
face of Q-criterion (Q = 15) is shown as a gray surface.
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Fig. 10: The time variation of the forward-speed U, of

the butterfly model for the parameter of a J. leucodesma
(L = 18.1, Re = 1190, Ny = 3.36, WR = 0.05). The
symbols indicate the time-averaged value in each stroke.
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Fig. 11: The trajectory of the center of the body for
the parameter of a J. leucodesma (L = 18.1, Re = 1190,
Ny = 3.36, WR = 0.05) in free flight. The symbols on
the trajectory indicate the position of center of body
when the wings are at top dead point.
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Fig. 12: Time variations of the pitching angle of the
butterfly model for various lead-lag angles.
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Fig. 13: Trajectories of the center of mass of the body
for various lead-lag angles. The symbols on the trajec-
tory indicate the position of center of body when the
wings are at top dead point.
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