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Abstract
The objective of this study is to gain insights into the effects of atmospheric density changes on insect wing-flapping

characteristics and the aerodynamic impacts of these changes. We conducted motion measurements of the wings and body

of freely flying hawkmoths (4grius convolvuli) in a reduced-pressure air environment within a chamber, analyzed wing-tip

trajectory patterns, and performed two-dimensional computational fluid dynamics analysis. Results suggested that

hawkmoths likely compensate for reduced aerodynamic forces under low pressure by increasing both flapping amplitude

and frequency, executing wing-beating patterns that trace wing-tip trajectories expected to generate high lift. Two-

dimensional computational fluid dynamics analysis of simplified flapping motions modeled from measurement data

revealed that differences in motion trajectories significantly influence vortex structures around the wings, with leading-

edge vortex and trailing-edge vortex occurring during high aerodynamic force generation. These results show the possiblity

that hawkmoths actively modify their flapping kinematics in response to atmospheric density changes, employing

sophisticated aecrodynamic strategies to maintain flight performance across varying environmental conditions.
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Fig. 1 Definitions of morphological parameters of a
hawkmoth, Agrius convolvuli.
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Fig. 2 Measurement system of wings and body of a
free-flying insect under variable pressure conditions.

(b)
Fig. 3(a) Definition of marks for the analysis using
DeepLabCut!' and (b) wing and body kinematics.
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Table 1 Computational conditions for wing motion

Case name Xamp Yamp Aamp
SAP, TR1 2.6 Cm 0 45°

SAP, TR2 2.6 ¢ 0.4 cm 45°

SAP, TR3 2.6 Cm -0.4 ¢y 45°

LAP, TR1 3.12 ¢ 0 45°

LAP, TR2 312 cm 0.4 cm 45°

LAP, TR3 3.12 ¢ -0.4 ¢ 45°
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Fig. 4 Stroke patterns analyzed in past study ['!1. This
picture is adopted from Figure 2 of the reference '),
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Fig. 5 Time histories of flapping angle for five flapping
cycles: (a) SAP (0.1 MPa) and (b) LAP (0.06 MPa).
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(b) LAP, 0.06 MPa
Fig. 6 Wing tip trajectories for five flapping cycles: (a)
SAP (0.1 MPa) and (b) LAP (0.06 MPa).
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Fig. 7 Schematics drawing of time histories of wing
section at 66% single wingspan length for five flapping
cycles in selected cases. Circles denote leading-edge of
wing section.
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Fig. 8 Effects of motion trajectory on instantaneous
aerodynamic force coefficient for first-second flapping
wing cycle under (a) SAP and (b) LAP conditions.
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Fig. 9 Effects of motion trajectory on cycle-averaged

aerodynamic force coefficient in second flapping wing
cycle under (a) SAP and (b) LAP conditions.
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Fig. 10 Effects of motion trajectory on instantaneous
vorticity fields around wing section for first-second
flapping wing cycle during (a) downstroke and (b)
upstroke under SAP condition.
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Fig. 11 Effects of motion trajectory on instantaneous
vorticity fields around wing section for first-second
flapping wing cycle during (a) downstroke and (b)
upstroke under LAP condition.

4. JWZIZ

AFTRD BEIE, BROPET & FetE~D K55
FEEZEAC DB & = DR AL D22 [ 1 F R BRI
ONWTOHREBZDLZLETHD, Fr o/ —NDZE
KREWELERE T CHRRITHOZE T T A XA
T DFE L AR OEE I, BIGEBED 2 — oA
L2 TTHAETRARIRHT 24TV, LT ORI LA 1572,
TEH T AXATE, WIERRZ I 7 & IRIE &
BB OW 2 ¥EINS®, SR ERHGFIND
B 2/ N2 2545 2 & T, BUER
X BEK ST OB EHE L TODAHREMES SV, F
WT— % % T M LT85 7 N3 7 X @B x5
2 2R TCEAB SR DFE R, EENRABR OV E
DY OIMEEIZRE S ZET DN, m2ERSIFEERY
WIFLEVRRTEVII A L TWAB Z 3o Tz,
SHOTEE LT, AFETEETE TWWE
OFEMRE X CHITEE AR E b OfaEEIc S
LBEFRRDLMNEN DD, EOTOIT, FHAI L7232
[AHEB) T — & &3 CIE A L 2 B iR i 2 52
B L, RIERFCR T 2 E DY oG L =R
EORBREIITT 5 TETH D,

Eili3

AR FE 1L ISPS B 2 TP22H01397,  JP23K 22668,
JP25K08120. JP25K00034D B ZZ T - b D TH 5,
TEH T AR AT OUILATE TRHK S22 A ZR U
Hfz L VIR ETE W, —EH T A XA T ORITE)
I F RO AEAEOH LILERBRY L
bDOTHD, LFFERFINARB-EERIIL, i E
T AT DEFEIZONWTHIE RS 2 HW T,



ST/

SR RIS < 2 L — > 3 VBT YRV A
2025%E7TH2H~4H

27— VRS (R0

2 3R

[1] Shyy, W., Aono, H., Kang, C., and Liu, H., “An
Introduction to Flapping Wing Aerodynamics”,
Cambridge University Press, (2013).

[2] Liu, H., Wang, S., and Liu, T., “Vortices and Forces
in Biological Flight: Insects, Birds, and Bats”,
Annual Review of Fluid Mechanics, Vol. 56, (2024),
pp- 147-170.

[3] Dillon, M. E., Frazier, M. R., and Dudley, R., “Into
Thin Air: Physiology and Evolution of Alpine
Insects”, Integrative and Comparative Biology, Vol.
46, (20006), pp. 49-61.

[4] Altshuler, D. L., and Dudley, R., “The Physiology
and Biomechanics of Avian Flight at High Altitude”,
Integrative and Comparative Biology, Vol. 46,
(2006), pp. 62-71.

[5] Altshuler, D. L., Dickson, W. B., Vance, J. T.,
Roberts, S. P., and Dickinson, M. H., “Short-

Strokes

Determine the Aerodynamics of Honeybee Flight”,

amplitude  High-frequency =~ Wing
Proceedings of the National Academy of Science,
Vol. 102, (2005), pp.18213-18218.

[6] Vance, J. T., Altshuler, D. L., Dickson W. B.,
Dickinson, M. H., and Roberts, S., “Hovering Flight
in the Honeybee Apis mellifera: Kinematic
Mechanisms for Varying Aerodynamic Forces”,
Physiological and Biochemical Zoology, Vol. 87,
(2014), pp. 870-881.

[7] Dillon, M.E. and Robert D., “Surpassing Mt. Everest:
Extreme Flight Performance of Alpine Bumblebees”,
Biology Letters, Vol. 10, (2014), 20130922.

[8] MR, Jr ik, FUEL, LR, “&
e FEFRATALBRBR B C H IFRAT 2 A XA A D3
WEH & DAL | AAREMATEIFREE43K
£ 2024, P64 (R A X —FEF)

[9] Stockl, A. L., and Kelber, A., “Fuelling on the Wing:
Sensory Ecology of Hawkmoth Foraging”, Journal of
Comparative Physiology A, Vol. 205, (2019), pp. 399-
413.

[10] Mathis, A., Mamidanna, P., Cury, K. M., Abe, T.,
Murthy, V. N., Mathis M. W., and Bethge, M.,
“DeepLabCut: Markerless Pose Estimation of User-
defined Body Parts with Deep Learning”, Nature
Neuroscience, Vol. 21, (2018), pp. 1281-1289.

[11] Lehmann, F.-O., and Pick, S., “The Aerodynamic
Benefit of Wing-wing Interaction Dedepends on
Stroke Trajectory in Flapping Insect Wings”, The
Journal of Experimental Biology, Vol. 210, (2007),

pp- 1362-1377.

©copyright 2025 by the author(s). Published by JSASS with

permission

JSASS-2025-2111

[12]Liu, H., and Aono, H., “Size Effects on Insect
Hovering Aerodynamics: an
Computational Study”, Bioinspiration &
Biomimetics, Vol. 1, (2009), 015002.

[13] Fujii, K., and Obayashi, S.,
Upwind Scheme for Vortical-flow Simulations”,
Journal of Aircraft, Vol. 26, (1989), pp. 1123-1129

[14] Lele, S. K., “Compact Finite Difference Schemes
with  Spectral-like Journal  of
Computational Physics, Vol. 103, (1992), pp. 16-42.

[15] Abe, Y., Nonomura, T., lizuka, N., and Fujii, K.,

“Geometric Interpretations and Spatial Symmetry

Integrated

“High-resolution

Resolution”,

Property of Metrices in the Conservative Form for
High-order Finite-difference Schemes on Moving
and Deforming Grids”, Journal of Computational
Physics, Vol. 260, (2014), pp. 163-203.

[16] Gaitonde, D.V., and Visbal, M. R., “Pade Type High-
order Boundary Filters for Navier-Stokes Equations”,
AIAA Journal, Vol. 38, (2000), pp. 2103-2112.

[17] Fujii, K., “Simple Ideas for the Accuracy and
Efficiency Improvement of the Compressible Flow
Simulation Methods”, Proceedings of the 1°* SST-
CFD Workshop, (1998), JAXA-SP-06029E.

[18] Chakravarthy, S. R.,
Unfactored Implicit

“Relaxation Methos for
22nd
Aerospace Sciences Meeting, AIAA Paper 1984-
0165, (1984).

Upwind Schemes”,


http://www.tcpdf.org

