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Abstract

This study hopes to provide reference and inspiration to the development of micro aerial vehicle (MA
V).

First, we applied dynamic analysis to 8 species of butterflies (17 flapping periods in total), through w
hich we learned that their mean flapping angle amplitude is 95°, their ratio of downstroke time and upstro
ke time 1s about 2, and their flapping frequency 1s about 10 Hertz. Also, we created a 3D model to demon
strate the flying of the butterflies.

Secondly, we chose Papilio memnon heronus as the reference of the design of our butterfly-type ornit
hopter (BTO) because of its low flapping frequency which makes the manufacture easier. After six gener
ations of evolution, we ended up with an ornithopter with a similar flapping pattern with Papilio memnon
heronus.

At last, we measured the Fluid dynamics around the ornithopter with the particle image velocimetry
(PIV) technology. Through the fluid dynamics, we observed the leading-edge vortex, which 1s considered
to be the major factor of the insect flying aerodynamics. Besides, we also observed the jet stream caused
by the clap and fling motion. Last but not least, the thrust it generates doesn’ t necessarily increase as th
e frequency grows, and the wingbeat frequency of butterfly is the optimized speed.

In this study we integrated biological experiment, mechanical engineering and flow feild observation.
Based on the flying dynamic of butterflies, we designed a BTO and observed its flapping fluid dynamics.
Through this study we made a step forward towards the success of BTO, although the ornithopter 1s still t
00 heavy to fly, we hope the observation of the fluid around the flapping ornithopter could help us unders
tand more about the fundamental of how the butterfly flies, and apply it to the design of MAVs.
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ID n breed DSP O« Vx A S Re f AR M Pk ] O OGwiw 0]
0503_2_3 LR 60.7 5.2 1.4 1311 42 3e+t3 9.3 1.3 0.23 0.18 0.52 87.7 74.7 138.7
0503_5_1 QRN o= ca 62.6 10.1 1.8 1884 54 4et3 8.7 1.6 0.32 0.17 0.60 38.4 86.2 107.5
0831_3_10 - 61.9 14.7 1.4 4800 70 6et3 7.9 1.0 0.50 0.10 0.47 47.2 64.9 113.7
0831_3_2 RS 67.2 6.0 1.7 4800 70 Tetd 8.0 1.0 0.50 0.10 0.47 58.6 76.0 126.9
0831_4_1 1 ]9 % 5 o 63.9 2.5 0.8 1900 40 3et3 9.3 0.8 0.12 0.06 0.50 44.4 58.1 60.3
0831_4_1 2 ) dE R ol 7.2 9.5 0.9 1900 40 3et3 9.6 0.8 0.12 0.06 0.52 40.1 66.3 50.3
0902_10_1 1 %o 47.6 4.5 0.8 390 22 9et2 9.71.2 0.05 0.12 0.50 45.0 94.6 122.9
0902_10_1 2 %o 52.9 2.4 0.9 390 22 let3 9.6 1.2 0.05 0.12 0.55 48.8 93.8 129.7
0902_14_2 & Rv ik 62.2 26.5 1.4 1240 47 2et+3 12.2 1.8 0.26 0.21 0.53 42.1 67.4 91.5
0902_14_4 & Rv ik 55.3 11.9 1.6 1240 47 3et3 10.6 1.8 0.26 0.21 0.47 68.2 88.0 107.3
0902_15_5 Koy B 70.0 1.3 1.7 2200 50 5et3 12.5 1.1 0.29 0.13 0.61 38.4 74.9 72.0
0902_15_9 GRS 67.1 -2.5 1.9 2200 50 5et+3 11.8 1.1 0.29 0.13 0.64 34.1 72.0 81.9
0903.28_2 1 -] % maif 57.9 9.5 1.2 1400 48 2e+3 10.5 1.6 0.37 0.26 0.53 11.6 97.7 72.3
0903_28_2 2 /] % maik 62.4 -0.2 1.0 1400 48 2et3 11.8 1.6 0.37 0.26 0.44 25.7 97.1 70.1
0903_30_4 RN o= 42 70.2 23.2 1.4 1570 54 3et3 9.6 1.9 0.26 0.16 0.53 48.7 88.8 97.3
0903_30_5 )R Bk 54.3 25.9 1.0 1570 54 2e+3 10.6 1.9 0.26 0.16 0.42 61.7 64.2 69.2
0903_30_7 RN =80 67.9 6.3 1.8 1570 54 3et+3 12.3 1.9 0.26 0.16 0.49 53.1 88.4 92.3
average 62.0 9.2 1.3 1869 48 3et3 10.3 1.4 0.26 0.15 0.52 46.6 79.6 94.4
minimum 7.2 2.5 1.9 4800 70 TE4#3 125 1.9 0.5 0.3 0.6 87.7 97.7  138.7
maximum 476 2.5 0.8 390 22 9E+2 7.9 0.8 0.0 0.1 0.4 116 58. 1 50.3
unit % n/s mm’ mm 1 Hz 1 g kg/n’ 1
=V - HEafekE o R E Lo (RIREM 2 Wi 2 H) 2 8E
e ¢ A Ik A &
T T Ep period S ¥B (wHE#¥) wing span
Dy £EH Vertical displacment Re S Reynolds number (inx>
0 ZFBE air density (27°C, =1.176 kg/m>) f 4 5 1/T
¢ T L MmcmMImm(g) AR B szt %mdrmm(§)
7 394 Dynamic vicousity (27°C, =1.8538e5) M 5 butterfly mass
DSP T dp ikt down stroke time/T P. Hx¥ap £ wing loading M/2A
Dx kT horizontal displacement J Jaigt Anvance ratio (;;;é%i;;g)
O T & atan(Dy/Dx) Dua LI by abdomen angle amplitude
Vx T kT Dx/T 0] I E Rty flapping angle amplitude

A Ea A

wing area (one side only)

emaxflao ﬁ’» = #F’l —?‘r S

max flapping angle
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