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The Effect of Aspect Ratio on the Aerodynamic Characteristics of

an Insect-based Flapping Wing
Jong-seob Han*, Jo Won Chang** and Chang Soo Jeon*

ABSTRACT

The effect of aspect ratio (AR) on the aerodynamic characteristics of a flapping wing
was examined to analyze the design parameters of an insect-based MAV. The experimental
model constructed with 4-bar linkages was operated in a water tank with the condition of
a low Reynolds number. A water-proof micro-force load cell was fabricated and installed
at the root of the wing which is made of a plexiglas. The wing shapes were based on the
planform of a fruit fly wing. The ARs selected were 1.87, 3.74 and 7.48 and the Reynolds
number was fixed at 10*. For AR=1.87 and 3.74, distinct lift peaks which indicate unsteady
effects such as ‘wake-capture’ were observed at the moment of the start of the
wing-stroke. However, for AR=7.48, no unsteady effects were observed. These phenomena
were also observed in the delayed rotation case. The results indicate that a larger AR
provides better aerodynamic performance for the insect-based flapping wing which can be
applied in MAV designs.

= =

AA 2y AP gA AA v "E dAst] A8
of &3 ZtEAZEue] E37F ZAMET AF Ede 448 HA= &l
ols2y 2L Zte X UHAdA FEEHAY vAE S48 U5 5ol A ZE o

g2 ke Gl ¥Eld AXEHAT G 4L xaEe @i RS V|Fe=
stk AelE st2A 28l Zhzb 1.87, 3.74, 7480101, #olEs=4E 10% B
o} 7tE A 24 1.873 37401]A1L SHREYY Z2 HAGEHRE e T <Y T
Iy 2EZ 3 %79 BAHYT. a8 72 A 2] 7489 % A7 v adteE &
ZE A gkt olys 4 542 $3 §W°1 73 l/\h 6}711 A=A ol 9}
2 Ay= MAV dA0 HET =
ZAZR A7} FdE FHA

oﬁ

2

ofr
o
PR
okl r
&
o
[‘ll‘
>}L
o
o
=)
QL
_ﬁ

Key Words : MAV(Z4&H]| 8 A]), Insect Flight(=>% ¥13)), Bio-mimetic Mechanics(2J |
2HE38}), Aspect ratio(7FZ2 A 2H]), Aerodynamic Effect(d & & 7}

T 2012 5€ 169 HF ~ 20129 7€ 20U AAMEE | A =
« 459, pERTUen B © AT ' N
* 439, FEFEetn Fest

WA1A 2}, E-mail : jwchang@kau.ac.kr MAV(Z&FH A= 2diy 9, &=
BANE LFA HFT FFUWSEE 76 of FuistAaA FAM] el HA FAY

il

2o



540 &

% 8 4k, 2012. 8 o By ZY

e wEEAd #d R A=Y 33 663

o7 /dd AFE FAVIE AUt H5 Y
DARPA(Defence Advanced Research Projects
Agency)E 1997\d #HAE ATE AFStAEA F
ZF 100g, % 15cm ©]3ste] AAQTFAIES A
Algk vk ATH1]. MAVE A Zol7t Aa 7
o] ol migFde] Pols=srt AAF s,
ol2 Q& FHA sl AgH= EAVE Aok o
T AFAEL olHF Ats Hoy =& F
H45S FHste= Wetoew AESZA HYPA
(biological flyer)e] ®II2S BEHbele= G713
BE Aletstar

ZZH o] #AS AF= Weis-Fogh[2] ©]F
MAV 7R3t gtE29 S 2ds] o|HAaL 3l
t}. Ellington ef al[3], Dickinson ef al[4] <]
TESAES 2FHPES ABE F e v
AHFA A5= 28, A4S (delayed stall), ¥
T+ X & (wake-capture), 3|7 % (rotational  lift)
5o FAEYTE WAUSES AASAT Shyy
et al[5], Wang[6], Sun and Tang[7] &< ¥3t#}
T2 0¥ 7HY FAAS Al s=SAE
o A#E HF3ti, MAVE AA Azt &-&
g Weks ®AEa vk
o= Lentink and Dickinson[8]¢] <=8}
< T 2R Fo FAAFE AT
£ Riusqrh 152 feFe AA8YH
G/l €4 E(mean wing tip velocity)e] ¥
2 R¥HE HolE2F(Re), 53y ML=
G 2t AEER(C

ang’
angular acceleration number) ¥ T4 7I&EF

¢

(unsteadiness) &

(C.,,, centripetal acceleration number), ]2
A3 #AAEEY BHE Yuste EXEHIF(Ro,
Rossby number) 522 Z#3 79 F5FS
e F Jdoa AEsdn. =Y, dolesx=s
E ALt FALFELS JIEAZHLE HXIH]
(advance ratio)®] =2 YeEdoeE S TH
3l th BE9] LEV(Leading Edge Vortex, &7l
)= Al 7R A 23kEA A
oz FAEY Hustdon, FESZH H Y
A M7t Ro=32 7IZ2AM|EHE Zta
o] A5E Ql&s] HFSATH9] ol
stH, 2% dAA A Fas Fxb
29 ZtEAEH G 2E8AS T U

Shyy et al[5]= @A7FA ®iE 200

=ES A ZUEH, 3 293P, golzzs,

[}

(o,
i

(fruit fly)e] @HE 7
Fste dolszg ool 7tEAZEH o w
2 ¥9S 33 A (advanced rotation)} $-33 3
Z(delayed rotation)o.Z R3] FHsta 1

ashe 2ASAT,

)
M o
o

~

—Hz

=

i
Lo oy

ZIAIH, AR, wiEE 5o A5
THE A Fhe, vlol=2, F44

ol o

=]
t s 9 Holszss Hodof dr

U, =20Rf 1)
U,c
Re = _ 20Rfc @
14 14

A zpe]u ol A 7)FEo] HeE
BHEEE Fdt= 3lo] dubF et 4 (1) <]
g3t 7lFE 759 FoE YUERAT Lentink and
Dickinson[8]¢] FAUFE EHste] dHolszF
E =g, 2 (29 2ol YEd & Ao
A71M @, R, fv A% ZE=RA A7|(stroke
amplitude), @A 7] 2l do], GAA Fub

2= 0 1z
= %7}]5

TZ2E dSsd 4 Q)% &



664 HEA - %

20
p CLAR, )

1
2

Re > |

71 W= MAVY AFS, AR T TdE7)
o] 7}EZ M ZH](aspect ratio)E Z+Zt 9wt} F
A&kt AP G Tt A 2R 2R HE,
MAVY #5842 dA3 Fo5y 2EZ A
A7), A7 Tl HgHo 222 FA F
Fol st FFE Jeidte Zolth whebA
MAVS dAlgFEHo] ZAAHH, Hols24
dge 7t A2AEG. B AT E MAVY
AALTAIGS vlgo g Aisty golsz2yE
10'c2 nA3IYch olgdt HolszsFEe X3}
2] vlsge] ok 10080l s|Fete ol

Fig. 12 4% 2d 2 F8 HFS Yepdoh
A A o] 7hast hRE &

T

s Hste FAYS EFSh
Han et al[10]S 44 HAE 53}
BAIRY AANES B bt
AMe A71eds Faste 44 ¥
sttt AFERES xuee g7
gt A2 @/lE whEd ARt 44 ¥
Ao 5% 2N AEro] " (the timing of the
wing rotation)> £HE F loemg 2 A
AMe AP FPsHoR FAFsAT TF
EEE &8 eEAY oF 108 =] Jbs
st 2~H%W XE(Mdrivel7, Schneider Electric
Motion)& A &3tAth E3, FE3EEE 4%
T2 3HAESE fJEs § 44 F3Y HAR=
HE S Fall 27h 91X (angular position)E

Ao

rH

%0,
i)
02 e ol
o g e,

=
mlmm.
2 4]
9

2
N
a1
o

as)
==

/
4

pitch &
P, - actuator
motor » B “S—

(1:450) & = 14

gear (14:36) t.Q‘nk

AN S

: "v‘f;ti:‘f)nnecting-rdd

Fig. 1. Insect-based flapping wing model

132.64mm

.87
v e .—-"". _3-74
S ¥

Fig. 2. Wing planform

Fig. 2= & A7olAM A3 @7) B/ (wing
planform)< Uepdth 27 ¥73-2 Dickinson et
al[4]°] Ed3 FdsH F7 3mmel ofadS
go]A 7tFetATh EAA o AAEH= F
g ufg ZAE Ho= ofmadR A|AHUT st
Hete Al (rigid wing)2 78S 5 ok @i
£ 23 Zo] 200mm, BF AYZo] 53.48mm,
ZV2AEH] 3745 Zteth TS R A|EH 2y
s sty g8 EMe AfNEFS gty
7247} 1.87(0.541) 2 7.48(28)°l AP EANE
AZstAd. 2t @ile 93 ~;WHolE zta
RoemZ JtEAZR g&d A3 FIFE
grojol dth B A= Zzte] JlEA R
H| 1.87, 3.74, 74894 G743 F3t4 0.09, 0.17,
035HzE ZI=E FEEHE EFoZHN 9F

& dolu2srE 2ES 2 S

Fig. 3& & 7 #H&d =2=4 g4& u
Bl JiEFeolth ARkl e 2EAL Ha
+25N9] =2 SAHAWEAE Zedn gAgrt
HoldA ot & Aol A8EHr] et

Yamamoto and Isogai[ll]= ZAe] Zdld tj

Wing mount holes

Fig. 3. Schematic of the loadcell



>
xS

40 5 55 8 4, 2012. 8

h

T =i

iz}

e

719

ot

H540 #3 JtEA RN a3 665

ofd

oX
o

8 A8 wxE 2EHQA Aol
E (bending moment)oll A 2
< & uk O]‘:]' 2 AT
Fig. 3¢ A|AIgH nvie} o] W48 XEF
o] 2] (LE11-350Z, HBM)
NN FAHEHE 58 =d 3,
AHA| A 0.7 ’\474] A 23} A
RTVAZZS T Eao
Arstal FFEEEY
(responsibility)S -F2] 3} A .
Zy AolA = AZE FF7](strain amplifier) ]

o] M AZAsty JEAE HIAZ FAHY

oo ml
Oy g Iy

fr a0 o o
rr »
oL E,

_'é

i:m o

wHE
ﬁﬂ:@g

ru* rlrjz O, 3 dlo X o

own, 25 o3t wAHETF ®SIE HAsEH
el HAHAGQ] 2ve] kS Qb =)

of AdWEE 3 UsE FAAY
SAZ Fore A 035HzE FEHEBER A
AEH = 10HzE gsted Al o3k A
3o A7 YEhA] == A2 s
Aztd Zz=Al 1178 3l (calibration
curve)S L7 ¢ o2 F U dHel #
2 AAATE o] WHE A Y

—r°ﬂ A 71e7=

vl

S A2 ) 7

ol
ol >

z
lo it IS\
S

£

—_
i rh
fo

1
ol
-

BN
i

B

N
z
ol
>

P
T‘E::,

1B
2

1ck1nson et a] [4] ]
wsken, 4g8 FrE
| 715 108 22 FA

¢

fr o o il

N
FN
tlo

)
>
R
(N

o

O T )
rot
us)
=
3

Bending moment signals

Trlgger pulse 5|gna|

NI-DAQ
(PCI6143,
)

@H

Computer

Fig. 4. Schematic of experimental setup

AEo) ARsta Fr)oje} AAZTES E muS
TE3AT. A& 32 SSH(Simultaneous
Sampling and Holding)E A3} DAQ HE

(PCI-6143, NI)Z Z&3t3om, +E 73l A
F719 144709 dolgrt §5HES AEY F

TE 2EsAH. Ee A9 200§1 o’
H3lo] 2FE9on, ~ExF Z7)d Uehte
FRAEH}12]E Ast7] A& 103 oo ~E=
3 Fo F38S FPsAh

Rdo] #Estd, e ¥¥e &
& (inertia force), %a, e 5ol sA
o T8 82 wE A (vector field)o] =
M ApAe] g Bl A (tare measurement)
< 3 AA AAGE F JAT, #AES G
AAS7] oGk B AFolde 2de 79X

o} EMeY T, 4 (centroid) g3 o

I

=
Ak

&

oko i

oo
il o ox

)1%10 44 0.278Hz9] sﬂﬂo}e
A0l Tl A, AR
= A9 UEhA skt ot
£ & (uncertainty) a4
%o DAQ "]’“Eﬂ‘ﬂ]/ﬂ uet

st=dlol A E1§ <3l

ﬂﬁo rUL

T ¥y Rx}i 7Hg 3k T ﬁiﬁoi 2
TEHSANA Yehd HY EFHAT=
= (confidence) ol A 4.87% STt

23T

al
=

=

[ —

. E

23

Fig. 5= &
]

[e]
A3 =44

Aol AzE ZE mde

< Yehdth Han ef al[10]0] A A]
Sk nhol Zo] mdS 3 4o 44 YJArt F&5E
HAY S zta Qom=w, 43 g9 HFEZ HE
14S S8l 2EZazta) vhgzhe] Wsts Ao

{

[¢]

W F ot Rde 126° 9 ~EZA A7)9)
+44° 9 LSS ZEE AFFHJoH, DS
Fasle Ao wEt APy SPIHS
=3t A

2 mde Ay vPS vFor Fom
2 GisAdeo|do] BAIQY] HderEZIAS}
JEEZ AV 59 2A9S Hole AS ¢
T At oo wE 2AEZAG JAEZT



i‘ﬂ] 3.749] S5 ALt At A Aol
2 Hole 72 AEH] 1.877 7489 AT &
Alatd et ZF2A28]17F e 1.879 A5, gl
7F £ R HEE AE X ~EZA
z719 &4 Aﬂﬂ bPEP&E% ojl% 7t ~E
23E A= }1 Anfgkol o] w

A B! UrEML 7401 shRlett. 7t= A ZH|
7489 Ag-dA e 2ul7t FHdse TS A

T = 0.0 ¢T = 0.25 YT =0.5

(start of stroke) (middle of stroke) (end of stroke)
AR of 1.87

tT=0.5

t/T=0.25
(start of stroke) (middle of stroke) (end of stroke)
AR of 7.48

YT =0.0

(a) Net forces

666 F54 - g2 - AR5 BB A

@ — Stroke angle %EBIO] 8 }\éﬂﬂ B _
E ---Pitching angle (advanced) Fig' 6 (b)}‘E %—?’Hm U@—O] A @Qﬂ 6—}1‘: 7‘33_?4
.\gi 45 L= Pitching angle (delayed) FHEA S HIE ExLA 7 we el 2
5 ' =z} 7hZAZH] 187449 ~2ER A 27] &Y
-§ 0 < o= A= Frtete vaE %‘X]‘?}, 0]—?3
= A 23 o)A 2EZ3A 27] A7 FF
1—;_45 i STl W o] S Wol F¥o] Frksle a7 UEH
g Ag, Q7 LEVE BA4E we sERa &
8 5uaA 2o FES AR 2RSS
% 0.25 05 0.75 1 @t oF zERasl ARHEN FPe
Non-dimension time (t/T) Azt FEAY ggr] 2EZI 27|99 o]yt
Fig. 5. Kinematics of the wing Iav 73X & (wake-capture)oll &gk HIAA

i BRE JFHE Uk

A Yee FEEAS T FolE EHA FEL o)ld ~ERIAY dudwW WA 2
o mebA 2 =] AME RS JHZE N gheg st d9Ede] $1908 gy
FIUY/T=05) W& HEH A, ~ERI BUAN WiV} AN FHE O
Fig. 62 Z#§8 Rdo] 21334 (advanced L LY a9E 2=t o]Z XEZIE
rotation)shi= Aol me A%E HEpd AR qgginy SR o) wHel Fgo] FriEe
@ ©7el AN Uy 2R Mmet  ne mE gAn AAgE e } %‘?HUW
force)= 2702l Aok Aol Wt ek I™- gz gygmg dAoa dA® A 985t
olth. AFFHHE A7 2ERI EEA B gazxoz fARIH e we T%EJ@
oldRH HE A= e PIRTh WE no 4 9AAT Lentink and Dickinson[9]¢]
/\1 Os 2EZIE AAstes &3t 209 3 Ao & £ 9% slEAaes wonz 2
A5 A9 virgdn. A3 "y F 7HEA 2~H] 5 (Rossby number) Al Hoh wEbA 5

qo) me)ge) o] A @omg WE LEV

¢} frAbstth etoiete A= (vorticity) & A8k
3k A wEA LAbE. o]F WiV 2ERS
£ 5 IEIIUA LEVE AMEA 4=
ol o8l FAE 75 01"“5} ayeg v

%9 wWE 7 A FHEHOF HE Ao
ehatel, AubEel AF A FRol @ wlY
BT A vehdua #3ad 5 gtk

6 :
C. AR =748

5 AR = 3.74H

~<-AR= 1.87

4

g

2

0 0.1 0.2 0.3 0.4 0.5

Non-dimension time (t/T)

(b) Lift coefficients

Fig. 6. Advanced rotation (M3l 3| X)



%40 B % 8 5, 2012. 8 2% 2iE 0% 99 FE 5 @ FEARY 23 667
Zt2A 28] 3749 AS A9A 1879 AL 1 X £ A

AL S BT 2ERF %x7] A7) § Fig. 72 Z#3 XxEdo] 33 3] (delayed

AdE)a1, o]F okt 7S HRl F Y#EES f  rotation)dh= AFE UERH FHO=E (a)m €43

AsHA "ok A7) F O ASTE Hele d™e ¥ & 2E=ZAY YXEE YEd I"eln, (b)e

HEA LS Dickinson ef al[4]°] R i3 AFA FEAS HsE 744 JeErdth 33 Hde 4

oz FESE= At = N 2EZAE A= —EWJW 270 3
gy 72 A| N 7489 AS, FEASF Ae FhtA Ferh olF A7F X3P 5

sl= F474 34 (quasi-steady analysis) 23}
ARSI, 2ERA 27] FREZY 3 &
Hax: yehAl St oz EAAd o7
sHEAC AT B, 5 FFY Tl A
ofsS udt TtEAEMIE ade AL
22857 =31, @) Sidd] A" LEVY 9
FAE(vorticity) 9Al Ethe S 9u|git) o]

1% o

-

¢

o ulz}t LEVQ} W& & & (downwash)S & A
= & f4l(dividing streamline)©] ”7H A
7HA A AR ggdEn. o =& RA
=% zt= LEVE @7t 2ERAE EIH‘{W
Hdsttiete G ALKFHowE FAHEA
7 2 UWHEES Adsts a9%E Hola, w
gA SFH= G Aol @R XA €k
ol#g W&e Aestd, & dAFolM= A

3o Ag 7t=A 247} %7@01] ul2} B A
a7t FAAaEe 2785 ddh Lentink and
Dickinson[9]°] A oje] we}t 4 7t&E=s 9
Z2HlFE HEAEZRC AU g3ig. waA
=2 JI2ARHE Z2tE 9lE LEVZE 65 <
A2 fFAETT E & Utk 1yE=E 7}
ZAERZE & HdFEE =L
LEVE #AstH, o]zl £/FAHE Adso

\ \\\\\\\\ \
.——7""‘ \
vyT = 0 0 tT=0.25 tT=0.5
(start of stroke) (middie of stroke) (end of stroke)
AR of 1.78

t/T=0.5

t/T=0.25
(start of stroke) (middle of stroke) (end of stroke)
AR of 7.48

T = 0.0

(a) Net forces

6
C.

t 2E

35 ERY AA 7L A= E—*é%
Fig. 7 (b) &= °l&s TP ¢ 741?
32 Jgd gz st A E 1874 %!
2ER3 7] & 59 d=27F YdEda
S 2EZa7t JPHTgE S FEHS A4
3R] 3tk P2 A 24 3749 A= 7}@1}3—;
Hl 18750 FEAdFo] dF MAE % HolX
T AA A AL 1873 FAFeTh 2y Tt
ZAZH] 7489 dHASF= 55 AIse= H
v =Z7r FAd AzE 02 B
JFZAMZ8 7 & 1.873 3749149
A Ql T3 Ho A g BEFH LA g
Dickinson et al[4]2 2713 Elo|Ho wE <&
HA #M3tE AP WHE T dod

®AR =748
5 7, o-AR = 3.74H
f \ ~<-AR =1.87

7
3
2

“0 0.1 0.2 0.3 04
Non-dimension time (t/T)

0.5

(b) Lift coefficients

Fig. 7. Delayed rotation (£& 5 H)



nm
S

i R i 72 e B e

HxE 9SS BHusk uv Yrh o5 Ao

ojstil F577} ofn] el g @) W &
We F7hsh=rh ofuW SjFo] AlfEA e
27 el sdE Frhst=Tkel me $H5A
ol A Gt A B FH= G
o] SRS Zhske Adte Adoh webx 2E
23 29X YEUs 5()9 das diHe
2 497 FREE Uﬂ?Mzﬂr g 17
U ZtzAEe 7489 A$ olHF ()9 H=a

= YEYA gtorH, Dickmson et al[4]9] 2
Feotx FtetA .

A AT nkel o] I F(-)9
3 GAl TR 9T v syt VA,
ZFZAZH7F AL A 22Hpe A TSR
7 gtorm g LEVY 93 F7Feo daxr}
njekaith mEkA] o]y 2EZA 279 S(-)
of das A olsiE & AUtk ©EY 7EA
2H] 7489 A, LEV 444 7]93ts 524
FEO] Foru= FAAN AHL A 54
AYe Aol gsirh. T3 o]yt 34 ﬁﬁg
A 2 H A G,

FE5 W3k AMNLe JtEAER 7489 7,
AP R FPs|xe] FHA o] A =
o= *V‘O]E} 53 g2 A9 g8 2EE2A
A&} ol UrEM () dae 3R &
i 9_613% =2 Jart XdE A vepdo o]

& A1 @AV FHEA FAlY 2EZS
2 =35 T3 A EAN IALFHY AE
230 ot &Ho] FA UEd Aoz w9}

”é% A3 frE7tAEE 73

d

By 2R wde] P
b e

[e] —
FPAE DAY F3719

I, o
L
=t
HU
2
20
%
g
Lo
" o
ot
)
=
El
rir
4
X
of
ol

=3 ﬁ%"“ﬂﬁl*” 27 5] HEo] H o
TFEAZHC wel Frbstal, Aol vl
T3 M| FrHEo] "%
Ho] dARZ L F1h %’M
29] 7489 F 3o nlsjA = vt

A, MAV A glolx] da 5
7] OJE%T ﬂﬂﬂﬂ Aok +F =i
MAVY] A 7t 2E23 oA g7
A A oF ohtﬂ, A A Ey
7171 A% FE5719 FZFol MAVY FHAE

3 -
CL ........ . OC, (advanced)
.................. 1€, (advanced)
@ C, (delayed)
L CD (delayed)
L/D (advanced)
7 M
e
N .
05 #
o
" 57 7.48

Aspect Ratio (AR)
Fig. 8. Mean Lift and Drag coefficient, L/D

HolMA et y, FxHor EFsAs A
E< oF7Igtth o]& @Z3taA Whitney and
Wood[13]= 45 3] X (passive rotat10n)° 283t
= WS AAG HwE Ao ﬁﬂo 2719l
Ao o3t o] = vteky} }\Eiﬂa T3l =
Bao] #AEFe] AR A= /‘]@‘)ﬂ NE
A7 WAUSLR, SMIAFIL S 7]
Moz B oo FHI A A

AA7EA] Baig HolHE 7|Rte g, e
THAES FEIAGA o] ngy DA &
O]

9

wEb oz sgd MAVY =
37 BAE 288 2 7}@11@@ CARCURES
Ne AAGE RS 18T ot Yt

v.z =

2 ATAE 44 92 BUL olgd 2F
= EeB Qe A2ARH FHEH )
A Gge zshanh

G7N3A Brol el #ARle] Th=A =W}
e e WA= S $REE

o

AAUZ] dehtE 2S¢ F Ao, e
AZRL & ASE 23 N Ansh FAS
PEg et AL FARAT oe 7

ZAZRL F45 R A B A Hlo
= E3] 7}2A|EH 7489



iz}

gl

3

g

7N

94

o

H54d A9 teAEY &3 669

ofd

#5040 B 5 8 4k 2012, 8 2% 249
TP FF FFNA HoHFoEHA

= =0
- 3T

EREEE R R Fe FPus 44
& 5 Atk 1) A NE B AT

Mool ARHAT, A2ARHTL 252 G ol

5] O
Eia=s

=1 &8f0] Hojvh= AL ngth wpy &
STELE Y MAVE A&st7] Asfix= 7t2A =
HE sEe Wehs 28 Favt e AS
dobu Aot
ZF2AREIE Ate A2 FLE ;Ao
A g Aol FAY, FAT A A A =
Wgol7t Aojof k= AL 9wtk whEhA
AgrE ATz E SHA ] FolET
= r7b Ha, a8A goed ©s w2 9
B FIFE A7F] MAVY S-S olAYE 5
AE FEE frEstojop gt webAd AT
TEFS A3 Fag, A, i T2
u e HHo NEARNE Fohhe Ao =5
=iy MAVY FEAdsS SUE F de W
°F Foldtt
z 7
o] =& 20099 % S=FgFsta wnH A
Aulel] ojate] AAd® Ao A#e]
HIzd

1) C. P. Ellington, "The Novel Aerodynamics of
Insect Flight: Applications to Micro-Air Vehicles",
J. Exp. Biol, Vol. 202, pp. 3439-3448

2) T. Weis-Fogh, "Quick Estimates of Flight
Fitness in Hovering Animals, Including Novel
Mechanisms for Lift Production", /. Exp Biol, Vol.
59, pp. 169-230

3) C. P. Ellington, C. Berg, A. P. Willmott and
A. L. R. Thomas, "Leading-edge Vortices in Insect
Flight", Nature Vol. 384, 1996, pp. 626-630

4) M. Dickinson, F-O Lehmann, S. P. Sane,

"Wing Rotation and the Aerodynamic Basis of
Insect Flight", SCIENCE, Vol. 284, pp. 1954-1960
5) W. Shyy, Y. Lian, J. Tang, D. Viieru and H.
Liu, Aerodynamics of Low Reynolds Number Flyers,
Cambridge University Press, New York, 2008

6) Wang, "Two Dimensional Mechanism for
Insect Hovering", Phys. Rev. Lett. Vol. 85, pp.
2216-2219

7) M. Sun and J. Tang , "Unsteady aerodynamic
force generation by a model fruit fly wing in
flapping motion", /. Exp. Biol, Vol. 205, 2002, pp.
55-70

8) D. Lentink and M. H. Dickinson,
"Biofluiddynamic scaling of flapping, spinning
and translating fins and wings", /. Exp. Biol, Vol.
212, pp. 2691-2704

9) D. Lentink and M. H. Dickinson, "Rotational
accelerations stabilize leading edge vortices on
revolving fly wings", /. Exp Biol, Vol. 212, pp.
2705-2719

10) Jong-seob Han, Jo won Chang, In-mo Kang
and Sun-tae Kim, "Flow Visualization and Force
Measurement of an Insect-based Flapping Wing,"
ATAA Paper 2010-66, 48th AIAA Aerospace
Sciences Meeting Including The New Horizons
Forum and Aerospace Exposition, 4-7 Jan 2010,
Orlando, Florida.

11) M. Yamamoto and K. 2005,
"Measurement of Unsteady Fluid Dynamic Forces
for a Mechanical Dragonfly Model," A/AA Journal,
Vol. 43, No. 12, pp. 2475-2480

12) F-O Lehmann, S. P. Sane, and M. Dickinson,
"The Effects of
Interaction in Flapping Insect Wings," /. Exp Biol,
Vol. 208, 2005, pp. 3075-3092

13) J. P. Whitney and R. ]. Wood,
"Aeromechanics of passive rotation in flapping
flight", J. Fluid Mech, Vol. 660, pp. 197-220

Isogai,

Aerodynamic Wing-wing



