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Abstract

In this study, we have constructed the experimentally analyzing system for aerodynamic characteristics of a small flapping machine,
which is expected to have high flight performance, and analyzed two types of flapping machine. We measured aerodynamic forces by
two load-cells and digital filtering method in order to analyze the aerodynamic characteristics of flapping wings. From the experimental
results, flapping machine with intersecting 4 wings produced much lift than that of conventional 2 wings type in lower Reynols number.
This means that clapping effect is considered to increases lift at Reynols number of insect flight region. We have also developed
continuous stroboscopic photography with high resolution for observation of the moving wing membrane. We have been succeed in
taking the sequential photographs of them, which are more suitable for image acquisition than those taken by a conventional high-speed

camera.

Key words: aerodynamic measurement, stroboscopic photograph, digital filtering, flapping MAV, insect flight

1. # §
WEK EORMAIRE 2 AEWiY, FIZPEF-xEZ AW
TIHFICEE CHEHMERRA %, m“ﬁﬁ%ﬁOTiﬁ
LTWS., ZnboAEmodh Ty, BHRIZRKE EPOMK
ITHEREL V) HICB W THICKHEMW TcH D, BRI A
XH L IEE I/ @R ERNLRMEZFZB T
X, BRHERECOMBORINEZZ T 285, M
\ﬂﬁ&& ABRREBAIAND Z ENTE R WVERE
BB AT MIEH T2 REERXD 5.

:hif@ﬁdt%ﬂﬂ%t%#éﬁ%fm,it
AN T/NRDPE 72 = FEA K (Micro Air Vehicle; MAV)® B
FHETH>TCEREY. ZTOFBEEE?2.3 ¢, 2EEI10 cn®
NI T2 & AR O TR A Hriz R B ERATIC A2 L 7=
2%, EEETRAT AT RERE RIX S ~5 M EFEFICE V. B
MABRSE~0EMNIEEZT-SES, NIIT- R
ik 65N 5 HEEIT, i@k%&ﬁﬁﬁ%&ﬁﬁﬁ
DEHERITTHD. ZO2o0MEELRT 570D
TN TRE LB HEGDL 2 khu%&ﬂit
AL EFTARDILEERD D

ZZTCAME I/ PN E-ERAEORET L 2
AT, KERFAF CPHELESELNZTIWEEL 2 —
REArick > CEIMICIET S 2 k%ﬁﬁ% * 7=,
BEFOEROEE OEALE M T D72 DITIKEE X b
Dfﬁ%%%®%%%nOt

2. RBREBRUANEHNBITEE

2.1 AIE-E=#i8

FERICH W 7225888 0 PNE 7= & HEAE D 8L & Fig. 11Z
oL & Table LIZ/RT . 2B ITHM L 7 7 v
TEB OB A, RXAEBBIIEEZITOMNT 2EICA
L2377y 7HRICE - TRITHERR LR S
NOAMHAFREAK L-ZLDO THD. BE200 mmE 7-21%
FE150 mmO2EEZFFOMME L, ®E200 mnE 72 133
F150D 2 XA & FF oM R 2 FHafERE L 72,
BRENER 1L, EAR.8 mmDOI—Rr ¥ 7 hERY
FLU T4 ENLEREINDEE, EHERH/N
REIE— &% — (MKO7-1.7Q DIDEL#) Z#FHWT VY > 7 #%
BlzloCTHEEEHIELIMEL L TWVD., £—HF—
mﬁ%Eﬁﬁ%ﬁKi0(%%éﬂ,?7mi“fﬂ
H1:26.6THD. WKRZEGZIZT D72 I 2/ EIEHE &
RNAMBEEEOE IS Y oEBEEPNE-ZETDIEA
TE LS R XOICHELT. £/, TRy 7 2AH
DR EFWL EEELT LI =T LMEHIVEHLEZL D
HEXT Ry AL LTWS.

S5, FHBFIC 7 I vy BV I EERET DV
= LTETEHIZ T4 A ¥ T 7 H(SG105, = —

29

Position detecting sensor|

(a)

A BAT  ##%)

Position detecting sensor

(b)
Fig. 1 Two types of flapping machines for measurement of
aerodynamic forces acting on flapping wings. ((a) Conventional
2 wings, (b) Intersecting 4 wings)

Table 1 Specifications of the two types of flapping machines

Conventional 2 wings | Intersecting 4 wings

Number of wings
Span

Chord

Stroke angle
Gear ratio

2 4

200 mm / 150 mm 200 mm / 150 mm
50 mm/ 35 mm 50 mm /35 mm
100 degrees 50 + 50 degrees
1:26.6 1:26.6

low speed

wind tunnel

Digital filtering l

<— | Oscilloscope| <= | Amplifier

Fig. 2 Experimental setup for the measurement of aerodynamic
forces acting on flapping wings.
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Fig. 3 Wind velocity as a function of angle of attack at 20 Hz
under the condition that the horizontal force is adjusted to be
Zero.
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Fig. 4 Averaged lift as a function of angle of attack for flapping
machine having 200 mm wing-span under the condition that the
horizontal force is adjusted to be zero.
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Fig. 5 Averaged lift as a function of angle of attack for flapping
machine having 150 mm wing-span under the condition that the
horizontal force is adjusted to be zero.

Frv)EBELE. 7 M X T TENLDREE
L aIy b MY HICIKCANTAHI ETA 2NV AH
HICEHBL, FFHOBEO M) HEEZHBTHD

2.2 FHAEE

FRATHIC P IE - SRS L2 WMELHAUT 57201
HAEL MR OME L Fig. 21277, HEEETe—F

30

L (MODEL1004 VISHAY#E, TASfFE 3 kef), AKHM
W, Fvaera—7, RXR=YFlarva—ZZko
THER S b, B EHITZRENSMEBICHET S
72oHlz, 2o —REeELrzEMICHAGDE. BHA
WCHMBEDLEZE — FEAITEWICTFEHES, Mzl
FHIENARETH ALY, n—FReAnbHAhENEE
BAMIBHRTHIEL, Fverxa—FIcLoTHITE
SHEBIEMH 720 N0 0T VHNVT —FITEBRL
7. ISP EH2EAY s EEHLLIE-bD %
N—YFLarta—FTHREIFELE.
2.3 ZABO-ODORITIREEFER

P HWELEFHILEIPCHEIETYH, RITH
DODREEZHELI D Z L ixTE V. £ 2 T ER
L—EHEOREEXY, WX HEsr - ERKET
BESE 52 & CRITIREZFH L. KERFR» S
EONARONENE-EWBOHINEY H S Z &
TMATREZHHE T2 08 TE, RITICHER %
WMETHZENTES. LrL, BREICL->THIEE
SRAEHEEFELLLTCLEY. ZOD, WX AE
BNBEBWRBE DL ICPHE-ZEHBEOET—F —
WCHINS 2 EBEZFE LN o, [FEICH S0 5%
EEN0 gf A X ICMELREST L. Zo#HEL
WA LCE IS L TIT Y, RITIREOHR L L.
24 24NV YV RUVEBEMHDOBHE

B mERNEZIT>HA, e—RFEALICL -, TH
LNBEFITE, PEEEBLID LEWVE KK E
DWE AT AREOREM Y L, BE ETIREI®
HZETHALIPNE-EEBOEENEIPEEND.

2T, LIRS 2R EME S S IERAICE Y RL -
I, FBRLEESICHLTAA=Y FLa s Ba—H

ETCTF AN T ANE Y T B Tl TUHANT 4
NEY L TOFER, TR EEHIFEH>OT Y
HNUTFT—2IZx L, 77—V ZHEREREAHWT AT —
ARG MV ESD. RIS, RU—AXT R ILDGy A
bue— R LVAKROEAREREICERT 5 EKEZ28EE
L, lnalRELEECH 77—V o EBHmEITo /2.
Fo, PiFE-=xEHOBEHICELWIEMET %M IET
HFRFEELT, BEZID EoPE 72 M CEME
TTOBDRMEEIToTZ. RY=F Lo ROBKDOEE
120.05 g THY, BEOoEEEKIZHEKT L EMNITH
Ll-0EHETCEDLILOLEEZLND. £ T, 2K
1 K OVAKC TSRS 2 B 1E S ¥ TR IE AR K QUK 4y &2
BAICHEL, ZOMEE7 4 VE ) T a2 To 23R
PR A BB OREM@»OBA T2 2 LT, B
WIERT A=K 0O MEZ4T - 7.
FEEEICHEIC L ER P E AL ¢fEETH D
N, REBRIIANV AR T 4 NVE ) o 7RI LT
WhH7md, HERZ2BOPIE-EEIMLDIERTIDOE
Bl — RN LOBAEHROHEEZEIITDLHENT
ERMES kefOa— REALEZRELT.

3. BHAERSR

3.1 RITEELEHIZA
BHEMRATRBICBWT, @ E{bsggLE1c 2
MBEAN 4 BRMENELAE AR T2EH
T, HAZEASEGAORITERE L OE HEZREL
o RATHE ICHY T2 AT LD EEE Fig. 31277,
/o, 2FME 200 mm OPIEEEB BT AATLED
S A4 45 ) E B A Fig. 412, 23 AE 150 mm D P mx
MR ICB DM EMEE Fg. 51287, WInbPiEEE
JE I H A 20 Hz (g% L, 44 % 0 deg.”»® 30 deg. £ T 10
deg. T S ELSH LA ER- R THD.

FEAME 200 mm OB IRIZIS T D 2 f BB O AT WL



[N

N

o
T

(e}
o
T

O: Conventional 2 wings, 200 mm
Frequency 20 Hz

A: Intersecting 4 wings, 200 mm
Frequency 20 Hz
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Fig. 6 Lift-Power ratio as a function of angle of attack for
flapping machine having 200 mm wing-span.
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@: Conventional 2 wings, 150 mm
Frequency 20 Hz
A: Intersecting 4 wings, 150 mm
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Fig. 7 Lift-Power ratio as a function of angle of attack for
flapping machine having 150 mm wing-span.

%, A 30 deg.E RN TAS X 4 K s BEAE O FRAT 38 B A
¥J 50 R LEl>CTnd. LavL, EAE 150 mm O ##% &
WBWTIX 4 KEDIZH N 2 B ORATHE A 10 %
FEIBERE oM. WICEHEIEICERTLE, e
fi§ 200 mm O MR TITRERVITHEDZENH D M”]zb
5, 2 BB LAAN 4 MBEKEOELE HEIC
RAERZTRAONZV. 2R L CE AN 150 mm m%%ﬁ:
T, 4 20 deg il B\ TA X 4 KM T FEAE A 2 M 3R A%
W LBIZ 20 H NEEHLHLTNAEZERDNST.
3.2 FHBHh-E—42—HAhkOHH

EHWB A ERE L0 T, 9RICEBINELN
TWENEINZMBZLIINHETHD. £2C, E—F—
ERVIEFELTHWOZETEH B I T2 —F—H
o REZFEHLE. AL —2—DERENLID
BILR &0, BYPE O BHME & 5 3 VX PE 7= 2
BIEICHL BRIV e [NMZERDDLZENTES, T %
ERLEE—Z—REH T [HL c 0 bE—F—DtHEE
P IWIiZ

P=2 = f r [W] (1)
ERFTIENTED. PNEEEHICEI->THLNIE D
F¥IEE La [ofl&T 28, FHEN-E—F—HIk Leld
L

— a

¢ P 27ch
L7eh. Fig. 4 X OVFig. S5ICRLT B Of e € —
Z— W) P CTHRLIZEEM R % Fig 6 } O Fig. 7125R 7.
R, - =2 — D ICBITD 2 MRS

L

[gfW] 2

31

ul
o

_ Conventional 2 wings, 200 mm
Frequency 20 Hz, 20 deg.

N
o

Intersecting 4 wings, 150 mm
Frequency 20 Hz, 20 deg.

w
o

N
o

Dynamic lift [gf]

Time .[s]

Fig. 8 Dynamic lift for flapping machine having 200 mm
wing-span at angle of attack of 20 deg. at 20 Hz.
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Fig. 9 Dynamic lift for flapping machine having 150 mm
wing-span at angle of attack of 20 deg. at 20 Hz.
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Fig. 10 Experimental setup for
photography system.
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Fig. 11 Temporal diagram of high resolution continuous
stroboscopic photography system for flapping wings.
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Flapping frequency: 20 Hz
2 wings

Flappingtype: Conventional
Wing span: 150 mm

Tracking data

Fig. 12 Tracking of reflective marks on the flapping wings by
2D image analysis software for conventional 2 wings type
flapping machine at 20 Hz.
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