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Abstract

Abstract

The mechanism of insects flying was studied in this paper from flapping path,
numerical simulation and mechanical model wings.

Studying 3D dynamic parameter of insect flight requires reconstructing from 2D
image, and two or more cameras have been used to capture images from different
angle at the same time in conventional method. In this paper, a new method has been
introduced. By adding a special device that made of four plane mirrors onto a high
speed camera, two different images were projected on the same frame, which is
equivalent to obtained using two different cameras. Though calibrate the two optical
paths, the external and intrinsic parameters can be computed. Then reconstruct the 3D
information of fly’s wings by using the mechanism of machine vision.

This paper simulated the dynamics of three different kinds of flapping path of
dragonfly, and contrasted linear, elliptical, figure ‘8’and figure double ‘8’flapping
path. The result shown that there are similar characters between lift and drag curve,
which provide life during down stroke and thrust during upstroke. All the maximal lift
efficiency are larger than 5, even larger than 6. It is far from the maximum of steady
flow. Elliptical and figure double *8’flapping path make the lift decrease, but the lift
and thrust of figure ‘8" are both increased in figure during‘8’flapping. It is helpful for
providing suggestions to design micro air vehicle.

At the same time, a mechanical model was fabricated to finish PIV experiment, the
velocity contour around wings was computed to compare with the simulation result,
these result fit each other well.

Keyword: Insect, fluid dymamics, optical measure, numerical simulation
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Fig.1.1 Weis-Fogh clap and fling mechanism illustrated on an Encarsia Formosa. From Ellington 2
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Figl.2. Smoke-wire visualized flow of free-flying butterfly. From Srygley and Thomas[40]
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m;, _u m _
11134
m, v.m
1'1134
m;,
m,
m,,
m
X 22 =] ... (211)
My,
m,,
ms,
ms,
m u,ms,
% _Vn m34 n
_m34 i
M =(KTK)*K'U (2.12)
(ulmél - m111) Xw + (Ulméz - mllz )Yw + (Ulmés - mlls)zw = m114 - ulmé4
(Vlmél - m;l) Xw + (Vlméz - méz )Yw + (ulmés - m%a)zw = m;4 _V1m§4 (2 13)

2 2 2 2 2 2 2 2
(umg; —my) X, + (u,mg, —mp)Y,, + (u,mg; —mg3)Z, = my, —u,mg,

(V2m321 - m221) Xw + (Vzmgz - m§2 )Yw + (V2m323 - m223)ZW = m224 - V2m324

(2.13) EARA 11 m JCE KRN S 2 Fon i B E. brog
FEA IR ML 5t R DA (2.13) 3 ik PR 1 AR A ok s 245 ] A e o

2.2.5 FFE FIR 5

Kb B P B A B B, S v S5 B B (R A BE B R U IL G R R, AE
matlab "R H] candy 55558 o 5 UL G R o i1 TS8R i R Hh 0 S T
%, WG EEL VORI AR, Dok, SRAEEE 3%, R Hr—4sh i
AE — A BIAE R b )7 BT Ay 3 I PR A7 B o RIS Pl 3 L L R
T, BRI K EAEAG AN, G IX PRI n] DU R SR AR AL RURAR = AL
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2.3 ERMiTe

2.3.1 B

I
HO&D 111
Image
%+ Wl o
A B
Acceptable result Poor result

F.2.8 B A PR TE, (AR AT LAZE IR 215, (B)H U BER 21— EIE . A8k AT 2>
HE = ANDCI L ORT, JGr AT I XERR A, M. N RSP PIANG T, D62k b 2858 OL SRR A S B N
By ek a fEAMURIXAETIE, 1L L N IX IR HDEL a M b TR, 62k a f1 b 2P AT,
A KA Z 18] B AF] DA S5 #AEAR T B, i SRl R | sl 1 X3 B 4, I Aamtiz)s
HBEE 2 EHR A REREAT = 4EF T

Fig 2.8 Two possible conditions, (A) two image can be seen on same image. (B) only one image can be seen
on the image.

EnE 2.8 TR E R —FE: stereo adapter SHIRZS I 5 VCF T8RS G B

DL IS AR A R, <5280 A A BEW SR, AR5 h il s A Tn Bk
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PN BOR —FF, B B R M REAE X FRE: b, I8 4 B m ik iy 14
BALERIIREH 1), AR SE b, W ATA S B AT BN, AT AL & T e
AR — A E, K 2.8 4y T ILRMETE, 15 Fig.2.8(A) &8N AR, W]
DATER BIPIANEIMR, 18] 2.8(B)H T Bk MM A I, # By ERA—
A AN EEAT I TE o L AN T RME o A7 I R SR b 230 1) RGO
AT BN B R B 4R o 9 4b, WAl BEZE 2247 P FR il R FL A 3%
(1) ¥ATZEhE, 44K (Tammero and Dickinson, 2001)[18]3 3k —4F, &k
JESM B A RN, 3R ALK 1000 Mot/ FR Ny g, X5 nf AR
SFVEH 20 JHoK, 3] 5000 Mit/FR i, FREFIEHIEAE] 2 JEK, 5+ 3000
WURb I —ANECH e L, W DML 5 JHEK, XIEHE A I LAE
P 58 ATAT — A BIAE,  7E P I HR T LA 31375 i i) &5

LA R FRATHIE T = AR AR, BRI R 2 300%200%200 2
K, BTN, S iE A ALY, AR R B S R, &b
1) —A 30%50*50 =K, BV T MR/, i AR, 20 i)
A, TR 27K, B2 RN SR PO LR o e A« T, HE2
WA BEERAES), R T AR AN IR . (e R IR R LA E B R
(LI SUANFFANAN W s 4 AT S A DA AN & T4l SR BE

2.3.2 3 ERIRH
.20, TEHEIUR ZARRH IR PR IR G, A W BLS A FIRAL T, B A8 A AL T
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Fig.2.9 Two possible conditions exist for the pixel coordination etracting, A: two wing tips can be clearly
identified, B: one of the wing tips is overlapped with the fly’s body thus only one wing tip can be identified.
FOFE I T WAL A AE T 8B LS IRAE R IPG A% ARG EAT 70T, G v i
M5 e P SIS R 45 35 A B B e 2 S M) 38 g 5 o B3 T AR AR TR HE AR 2, A S
O3 BRI T AN R ) A A P AN R (R AR 3R AR B R 20 AT, TS LT, ]
2.9A TEPG L mT LU bR B3R R A B, (HE AT N LR 2.9(b) 1
DL, BEFIANGARE B ARk, XA DL i A&, FAT T — B 5
—AGTAR R ()P BB AR A I IR RSB A IR A B o SXFE (RS T X IR s 40

(R R, DA AR R30S0 o o & B A B r] LU AARIE T, As LR
SIS, WA R BUCHT S P R HRAE [ —00, B AR BT P R~ 2
{H PR B 572 0 AT

B B K FE 73 AT AE[0,  255)Ya N, b 17T RE R A 2 JLAAR, SR

matlab 113 27 5E 573% (canny edge detector) SG i iE HIR BRI IA %k, SRIG RN %%
BT .

2.3.3 RED

.06
| ]
.05 1
- [ ]
04 - .
S LI
$ .03 A . . [] —r.
=
8 024 = n
(]
[
.01 A
m  Error value ]
0.00 + Linear fit
T T T T T T T
0 2 4 6 8 10 12 14 16
Times

P 2.10 TF LA A ECSAR AR A0 1 22
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Fig.2.10. The computed length errors against its real given value
FHM LR T 2P 41 LA 78 (Abdel-Aziz and Karara, 1987). %] matlab 45 5E f&
FEREATHRE , 3 E VLS I A2 A IS ARG HLET M RERE ISR 1 .
THEREPATH] matlab 45, 8 TR HZ RS0 s = 4E A0 245 R 5 55 H Ax
KRG ZE, HIZRAEZ RN R BENE T — Ol &y, v 80 s AR
WFEH 4.8%, f/PA 0.2%, KA GG SHOT LR . SIERIRER
T PR R AH SRAFAE s AR ZR AR BRI IS 1, Hh T A A R 2 U0 S0 1 Ji A
PECASBEMER I R SR IR FR AR AR, K HTIEAR 35 (sub-pixel) b B 5 ¥ m] L —
AR AR

Rl EMGAR R 525 () AL bR 2R (8] IR i S

Table 1. Translational matrix between image coordinate system and world coordinate system

mll m12 m13 ml4 m21 m22
] 562.1674 2398.470 -1453.992 9134.267 2772.422 -724.0410
BHLI
m23 m24 m31 m32 m33 m34
-260.6328 81579.73 -0.0207 -0.3731110 -0.927555 45.0748
mll m12 m13 ml4 m21 m22
1 466.5012 1845.015 -2188.395 239190.5 2765.033 -772.5167
BHLn
m23 m24 m31 m32 m33 m34
-85.22093 77861.63 -0.148209 -0.664448 -0.73249 449.2037

VLTRIRE ) 5 b a8 2o A7 AR R, AR(2.9) bk hy 1 /8% camera |, 2 4038 camera 11, %138 f0%F B 1 %
HIAG AR BR LLE BEAT DL— 2 AR (2.13) 2k SR H A Il Al e
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2.3.4 SR

M FH P A AR A S5 I == A7 B A 75 2 B 0 — A [+ 20 L R ORAIE PR S A AL 41
$oe e E [F]— Iy ZI)(Tammero and Dickinson, 2001 using pluses generated by a pulse
generator, BSG-50, Horita), —AMHALAT LAHERGTH 5 BF 5O S0 25 a4 5, nl LA

G 0f I s DEC ) — SOV, H 2 A B AT AT 52 2B, 17 HoN TR0 AR S B
PERIH HBAERE S € I INAE, 2N A alaa i o il & o AT
TR R FOAL TV R T ML, L2 ) 7 B, H 2 AT LA #) 3000
BURPIRITRBE o SXFE R V2000 T S = AE TR 22 ATAT Y

240 1 Frequency VS Period
~ i
ey 220 PY PY .
[ J A [ J
? 200 - A *
)
S
g
I 180 -
A Frequency of left wing
160 4 ® Frequency of right wing
T T T T T
0 1 2 3 4 5 6
Period

K 211 B R

Fig 2.11 Flapping frequency during turning

2.3.5 HEIREMNAB MR

BRI B IR 18] TR] B 2 1/3000, J i 24 v H = Nm 30 & 1T FH I 1)
RUFFBR, ST 15 /Mas M, G T 5 MR, Wi 2.11 ProsiE.
FEATIRIB AR BN IA A T REBAT W IR 5 1R A, 1y HL SIS A4 sl R AR —
B AR5 A (AR AT I (R
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2.3.6 =3 EH%

LI PR T AR I R, BERR Sms $RIANER, St
K 2.12, JL15 ANEhME, I 212 thFEH, {EHT 20ms P 4S8 S ARl G R 5 A
i Je S s I 22) #e Bl (roll), /i 20ms Al Z (177 1) R A A4k o S5 P FR S A4y
T mA% (yaw) . & BHAE 0-20ms P 58 M shVE S48 B & Eh £ 3 (roll) . LLG 1
JUANBIPEIR T LAt S R A e, A2 S T AT A2 /K17 1) 1R 25 (Yaw)
LR B I AR ) L 719 (piteh)..

K] 2.12 0-20ms [¥] K AT 235 ([A1B% 1/3ms)

Fig2.12 Flying model during 0-20ms (step 1/3ms).
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2.3.7 MBERIZFEN I

N T B IR AR, THE T PN BIAE A R R ) 2 AL AR AR RIS

Left wing tip
T Right wing tip Path of wing tip

Roll <— Hover =>=—— Yaw ——
60 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time (ms)

52 q
50 - [N e SN IN BN I -
48 Ay \./\.,'\./\:./'\ BRI NNE i

e BN AR R AT R AN N STV VAR

o 42 1
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34
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K 2.13 ZEAT iR AE A AL bR X LE

Fig2.13 Contrast of 3D coordinates between left and right wing.
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Fig 2.14 \elocity curve of two wings

2.3.8 RIE

Kl 2.13 Ty WK AR 75 (58 1 5 e 4 ) 1 RSB A 1) — 4k 2% ) o B AR A
M, B 213A, B, CHOBIRRLE X, Y, z =TT AT BB A (23 8] A
b 5 L EL5)

Bl 2.13A T LLE HATE X J7 ), JFUR & A 1A B RAR (x Bl 7 ) 5 201
ORI EBREE ), BIFAG SRR AT, AR5 W 2 AR B B AL E R
(X B IRDN), B 26ms TR NG AR AR RN IEAAHAE, 3X AN R SRR Al S B A B
Ak, WIS T8 ) — NG SRR AR AL R (roll) o RIS IX AN I R A il
b2 AR N v b Nl I o e S E e b 2l ] T S SN R v
B 8N R AL AR AL B ARUIS, MahEEW] BARK, R emm Aot i
JEIA AR ZNIR BEIEARBAT A 278 ot T RE B A E L, O T AN & T4kt
BTN 2%, A TS A SN KR B0 R D AR T AT SRR B A AR A A
77 1)

K 2.13B. 'y J5 11 HIE SR KT e e (Yaw) e A1,y ) 1) AR AR AR AR AL AE T4
IR B AT B AR . WEAEITIG, 2o i8IS y [ RIEAR A, XAV )
FRR, TRy ARENCHEE R, S SHA R AE T KPR E(Yaw). BTy
B, HEEES/NREE, PR A RBIEE I y AbR— R T e R y A bR
PR IE 20ms LLR G Z2i0 BB R I y [l e 25 A4, IXAS A% 1) A 6
YER.

K 2.13C 7R, FFARMIIMEREEAZE AT AR 2 AR i KRB, XA ik
KA RS A S R, LR A b 20ms 2o I i Ze th 22 7, &t
TACEI7 I 1) 51 2 S AR AR AR A o
K 2.14 rhRE R 2 a3 5 1 2.14 A B ZERIA R, BRI 2RI H

38



R B A LT R

P4 SRR 2N T [ 22 ] h 2 I R R A

2.3.9 BEEAXFRIABI 2T

Kl 2,13 HAERE R R 1) — TR IS 2 BRI 2L, 72 x J7 ]
a5 e i A SIS (R RS AT S, B 2.13A A B RIS BN O R
Ulo TABNPNIEAN L SERE M IE SR B 54 M2k, 1T A2 A e RIDHRE A Jr 3 e AR Ik
TN AN S T Bl 2 o i FLAE AT I LA 2 AR RV WA I /N AR o iR
Ve T3 E A HI AU, 0 P SIS PR3 A A (0 22 b SR 2 e 25 A ik
TP (AR S AN A b AR 2 B B PR IR 52 T3 ANTA  SXFF LSRN B Ak 2 —
AN, BTSSR A o Ao AR AR AR it 2 (A A A A 72, XA A
X PRICIA 2N B A b oTmk g Le g e, A4 Tk — .

R FN AT AR L RE A S P AR 2 MU 1 1E 52 2k, WA Bl K
PHASBAR T DL, X TR/ B Zp AR T (1T, BATRHR I 2.13 fEr s 2 i
FEIE 2.13A Hh LI /N i 2 RO e U /DN, G 3 S A A 5 982 K i 0 1
sk . HoE B b 50ms LUJR LRI I K1/ 2 B K, i e i 2
PRUEEIE/N . rTUSSAR, W RN IR IB AR S Kl LA 7 RATINS ). 2Tk,
WOATE A AT RN 22— RSB BN, DO RAT IR RO R4 KR
I P B A S R IR BRI o K/INBAE — 8 I AL G . 2/
TR RBAR T /NE 5 R SERI-RZ AT L, TR 22 . AL 2 3 2R A
VAl S TIAAT o BT LA TE S H e i n] DL R SH I A28 50 B0 R AT 2 Kk 2
BBl KATH

MAEVEA R, P13 e H St it — R ARE B8, RN
HRAT AT BEHY KB D o 10 A NSl (AR AL 5 2 I TR AR 2D, AR 2
13—1/A AN o JXHE T DLAERR R IR IR 18] AP B, RIS
i1 LA B A R AN, JAT SO U AN R S AR LS RAT I REA T 2
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#r, nl&l 2.15 & ADFINQRTU, #JE B K224 AR S sl, g8kl
BRI — AN A TR . R I I R IR S AR R i .,
eI BARAL ZE TR, —Le I AN (e AR Zh 2 S ) o Tk, A7)
WA, MG ZER A AR DTk, B OC R A EEE—PEIT

K.2.15 A FRAABN B E

Fig.2.15 Unsymmetrical flapping motion
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2 SRS AR (K P ES S 2N s, W AR Y, IR AR e S A R S A AT 7
Wi, SETHSBS A A v ATt PSSR AE A 2 S R KA [l o i B 5 1)
(0 U R AN PRI, i) A 2 8 e R ) 2 S D e i e RE W A K 4, e
SEJE ATSBIRIE LR T 23, iy HAE R = 4E 0 ShBL 3 il 5 = A>T 1 ] U
ty x y T RHASIE R K N IE S i Z AT TR A R, L L T A
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ELESRIN o PS5 1) 2 755 e R A S AT 22 1) EH U2 0 B 25 S A 2 (KR o
T FRATTIN Ay o 1 S 5 P e R AR 37 222 ) EE IS B 25 iR A ]
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e R e, RIBELR It R B & T kAT, e
b, BIEAMTELA g ®A7, IERENE RN SCHL IR R Zha s (8] REEHLED |AT,
s B U AT A Y AT RS K B Ao R
B BT LA o . BRI KRGS MR AT rT A & (1] [2]
ri B U RAT S RO IR i SRR Al U 2 B /AT R AL
LAR QAT B30, ABANBEIRAF RN BUES LI BB ket T T 23I5S 15
A VEAN BN S B0 T7, WETCE AT AR S AR ADUE BB, 0 L B SR U 8R4 7 50 26
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THELEE RN SRS (X R a5 T A T s L. 34k, ) LAy
WU TG 2 U T S ORES R A E R s 1 22 PR 2 R [13]

HASHR A2, H v 2 SUE S URAE HEAnshPIL ~EATIN, 1y sihs
MIvF 2 RIS L T AR B, A ER R A a3, TR 1 A2
X RATRAE IR, ASCUHF R T LM s P (H 2. L “8” ) FITT
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ST B R REAT TIPS

FH: b, BRI EBER S AR E R L SN Wi
DTS ), LRI = i e 2 — IR B AT PR Al MR AR [14][15]. —Ff
PRI 5y TR A IR R e 4 = Y 1) U AL O — 4 ) iR AR BE o it 5 LR AN E
RS = YN, R TSN R, SRR TRl 2 2 A, AR TR T
AT EESEO B IR . ASSCH S U R AL AL P

3.2 B RREIA

e CAT HA R LS PR ARSI, (B8 AT IS RSB R sh AR A H AT L
TR aE, AT RARR, &SI M WATA B 2% . AL
EPEIE SR AW B

Pl 3.1 I BE B2 5 7 i

Fig3.1 moving path of dragonfly’s wings
W 3.1 FroR(h TR I, P b S 5 ) — 6 R ), I Al
W5 E3850: L8 S R4 RS0 [R5 28 38R 4 2 (A 158 002 25 (A
BB BUA), i T Hshi R, AR SE A SR REE I 3 T 1R ©
P, AL R 1 Al A 38 20 (R S 5 RS 2 AU T I IS 42 0, RS 1 O 25 © T
Mf)e h TR, S Tl uERET K s LLAOK [16][17][18], AN L2 —4ERL
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IO, AT S5 W A e [ A A (R 52 g D)1k, 1] 3.1 v AT mym, ) E — 4
FIZB B . TR UE, RO mym, BB — I, 9O AE RS
MRS, AE vt S P A SRR AU E D~ AR HE, AT mym, 8B R FFAE XOY ~F

[N (OX AAKF-J5 ), OY NREHE M),

EUCH A 3.1 i XOY ST, 3 B AR mym, (13s shAE A B (I 3.2 71R)
AR BB AR mom, IR Y, B sZ A< chord SAMGIEHCHII MRS, @B R
JEE A IR FE P P 035 o AE XOY N 8. — AN R F AL AR 2R xoy » it i o £ T3 411 3
OB AL xEAL T B,y MEEE T3 . 4EEAL T, 3
J53 10032 Bl n] DA IR Ok 36 A B A S8 S L g I 2 Ao 56 5 Bk 330 % 2 20 Al i L
BChy SRS (0, BRI mym,, (IR0, PEESBATZ: 0.5c. B AE x J5 [ (ia 5
AR =4 “ AT BB, MESLE y O In) B sh AR = dE R AT IR )
B3, BRI SRR N T =4 K AT AE ) . eS0T, Gl R
) _E N HAShFR A Vs (R RE R I8 5)), 45 o528 33 155 A (ARG sh FR A
5. ASCBEE 5 R B AR W R [9](3 0L Wang 2000, 4 T % BN [E1A SN ER
RN AT B I, ARSI N T A W) A% 1 B bR 20«

BV A A 2k SN (RN 2E /s 3l) 4

x(t) = %COS(ZﬂfOt) (k- Mazh) (3.1)

Y@ =%sin(zﬂflt) (B (3.2)

S I A s A3 U (RIVBUA AR 4E) g«

a(t) :%—%sin(Zﬂfot + ) (3.3)
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(@) (b) (©) (d)
Fel 3.2(a) LA, — AN A I R R B SEMRBAER FHIM B IR

B #on FARM B E . XOY JyHbERAbR R,  XOY b sl Al b R (B sfr T alipids b ). Ayl
Mg, By AR B IRAL, o SR h, RRZGACT NS, B s P, b s
PURL AT A . (DBFRETBIEIL . (c) “8” FRUNBHIL. ()X “8” FARUB)PLIL.

Fig3.2 (a) The wing positions at different times over a full flapping cycle for the translational flapping
trajectory. The solid ellipse represents the positions at downstroke stage while the dashed ellipse represents
positions at upstroke stage. XOY is the world coordinate system while xoy is the local coordinate system with the
center point located on the center of the flapping trajectories. A0, the flapping amplitude; BO, the horizontal
deviation amplitude c, the chord length; « , the wing attack angle regarding the angle between the wing chord and
the horizontal plane; B, the flapping plane angle regarding the angle between the wing rotation trajectory and the
horizontal plane. (b) The ellipse flapping trajectory. (c) The figure-eight flapping trajectory.(d) The

double-figure-eight flapping trajectory.
ARCRACNMEER, c=1cm, A, =25cm, f,=40Hz, B =r/3({KIEiELE

KATSH, HAKZ WL[BI[16][17]1[18][19]. A Ckeml B, Y L% L hic=1/20,

RIS ZHB, « fv o LA B X AT B IR P 1 52 ma e TR .

)
\
W

&

46



o = HUH AR

17 B, =0, M H 415, 12500 B0 Wang(2000)[9]/I4H ] (K 3.2(a)); #7 B, # 0,
WS £, (784, ARSI = f AR B8 HuL (K 3.2(b)),
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BEA 1= 2.45x107 Pa - s (LA IR T I LSkt 2o TNl

WECT sk, WK 775 Wang 2000[9] - #idi x) k), DA 7R W 4K
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Re =157,
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NNl fov oV (3.6)
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b AN S R A AU RS AR A B ORI R S N AR A AL Bl
Vo BT AN R T LG Rl (B3 B 5 ) -

E—,ﬂQ+ p(V =V )-dA=0 (3.7)

IQ LQ 9

— | pudQ+| puv -V L dA = uvVu - dA + dQ (3.8
L], [ vu-dae [ [~ )

% jg odQ + LQ w(V -V,)-dA= LQ LVv-dA+ jQ [— S—f(’jdg (3.9)

1 111 5 B3 b & o 1R < e 2R AR 2042 i R
a4 pdQ+[ pp(V —V,)-dA=[ V¢ dA+] S,d0 (3.10)
dt Jo o0 9 ot "¢ '
Hrh Q2 FAAWR SR, oQ Ronflilikilit. Hé=10F, WA H=EF
THTFRE, Mg=uflg=vIit, RIAZhESHETR.

B R AR AT BRI 3, — EAfE T n IS TR)20 RS T n + LS ()20
BT o> (RHT PA ?ﬁﬂ%ﬂé%ﬁ@lﬁl%iﬁﬁ% FEHHATIQ" Q™ . n+ 111

A PR R n I TR 5 (4 BE R n] LA n IR e) 28 R Y R ) B R A
SAEAT 2o SXFE, 5 RE(3.20) 1 I o) i A3 50— i T Jim 2220 2X(3.1.2) Hh AR AR AR il
AN RE(3.10) AR L JHH 4D P s A% e 2 i) il B2 7 B o o

d _(pg)™ = (pgy)"
L= =

BT LIS T A SCRTAE 9T 1) — e dh Bs 8, AKARE = AR T F2(3.7), W
ANEE TR (3.8)(3.9) =N AR AH(u, v, p), FTFEE . 45 EWIMR SRl 4,
RIAT SR it o
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3.4 WMaFHALRFH

TERI X 3.3 Fior, WM N LT, Mol R shhkil A 44N
121 5 ()8 ek BRT DA X (3.1)(3.2)(3.3) sk S I 1] XOY ABkR & X LY 4
oy S IESEA P

u(t) = —Ayaf, sin(2af ;t) cos g — B, f, cos(24f t) sin g (3.12)
v(t) = —Ayaf, sin(2xf ,t)sin g + Baf, cos(27f,t) cos (3.13)
MQ:%MW%QﬁJ+@ (3.14)

R R I R S X IR T S A, AN T T s AT g 2 (PR T s il
—ANKAE). His(3.12)(3.13)(3.14) ' t = 0 753 N i FLak BE W) hAa 41

u(0) = —Byaf,sin g (3.15)
v(0) = B,#f, cos g (3.16)
o(0) = %ﬂfo Cos @ (3.17)

HARR BN IE VG ER N EF; SYPIMG R E . 8 T WAL
oA, KH SIMPLEC, — it g =K i 7 72(3.10) (BRI 7 #£(3.7)(3.8)(3.9)) -

3.5 I HAMEMELWIE

g b, AN TSR B AL A TC g b, AR S PR EUE S BE AT R
Yy, N T % BV X RS RN, AL T JURIAS [ X 3RS (A i
K097 5e, 10c, 15¢, 20c) RTHELEIR, HSSRW], 2AMU S RSFRT 10c
I, E A AR 82 X RS IR o 57— A 75 2% 1B (1 TR 3% 2 W 4 i
RSO AR AE T HUE S5, 45 R, RS AR ERISH, 7T RS R AS
TR A = 2 A, AR A LA AR i (K] 3.3) 0 IXFERESEIL 1 VE 4 i 2 2 5%
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Il 3.3 SUREL e i S BRI
Fig 3.3 Mesh in computational region

AT A S ESE T S B AT B D AT AT I, AR ST B Wang (2000)[9]
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B8, IR LU W 2 BT A B g i 22 B I Tl 1 A2 A A Al A AR AL, FUR DR
RAAAN TR, R B P AN [0 ] i i o 8 2 0 v T P £ 33 % 52 LU AN [ 5 2 )
K 3.4 h Tt AR 2= A e B T (Y i) By, B Y BhE T
NIE: BHITRFEBIE B HE A I AE7KP 7 1) (X 4l B2 6, W XCRlE 7 1)
IE, SRR 2R #E Sy, Lo B By G B v — AN R WA = AR B N T
B U6 B B2 20100 T RS ) o SR — A R IR 43 T R g (B SRy
BIE EZ2 7)) 4 0.034N/m A1 0.018N/m. Fe A 1 50 I e S B g W 2, it
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F AT 0.001N~0.0025N[9][15][16][17][19], ATt Sy K T ik, Fr L5 i A
IRERS IE AT, EHA AR RH NS YATRE ) o X — 45 RN — DA FERAIE
T A SCEAE VS A
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FCHR RN TSR, V= 26, A, .

,,,,,,,,, Jane Wang
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[l 3.4 ASCHEA TR 7 26 55 Jane Wang(2000)[9]F1-PH 77 i 4 i . 3 EY 12 50 J4 1] T=0.025s.

Fig 3.4 Computational results of this paper and Jane Wang
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Translation  Rotation Translation ~ Rotation

) v<%>*g\><aé v <%>+§%
NNN

IR SN SRS &
NN AN A

K 5() NN AFEINZI T RSE s %3, A N RB, A B3R B (b) @B HL&imish
T AR R I T B RS SR IR R R Vi, 8 R,

Fig 5(a) Several motion in one flapping period, the left one and right one show downstroke and upstroke

respectively. (b) Velocity and acceleration in one linear flapping period. V means velocity, & means

acceleration.
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MR A P, Wang B4 7618 SC PR BT IX — a5, AR A i R B e SE T
Vo AHAFTER MR IR PERT AR IR R, ) ik s (K 3.6),
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_____ pressure_moment
......... viscosity_moment
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Rt

0 0.25 0.5 0.75 1
t/T

P&l 3.6 SR (LAY — P01 (0B R oA, B RAR I 6 T 22 By« RS B
SINDIL T

Fig3.6 A typical example of linear flapping during one period, the figure shows lift, drag, pressure difference,
moment curve.
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AERFEN) CD B, B t=0.50T~0.75T W1 B, S BSvH41 8 1 A7 b gk
VE, NS EE e s . RS R W (] 3.5b-CD), MR SRS, SHIE AN
WA AR A BT IEE A T, B B AR SAE R T, e R R T P
— oyt th RS MBSy, RS Jr mAH R, BT o A R T s Sy
A2 T I B S A AR Ty, BB A ARG 3 1) A B F o B G A A v A
B, WA G —E 220 m A T M RAER- J1. BRIk, S35 e (] Be i
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Fig 3.7 lift, drag and moment curve of linear and figure “8” at the offset ——.
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Table 3.1 lift and drag efficiency of different flapping path.

Ba=0.0 B0=A0/10 B0O=A0/5

M of 1.46 1.24 0.98
Cn -0.75 -0.93 -0.99

Ce 1.65 1.55 1.40

“” = LC 1.46 1.76 1.55
Cn -0.75 -0.88 -0.87

Ce 1.65 1.97 1.77

X “8” 7 LGy 1.46 1.43 1.11
Cn -0.75 -0.79 -0.70

Ce 1.65 1.64 1.32
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Fig 3.9 The velocity composition at t=0.25T and t=0.50T for the figure-eight flapping

motion of the wing.
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Fig3.10 Vortexes of linear and figure “8” flapping pathes
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AT WA AT S AT e 0N, AR SCUHSE T = AN [ g i 6 T T
B, =B S Hoe M B &M, JEZ Lk 120, Mififie=0.
=Rl A b 4 ) O S T4 0.25¢. 0.50c. 0.75¢, 4 T RUR KT, 43 IR N
A5 AL B A CXF = AN —AN JH A (R T BEL AR P44 2 (3% 3.2):
A5 A P 2500 175, TEAE] C g7 R U 1505 HA5 A 1
HES) R ECh 0.88, A C IKFHE) REUAAT 0.64, WL AHITHTR
EEESIE PP E PN

3.2 AN ERE R BN (R THBE ) R 8. case A B 37T 0.25¢, case B I 314 0.50c, case C
P 25 37 4 0.75¢.

Table 3.2 Lift and drag coefficient of different roll axis.

CL Co Cr
case A 1.75 -0.88 1.95
case B 1.58 -0.83 1.79
case C 1.50 -0.64 1.62

(A) t=0.0T(t=1.0T)

.k .

(B) t=0.125T
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Fig 3.8 Comparisons of the vortices and pressure counters for the translational and figure-eight flapping
trajectories. The first and second columns are the vortices for the translational and figure-eight flapping trajectories
respectively. The third and fourth columns are the pressure counters for the translational and figure-eight flapping
trajectories. The white color represents the high pressure while the black represents the low pressure.
Dickinson(1999)[5]
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Fig 3.1 Lift and drag curve in different roll axis. Distances from lead edge to roll axis are 0.25¢, 0.50c, 0,75¢
respectively.
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Fig3.13 Vortex and pressure curve of different roll axis. The fist row is vorticity of case A, the second is case

B and the third one is pressure contour of case A, the fourth one is pressure contour of case C. The distance form
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ledge to axis is 0.25C, 0.5C and 0.75C respectively.
3.6.2.3 HIFAHEX(FB1L A ) 897 A
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Table 3.3 Lift and drag coefficient of different roll model.
CL Co Cr
advanced 1.92 -1.03 2.18
symmetrical 1.58 -0.83 1.79
delayed 0.21 -0.53 0.56
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Fig 3.14 Lift and drag curve of different roll model in one period.
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Fig3.15 Vortex structure of different roll model in one period. The first row is vorticity contour of turning
model. The second one is symmetry turning. The third one is advanced turning. The fourth one is pressure contour

of symmetry turning.
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Fig3.16 Lift and drag influence with wind load.
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