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Table 1.1 Performance of each flight type

. . . . Energy efficiency
High-speed flight Hovering maneuverability ) )
(in small size)
Fixed wing © X O A
Rotary wing A O A A
Flapping wing O O © ©




SRADEN T LHHDO—>TH L. £, PRI BFRRCRLTHBREDOMDOEY T
ToTIENDD, AXTIRTHRY FUOL KRB ETIIMTE LY big2EmT
DEIEDE DI, /IO R R BUIPNE SRAOEI &3 & <, 1RREIZHIEZ <
% CRIE7= & &) b2\, miko@ Y, BEECEERE TR R X T/VIZA
D EIFIRPELRD LML TWD. AT bE D, REOWKRIIRITT 256
(ZITMEPE S BRI REBREE (B LA VX)) &7 Y, BIEECEERE TIImE TRSIEE
BB EGL LN TE D, — 07, INUOWIRITHNE ) 3 R 22 B EE (KL A L 2%
L7, TERDW W 2B o [ E B RIMAE TIIRATHEE DS B2 D & RVEERIC K0 $i
NBRELBRDIZDHN /L ENEL D@, L LRRs, BHRITZ o X ) ki
NP KEEZREREEIZ BT H @mWAATERE 2~ d. 2, Ble & o/ oAy i3EM: /)
R 2507120 T, MEACERT 251026 EFSFMLTREAZHE TN D L
FEZALNTWD (M13). 2O L7l enbd, MNUTHDIZEPIT-ERANAL TH D
ZEIEFHLNTHD.

RIBOMITZE DA N = A LINIRE T T 2 BEPFAET 2@, RIS R
(TR & M D A DMFEET S A MRSV E R O PICID 5 TR D, ZOHE
AR OGS &> THAREE SN2 DIZEDORBTHRKTH 525, FIEIZ L > TEDOER
BTENR R D — 203 1L O A DSBICE R S, i A ORELS - Tl E 2

Pure inertia effects Big airplane‘-.—

Small airplane °
100 — Swhale—
Albatross ¢ Dolphin
= e ¥Big migrant
£ Butterflye | “Small birds
£ 102 Drlagonflyc
5 Fly .4 Bee
*g —
- . Mosquito
§ 104 Pure viscosity effects | ql
% Dandelion seeds e Both effects valid
[ [ [
IS Spider's thread
 10° —4—
®|Sperm of starfish
106 103 100 103 1068 10°

Reynolds number Re
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FRIZOWTIRFT L TW A, ZHUUC K0, (K, & L5 ICRITEEE S K - T L7z
X7 EMARENFAET D EZHLMNCLTWA. I, HH, F7)I56968 3 kR & [FH
EDOPARXT R AROPNI-EE BN ZHBHT 52 LN ARERPILIZE T I 2 b—F 2%



LTW5. ZHUT LY b ROEMBRMACANY 7 8o B RRARFOPIE - X @B %
HHLL, ZOREOARKRZER S ORESCTHRNG O A LEZIT > T\ 5. MO TIXZ DR
BRI, TR & W o 7B BAFZEM T T 4. Jongerius H@) I~ 1 7 1 CT X
¥¥ T —E MW FUROD 3 IWILAF ¥ N KBRS Y — % B TS O iRk %
TV, TNEREIZ3RITE =L LV = LV THRS D BORIRERZET VAR L. 20
TV E AN THROBEFREECNE 72 X FEOERIZ OV TRE Lz, ZuUc kb, #OE
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LA NV ZERNZ B TEAZIR O Ll T/ S RIBFIR ARSI D Z & THRWHATEH
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PN EBRICAER SN D OFHA L NSO PIV GHIEIT> T\ d. Ziuc kv, I
7o X REIC T REE I (delayed stall) 721 T2 <, #OR LY IEBNT X0 A U D AR
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EHOTRAE—7 UA Y —IEIC L AWM ERFORN GO I EZIT> T D, 2k
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SWIEOPEI-&E B Z VI 2 b—ra L, TORIZAE T ZWE Y ORI O TEAEAET
DO LY AL T 52 & E2RATND.
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OPNLT= ZTEENZDOWTART ¢ OIEECHOBMELT, W% 58 LI EE T 2170,
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[EHATEER, B L W mBIE R GIARICER L TS Z LI LN E 25 TN D,
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WDD, AR LAV ZBE O BT X5 230 70 <, EBRIC K DMGEDR AR AR L 72D,
LILZER D, EEO N RE2RAWEER TIIEJRNSSE I bR EEET D HEN
DN, ZOLGEIITABERIAEITERLPIXT-Z 2T OMERH LI Lo, AW 21
MiElexhkay be— L TEPTEROFBERMELR SIHREN K-> TV D, IERET LV E AN
TEEBRTITHES R OE B L Z2HR LI L1302, EV A X TORERR T4 TH
L. Fio, WS, FROMNE EREORDETAZ OV TITAERZER T & OBENR % < fiii S
NTEY, ZOEEMTEW. LOLREDL, ZOEZINNAZHEXNRE LIEHAETHY,
AR THRET D DU RICOWTIANETET 5 Z LT LTSN TW D B ARZER
NADFEBZONTIHIZE A EHFIRS N TR, BLEDZ &5, MAV OFEAIZIZH
DOEREEZRE LT ECHITTe & EARER N & ORGREFES A XTOERIZI VLN
TOHMERHDLENZD.
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AT E TITR 72 L 918, BRORMAA I =X LIEMAV OET /L& L ThRE Tldd 5 73,
ZDORFAA T = X DD TUIRA DI DL L AFET D, {EROMIEIZ L > TR ROY]
(X7 EEET K D ARZER S0P T S AN BT 2 Ak /e £ OIEEF I O EEM:
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<72V, PR TIE20~40HZ FRE L ST b
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DD Je bl OB A3 18 2 T A PUT T2 Z i ERERR L, PNET & o & T M 07T
AEELPIT-EFEAE y LEERT D (K21).

N AROBADZFEENTITRKE < 3T 3 FHHOEENGIET S, E TSP E#HTH
57Ty riE), WERCHEHTHL 7 V) o VES), BERRKRICEN)NTU— KT
THEETH L. TNENOEZ TR E FHNOBEEHE L& L RlisER) & e 5720,
INETNEAETERTD. K22ICFNTNOAEDEFRLETT. 77 v EVTHIE piX
LT & Fmc st L CRE RSN S RI-GEIT, AR & BORTRRE A 2T A & ER
T 5. Fi2, KFEXY BRSNS EI2HDREEZ IEOE, FIZhrREaDEE TS, 7o
UV T7HE 61X AREmEmno ReGas, WO 2 P HEE e L 72
THELERTD. £, AiEES Lxn FziEOE, FTam FmzanfEs35.
U= RZ7ME ¢ XN R%E LEDDRISGEID, BWORRRS & AN 723 /8 L ER
T5. 72, BREESOAKERIVATTICHDEEZIEOME, BTICHIEADHEET5.
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MR- EEEONARZE D EE L 72 5. ABFFETIE, AL %HBDO 7 T v B 7 AEDNRE
FIZ, AR D RADAARDOEBENENANZE Ay & EFRT D.

Wing stroke plane
(Direction of flapping)

Body of dragonfly Trajectory of wing tip

Direction of
movement

Horizontal line y: Angle of wing stroke plane

Fig. 2.1 Definition of angle of wing stroke plane
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Leading edge of wing

(a) Flapping angle ¥

Body of dragonfly
Direction of \‘
movement

(b) Feathering angle 9

o(+), o(-)

—

Wing stroke plane
(Direction of flapping)

Chord line

(c) Lead-lag angle ¢
Fig. 2.2 Definition of flapping angle, feathering angle, and lead-lag angle
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A= L2-A’-A? 1)

B,=L-B’-B/] (2-2)

BN, m—U 7 (X#FLoBEs) BXOa—A 7 (Y f#ifLoEis) OfEE1T
9. PUWIEH AT L TERBICRAL TWD GEITHER X filE F1T) LIRS
WTWABEAND D=0, FAEEZRDHENCEDOMEE ZEETS. FFo—1 v ZOMIE
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LAy

z

i, =tan (2-3)
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Acrylic case

:I ] (Straight flight)

Light Dragonfly

Personal computer

E High-speed camera

Fig. 2.3 Experimental apparatus for taking flight footage

Leading-edge of right fore wing
Ars

: J/ Trailing-edge of right fore wing

- / Br

Base of fore wing

O Lgrs

Leading-edge of right hind wing

Larn Arh

Base of hind wing LBRh

On
Trailing-edge of right hind wing
Brn
Fig. 2.4  Analysis points
v —tan (2-4)
A,

! !’
Y.~V

W, = % (2-5)

WIZT—A > 7 ORIETIE, XZJEENSAEBE DO E ZED 72T A gr, oL &
Ko, EEBFEZRD L 70d—A L TRIEARE o 3RO 5.

&, = tanl% (2-6)

¢ =tan™ % (2-7)

z
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_H -k i
¢c - 2 (2 8)

ZL RO —Y U ITHIEAEL LT —A U VHIEAEEZ O TR Z X iEb
DEBIOYHEEDY IZEERSES.

A cosg. 0 —sing.\(1 O 0 A

Al=l 0 1 0 0 cosy, -siny, || A (2-9)
A sing, 0 cosg. J\0 siny, cosy, |\ A

B,) (cosg. 0 —sing (1 O 0 B,

B.l=| 0 1 0 0 cosy, -siny, || B, (2-10)
B, sing. 0 cosg. J\O siny, cosy, )\B,

IRV ue—Y Tl a—A U IPMIES R, AR Y il 6 R TR
X il & AT 7R ARIC 72 D

ZOMRET, PN E FHAKE y Z2ROD. Z 2 TIIARFEIHRAL THDIREZE L T
WD, P Fme X g BTm) ST AENMTIE FmAEy LD, £
PRT & ol 2 XY FEAE L TOERf(X) & IRET D.

f(x)=ax+b (2-11)

TIMHEBOMEE L HRE a 2R/ ZFIEICIVRD D, HifEMIOENT S A D XY
JERE 795 & UL ELRR f) DR a B L OWIH b idk o TRE 5.

) ng&i&i—g/xé%

a - - . (2-12)
DWGH Y
i=1 i=1
: ,iZZA;i - : ,iA;/i _ 'i
b — =l i=1 i=1 i=1 (2_13)

2
ni/&f—( ; J
i=1 i=1
ZIMHIEEMOME E Th D455 a OE L 0 PUIT- E FHEAE y 2RO TRD 5.
y=tan™(a) (2-14)
FNT, BMITEMAELROD. 7, PN E FRMAEN 90°L 725 K 5 IT2EK % [H
B2 72 D OMHIEM E pe 3R, T RAZ ZHEIE DV ICEIRE 5.
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T
=2 2-15
Ve=7 (2-15)
Al (cosy, —siny, 0) (A
A |=|siny, cosy, O A (2-16)

A Lo o 1A

By} (cosy, —siny, 0) (B,
By |=| siny, cosy, v (2-17)
B) 0 0 1)\B,

o
@K

Z OEEAIZ 0 PNLT EFEAED p = 90°, DF U PNL- E H BN EEDORBIC/RD.
ZORETYZHEIEN ST Ty T AE y &, XY RN T =YY T A 0%, XZ
JEREND U — R T V7 HE ¢ ZIROXTHEIT .

A”

w = tan ‘{—i} (2-18)
A,
B” _ "

0= tan‘l[ Y ij (2-19)
B - A

4 A

¢ =tan l(—} (2-20)

A,

ZOFREERA L BBOZINEIUATY, A EBBIZBT 25N AEOHRE 2
RO D,

BINTT- X AEOHRB L RDOT-1%, 7T v L TRAEOHBLINI- X f B L,
B L R ADALFRZE Ay ZEHHT D, 77 v B 7 AEORKME (F 72 i3/IME) O RIkEH
SINE-=DFMT Z2Rd, ROXTINE-=FEHEF2RD 5.

1

f== 2-21

T (2-21)

FT2, BIBO T T v B T HEPRKIE & 725 T2 )yt = max ERAD T T v B2 T HE

DIRBERAE & 72 o T2 L tyh = max DR B RIA & B AONFRZE Ay ZIROXTHEET 5.
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|.//h:max. |n//f:max.

Ay =2 2-22
v =2 = (2-22)

PLEDRREIZE Y, FUAROMIT EEB O L /RT A—=FIZOWTHLNZT 5.
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K OBAOFTRRERICRALE (BT A) O XY EE L, BEARITEHE LR FEaEL
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FECT7 Ty TERE 7 =Y ) VT EE) TR S, V— RT ZEENTIEE AT
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BN 00, 2FEVABLTALLH L ETFTORA M= OHLEI SRR 7 =) VT A
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AT TWD EWZ D, 77y BT AE y OFRKE X OE/IMEIZHEAT w = +30°~-
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TWDZENDND. BRO XY JEEED G/ "RIEC L0 PN & P & 72 D Ef B K
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Chord line of tip
Right wing

(a) Photograph of dragonfly on straight flight

150
Forewing Hindwing
120 | | —O— Flapping angle —®&— Flapping angle
—&— Feathering angle —&— Feathering angle
— 0r| o Lead-lag angle —— Lead-lag angle
S
B-?
%f
[<5]
E
<

0 0.17 0.33 0.5 0.67 0.83 1
Cycle C
(b) The variation of flapping, feathering, and lead-lag angles of the dragonfly with time
20
15
10

y-coordinate Y [mm]
o

-5
-10
5 @ Point of tip of fore wing
e Point of tip of hind wing
-20 '

20 15 -10 5 0 5 10 15 20
x-coordinate X [mm]
(c) Angle of wing stroke plane

Fig. 2.5 Flapping motion of dragonfly on straight flight
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Be/MEIXRTAT we = +40°~-55°, T yn = +39°~-43°L 720, FTH LT XV BT A
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Chord line of tip
inger % \ j% ) g ]

Angle 6h, Pin, orn [°]

(a) Photograph of Anax parthnope oh take off

Forewing Hindwing
L | —O— Flapping angle —8&— Flapping angle
—&— Feathering angle —&— Feathering angle
- | —O— Lead-lag angle —— Lead-lag angle

’ ;ﬁ-’
pmmE RN -';...*.‘M‘. o0
w;ngﬂ?gs-

0 0.17 0.33 0.5 0.67 0.83 1
Cycle C
(b) The variation of flapping, feathering, and lead-lag angles of the dragonfly with time
40
30
20
= 7¢ = 59.5°
£ 10
> =57.2°
2 1 1
£ 0 } }
2
§ -10
>
-20
30 @ Point of tip of fore wing
e Point of tip of hind wing
-40

40 -30 -20 -10 O 10 20 30 40
x-coordinate X [mm]
(c) Angle of wing stroke plane

Fig. 2.6 Flapping motion of dragonfly on take off
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Flapping unit  Interval between
of hindwings  forewings and hindwings
Flapping unit

of forewings ~~» (Flapping-side)

(Flapping-side) ——C (Feathering-side)

(Feathering-side) —

DC motor
Unit: [mm]
Fig. 2.7 Overall view of the flap simulator
. . Flapping-side Feathering-side
Flapping slider . . . .
: : linkage mechanism  linkage mechanism
\ Feathering slider
Conrod | c i —
(Flapping-side) onnection pln\_\\ o
Con rod \ ~
(Feathering-side) 7 @é/ —
2 Attachment _ / il
of wing Rotation of H Input shaft
Crank_ T K" lconnected pipe Attachment 2 from DC motor
(Flapping-side) \
Crank (Feathering-side) - -
(a) Front view (b) Side view

Fig. 2.8 Mechanism of the flapping unit (hindwings, leftwing-side)
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X
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=
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ZZT g, = cosl( r, cos(,, — 46, )) Thd.
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d —(rasin 4 I, sin 7[)
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d

d,—r,—I
Wn‘in. = ta.n_l = tan_l(y—aaj (2_29)
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Flap simulator Anax parthenope

Fig. 2.9 Photo of appearance

Attachment

Aw Unit: [mm]

|
& —

‘ 16

e ;

Leading edge > Membrane  Leading edge ~Membrane
(a) Forewing (b) Hindwing

Fig. 2.10 Structure of artificial wings

Table 2.1 Data of the flap simulator

Size of body W20 x D85 x H28
W x D x H[mm]
Wing span S [mm] 130
Weight m [g] 54
Interval between forewings 6
and hindwings 6 [mm]
Angle of wing stroke plane 60

y[°]
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Connected Attachment
pipe of wing

(a) Dragonfly (b) Flap simulator (c) Magnified view

Fig. 2.11 Forward-swept of forewing and back-swept of hindwing

150
Flap simulator Dragonfly
120 + . .
=eo— Flapping angle -=- Flapping angle
90 =®= Feathering angle Feathering angle

Angle 6, 7, [°]

-90
0 0.25 0.5 0.75 1
Cycle C
(a) Fore wing
150
Flap simulator Dragonfly
120 + ) .
—=e— Flapping angle -== Flapping angle
90 | =®= Feathering angle Feathering angle

Angle 6,, ¥, [°]

0 0.25 0.5 0.75 1
Cycle C

(b) Hind wing

Fig. 2.12 The variation of flapping and feathering angles of the flap simulator with time
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Table 3.1 Flapping and feathering angles of flap simulators used in experiments

Flapping angle ¥:n [°] Feathering angle G [°]
Forewing ¥ Hindwing %, Forewing 6 | Hindwing 6,
A 120 (+20 to -20)
Flap simulators with +45
B +30 (+30 to -30)
different flapping angle (+45 to -45)
C 140 (+40 to -40)
D 10 (+0 to -0)
Flap simulators with +30 +40
] ) E +45 (+45 to -45)
different feathering angle (+30 to -30) (+40 to -40)
F +60 (+60 to -60)
Straight flight of Anax Pathenope +30 +40 +45 +50

2L —%D, E, FCIE, 7=V U 7HEZZNETNEDC (Z7HV VU TE2ITDRD),
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Aerodynamic force Lift .
Wing stroke plane

Angle of wing
stroke plane
Direction of flight

Thrust

(a) Dragonfly

Aerodynamic force Lift
EEEEEEEEEESE Wing stroke plane

Angle of wing
stroke plane

Thrust Horizontal plane
()
A / L i U
Triangular base Mounting angle

(b) Flap simulator
Fig. 3.1 Definition of lift force and thrust force

32



Flap simulator

DC motor

Connecting wire
Thrust
Load cell
[111
Rail Triangular base with wheels

(a) Thrust measurement

Flap simulator

Connecting wire

Load cell

[1[]

Rail Triangular base with wheels

(b) Lift measurement
Fig. 3.2 Experimental set up of lift and thrust measurements
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Fig. 3.3 Experimental set-up for flow visualization
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(b) Thrust force

Fig. 3.4 Measurement results of aerodynamic force in different flapping angles

Table 3.2 Average lift and thrust force in different flapping angles

Flapping angle ¥ [°] Average lift Lae [MN] Average thrust Tave [MN]
+20 33 5.9
+30 9.36 11.9
+40 17.8 32.6
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Fig. 3.5 Measurement results of aerodynamic force in different feathering angles

Table 3.3  Average lift and thrust force in different feathering angles

Feathering angle 6 [°] Average lift Lave [MN] Average thrust Tave [MN]
10 8.9 16.5
+45 10.7 22
+60 17.9 30.6
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(a-1) C=0.1 (a-2) C=0.25

(a-5)C=0.75 (a-6) C=0.9
(a) Visualization of flow around flapping wing

(b-4)C =06 (b-5)C=0.75 (b-6)C=0.9
(b) Velocity vector calculated by PIV analysis
Fig. 3.6 Results of flow visualization and PI1V analysis of flapping wing in feathering angle 0 = 45°
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(a-1)C=0.1 (a-2) C=0.25 (a-3)C=0.4

(a-4)C=0.6 (a-5) C=0.75 (a-6)C=0.9
(a) Visualization of flow around flapping wing

(b-4)C =06 (b-5) C=0.75 (b-6)C=0.9
(b) Velocity vector calculated by PIV analysis

Fig. 3.7 Results of flow visualization and PIV analysis of flapping wing in feathering angle 6 = 45°
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Fig. 4.1 Experimental apparatus of forced excitation test
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(a) Pseudothemis zonata (b) Orthetrum albistylum (c) Sympetrum frequens

Fig. 4.2 The kind of dragonfly used for measurement of natural frequency
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Fig. 4.3 Result of forced excitation test of the dragonfly wings

Table 4.1 Results of the first natural frequency of the natural wings

First natural frequency
Kind of dragonfly
w [HZ]
Pseudothemis zonata 120.0
Orthetrum albistylum 127.6
Sympetrum frequens 129.0
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(a) Polyacetal wing (b) Bamboo wing

-

(c) Carbon wing

Fig. 4.4 The kind of artificial wings used for measurement of natural frequency

Table 4.2 Property of materials of the leading edge

) Density Flexural modulus
Material s
[g/cm’] [MPa]
Polyacetal 1.41 2600
Bamboo 0.558 10900
Carbon-rod 1.43 120000
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Fig. 4.5 Result of forced excitation test of the artificial wings

Table 4.3 Results of the first natural frequency of the artificial wings

e First natural frequency
Artificial wings
w [HZ]
Polyacetal wing 53.1
Bamboo wing 71.4
Carbon wing 130.4
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Fig. 4.6 Flapping test machine
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Fig. 4.7 Measurement positions

Fig. 4.8 Deformation angle
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Fig. 4.9 Results of passive deformation test of natural wing
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Fig. 4.10 Shape of deformation of natural wing (C=0.3)
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(Pseudothemis zonata), >4 % < k> 7R (Orthetrum albistylum), 7 % 7 4 % (Sympetrum
frequens) @ 4 FEFEDA 3 EIKIZOWTHIE L7z, FRIC K » TREFOAE T LR D0,
AU CHIEH E 0 EEETENEWZ D, T, EHNUZRT 7 0 3005 AR
B Y v ECEH D TREIOMBITEE IR LT 40%~55% D& FTICfiE LT, R
Yy B ChHiuIICE L & TR TSRS E L TS 2 e ERmR L. £ 2
TREFHIOMIC B W TR O E Z oL & LTERIT 2 2 L & Lz, K412 12
TES U 7o RGO O & & . AEEITRYOAT 2 v E T N T & [FkR, LRI D &
UWVRITRRES & MR BER Bk D . Lo L, THVE CTON LA TIEATRE & B 4 2K CHs

L TW eIzt L, fEEiHBOE I I #Ef#i3 d 5 LAE L, W 0 ARAACIEATRRED
LI A A DA%, R X0 Jednfll TITRTRRES & B & EEE S, Ak e+ 2

Fig. 4.11 The nodus structure of dragonfly wing
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Z L TR A L LR ATRE A Lis. Zhick v X 0 S IRAMTITETE
L < < el CIxaTixEs 2 s & LR UNAEEZE LT 2> TRY, hrRoA
DOFEEINC X el O 2 i LT\ B RITRRES OM B 1L E A HRE AR O JI & C b
BIREE A R LI —R o my R, BEBILREARICIE X 50 um O PET 7 ¢ LV A& Lz,

Table 4.4 Distance of nodus of wings of dragonflies and the ratio to wing length

Wina lenath Distance of nodus Ratio of distance of
Species Individual Wing L g[mm% from base of wing nodus to wing length
W Ly [mm] Lu/Lw [%]
A Fore 52 26 50.0
Hind 52 21 40.4
Fore 53 26 49.1
Anax parthenope B -
Hind 53 22 415
c Fore 54 26 48.1
Hind 54 22 40.7
A Fore 39 22 56.4
Hind 39 18 46.2
. Fore 44 23 52.3
Pseudothemis zonata B -
Hind 43 19 44.2
c Fore 43 24 55.8
Hind 40 17 425
A Fore 44 21 47.7
Hind 43 19 44.2
. Fore 43 21 48.8
Orthetrum albistylum B -
Hind 42 18 429
c Fore 40 20 50.0
Hind 40 17 425
A Fore 32 16 50.0
Hind 30 13 433
Fore 32 17 53.1
Sympetrum frequens B -
Hind 29 13 44.8
c Fore 32 16 50.0
Hind 31 13 41.9

Leading edge Non-fix

Deformable

Membrane

Fig. 4.12 Artificial wing that mimics nodus
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VESRL U 72 S EIREOI 6 U C b RO MNE -  BEO LR OREEIT 7. K 4.13 [ZHIE
fER%, X 4.14 12 C=0.3 OB ORI O LT OB+ 273, R & PNE 72 &
WAL, £l20MR S b AROME FBIZHRITE TIXER VNS <, B ik En
ZENbND. TOEBREBIRITE TR 30 E, Sl TR 60°FEE L RO
ERAE LT LWMEE 7eofe. 2O D, fERL - REEBUSAIE b o R OO IR R
EIERETETWDH EWVWRD.

90
—o— Base

60 |
5 —&— Center
= 30 —&8— Tip
=)
& O
c
2
& -
£ 30
o
D '60

-0 |

Down stroke Up stroke
-120
0 0.25 0.5 0.75 1
Cycle C
Fig. 4.13 Results of passive deformation test of natural wing
The tip in trailing The tip in leading The tip in trailing The tip in leading
Flapping test
/machine
- -
.~
. 5
B oY M‘
i
The base in trailing Connection to Lever The base in trailing Connection to Lever
(a) Photograph (b) Hlustration

Fig. 4.14 Shape of deformation of natural wing (C=0.3)
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2T, R U AR IR A D E O AR T D72, BiE R L7
ToE VI 2 b= E AW RO )8 L OHEDRIEERZ1TV, & OMEEEE BREE
T2 & & Lic, WIEICIIARE CIER U7 RS Eifficdl &, i IS E A IRE ORI E TRy
TN T CREEH E MERFE U CTH D —R W (K 4.4c) ZFH L. HEHET
X 3.2 T/RLZEY THD. K A5 [THEICHWDINE-& 2 2 2 L—F 0PI & EH)

ot P E LI 2 L —FIZIEX UV v OEGRA A B LN X E# AT O
LOEMERA L. 72720, WMOERBIZ L 2B 7 =) 7 EENCERT 5720, JE
TITAEERBA T T =Y o THEB Z RO TNE & 27O BE L A—R U BTT7 =Y
yﬁ%ﬁ%%wtmit%%ﬁﬁ%é,ﬁ%fy%f7iﬁuy7@%%€U%ik%%
ITOo%BE0 3|y THE L7z, £72, BOERITMNLIo & DEEITHIRFET D720, I
x JE WA 5Hz ~ 35Hz D& T LS THIE L7Z. FRC, ME-Ex I 21—42N0n
M HEEEVIEER I [AISEEED P [W]ERD, PIE- RO 3L —5h%
WZOWTHIRET LT,

B 4.16 [ZPNE 7= R0 KOHEN OMIER R %, £ 45 TP E 1 JAHOVE)H
NBLOEHHES, BEH LA E2RT. 22 TENE A 30 Hz OROFSE R 2R
TR D, MEERECAEZ OGS ICHE DRI I RELS RoTND 2 B bNnD.
TNZHONWTY, 7=W Y U TEHZ RV GG THERT 2 & —R @ L EEIRYECA D
FMRKEL IpoTWD., ZHTAOERN T =) o 7EdhE2 B L--bEtExons.
BhEHDOBR N ERD L, MEHEBBATIET =) 7 E# 2 R — R e
K3fE, 7=V o SEME G — R E RTH L6 ART 2 ERIINKEL 2
STWA.

WIZ, =X =R U CHAHEEEN L2 0 hEHFEE L THKT 5. X417 12
BN E AR T D EAEEE ML= O ERT. R LY, EEIEREHE
TG A BB B Y720 OBNNREL > TEY, FERRELEXINEERTE T
HZENHERTEL. =R BTIET7 =) BB RGO RERTDEEDO LD
IERENoTon, BAHEENYT- D OENTIE 7 =) U 7B Z WG a s iZ e
EEDLLRWMEEZR L., 27 =V o ZEENC L VN LA 05 EEES
HLEMLTCNDZ EERLTEY, =R ATEY KRERZELRN 2AKT D IR
HETI2ZFLX b RE LATERbRnZ ik s. st UESEIEHH Tk
BDOEFN L DZ @727 = ) o TEE 21T TV DT, ROy RLXF—HE &2
FTIZERT HELRNERELTEHIENTEDEEZOND. MU RO ML &
JE ¥ T 5 30 Hz Tl a4 5 &, MEERECAIE T —R ;e 5 FD0fEE R LTk
D, FEEIC L AERNMNZZERAO T R NAX RO LICKE S EIRT 5 Z LB
NETroTe.
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==@=— Flapping (Simulator) === Feathering (Simulator)}‘

60 ===~ Flapping (Dragonfly) Feathering (Dragonfly

Angle 6, v+ [°]

-90
0 0.25 0.5 0.75 1
Cycle C
(a) Fore wing
90

—@— Flapping (Simulator) == Feathering (Simulator)
= = = = Flapping (Dragonfly) Feathering (Dragonfly

Angle 6., yn [°]

0 0.25 05 0.75 1
Cycle C

(b) Hind wing

Fig. 4.15 The variation of flapping and feathering angles of the flap simulator with time
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(during flapping motion)

Carbon wing (during flapping motion)

Carbon wing (during flapping and feathering)

Semacr—~— N\

Downstroke of forewing Upstroke

Downstroke of hindwing Upstroke of hindwing

0 0.25 0.5 0.75 1

Cycle C

(a) Lift

Artificial wing that mimics nodus
(during flapping motion)

Carbon wing (during flapping motion)

Carbon wing (during flapping and feathering)

\/\

Downstroke of forewing Upstroke
Downstroke of hindwing Upstroke of hindwing
0 0.25 0.5 0.75 1
Cycle C
(b) Thrust

Fig. 4.16 Measurement results of lift and thrust under flapping
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Table 4.5 Results of average lift and thrust force

Average lift Average thrust Average resultant
Lave [mN] Tave [mN] Fave [mN]
Artificial wing that mimics nodus
10.8 39.5 40.9
(during flapping motion)
Carbon wing
2.9 12.9 13.2
(during flapping motion)
Carbon wing
) ) ] 21.9 13.3 25.6
(during flapping and feathering)

40

o — Artificial wing that mimics nodus (during)
[<5) E‘ 35
% < Carbon wing (during flapping motion)
Q% 30
T = Carbon wing (during flapping and feathering)
Q a 25
8'c
5 E 15
=
2 2 10
g3

3)

0

0 10

20 30

Flapping frequency f [Hz]

40

Fig. 4.17 Relation of resultant force per power consumption and

the artificial wing that m
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4.4 BEMFZEZRAWNHEEIICKS2EROEM

AITETC b U AR OBIAFIET 2 KA OBNRAEIE T o DG EI N BOLETFEICE L TR,
ZIUCE D RN RELS LT HREEA L TND ZEZHLMNI L. EHIT, £H5 L
T TR 2 LT N T #E WD 2 & TR E RO = RN X —h N K& < A |k
THZEEAR L. ZOMEND, FrARR MAV ICHEHT 5 N TlE R4 285412
Z DT %%%Féﬁé ETCEVENTMREEZAET AN LANRRFGFTEDHENZS. L
MLURMN G, A CORRIIMENC L 2ERPEHTHL Z LT LN LD, EORE

Wﬂ%?é@ﬂﬁ%ﬁ®ﬁ_owfi+“;% HTE T, N LML &
LR EIT O T2 am,ﬂik%@@k@@w%mﬁ%_owfiwﬁ%’@ﬁﬁé
VERHD. LML, TNEERICKRD D 72DICIT R DB EEH9 5 N Tl (Ei
L@Hhﬁﬁ%&w#,mdh%@ﬂwii%b&E%%@%ﬁoAI@%W%#é &
XL <, BISEA TR, 2 CEUEAENT 2 O CTREERIC X 2 IO AT & 22 TR o AR
WZOWTHFTHZ L & L. KK 2L EBE LICAET NV AER L, MG & it
%%ﬁ%@ﬁéﬁé:&?%%%éDé@%?wﬁéﬁ#éﬁﬁﬁéﬁmﬁé.ik,Ly
ROIRFADFFE D —DITIT IR ZERA & P ERAZ IHRMENDT D Z ENE T END.
%@k@%yﬁ@MA/®ﬁA G 22 PN E RO I L7 N T#ZFRETT 2
VERHDHEBZHND. RETTIIRHEH OKREIZE B LT F AR MAV (2 AR 72 W % 5% G
THZEEHBE L, WA E AT 2 VT b AR OOREHEIC X 2T A A L
72T MK LT ZERER K ONNE 72 2 A D 22 SRR I >V CTRaTT 5.

BAERRHTIIXBE AT Y 7 b7 =7 T D ANSYS Z V5. BRIICIZAOLER 2Rk
L HEEREATIZIE ANSYS Mechanical %, FiAVIC & 0 BT H30 D ) % R 6D 2 PARfRITIZ X
ANSYS Fluent & FHVN S . 72, HEIEMRAT & FRARARMT OB 1 System Coupling #§#E 2 FH VY,
T &M O R 2 361 2 2800 & E ) A M IERRAT & SR FRAT CH ALICERE 9~ 2 B9 plfif
Hradrs.

4.4.1 fEEHEETIV

ARIECIERTHI T O & e o T FEHIC X D BT ORI A i L =@t 7 v (REE#tT
) AZOWTIRRS. X 418 12 FrROBE ZHUTKHE LIREFEBET VAR, AR
DBIFXF L VYo ~ORIAEET NV E LTS, fEEIHET ML R ROBORER L 0 e
MR CND LD ICEET HRMA RIS 5720, AIEITHERLE MR E RO
TS AT RE 72 f B IHOM A A5 L 7= M & LT 5. KEERE 7 VI F AR o0 BiTigES & Bk
DRETHRERL S 3L, AT O R AR Ow & LTS, b U AR ORI O RIEH
HHGR RN 2 &G, FEEITBE T VTR 2 MR, 2 SRR & 08 L7z, fEEiE SIS
K DB OW TIN5 2 OBRREEEZ AL T 52 L THET S, £,
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IECE RN Z 3\ THah 2> & Ly [mm]DOALEIZHEHT & LT 2mm , i Lmm OBIKR X %2 A
5. ZOYIKRE X0 RAM TR AR MR OB R4 E 2 se 2 e (6 H B EZ )
&L, el TCIERTERE A b E Lm0 A s Al (Z4 EolElls 1 ABEoA R, £
O 5 HHREZRER) &35 2 L1k 0 el W TSR %2 T & Lizhati
BRAEETD LI Uiz, BHRIZF A Ow 2y Db X JFIANC 0.5mm, Z J71EC 5 mm B 7=
T, THEEX YU ~DORMER ORI ET AT MbE 725 K5, 3iE50mm, #EiLE
12mm , /5 0.05 mm (50 pm)IZi%E LTV 5. Rl ERFs K OWBEER O - 1Al i oo b Bt gk
WABHEE L, BHEESITEE 0T mm OA—Rmy B (B p=1430 kg/m3, WIAK), BERIE
BEE X 50 um D PET 7 4 VA (B8 p = 1390 kg/m3, ¥ /% E=518%X10°Pa) & L7=.
Fio, AR TIEMAY O N TH#EFHFHTHZ A2 HNE LTATLRAIIEBIT AR OB
FERETT 27280, BERORIT b > R OBMO Tk 2 B 3 B2 Bk & L.
AT TIIAEENC K DB OB 2 55 RGES 5720, RMEIOMENRR D 4 FHO
FEEIHE TV E BB E L2 WRAIRHTE T VO 5 FEOMET V& AV TRIT 21T, b
W 5. hAROBERBEICHERZ PR (Lv=25mm) & LIZfSEHTT Lo, fEEior
B2 Ln=2mm (Rofhr) Lv=125mm (Rl 1/4) | Ly=37.5mm (Geumfflod 1/4) (2
FE LREERE T NV AERL U, S/, Jeml - iRl % & HICse 2w UIREE 2 Rl &
RE L= RAATE 7 0 SRR U 7oL WHAEE 7 L ORIE DR E CTIEBER oY v 7 %% 100 %
(E=5.18X10"Pa) & L TW5. WAET/NVOEZRITONHEMAE, ZFERBUIK 2500 TH 5.

Twist Nodus Rigid
A

12 mm

Leading Edge 1«

|

|

! | o e Tyvist Nodus Fixed Leading Edge (Rigid)

I [k A ,L/ A \ ..
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- | L

! (Twist) ! g Ly X

| 1Yy

: :

| | /

| |

| Membrane | | 50 \l 5

b ! Membrane (Flexible) Unit: [mm]

Fig. 4.18 Overview of Nodus wing model
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4.42 MEWEHE

FEEED b o ARITIRZERA & PN ERADOW ST 217> TEB Y, bR MAV OBOMERE
HIBZEREFN & PNX - E MO S CTiHEmT A HLENRH SH. T Z CRIHAOMKEEHATT V& A
TR ZE 2 R U 7o 8 IR RIS 35 1T 2 22 T ReE & BRI A A5 L 72PN T & BN RIS S
T DT ERITIC LV S RD D . LUT THZERE & PN D Z N E N DT ST
WTHR~5.

FPIREROMNTCIX, EFIEHICE T 2T T VO CLB L OB R Co %
KD, X419 ([T A, R 4.6 [T S AT RITEEEE L TR S 400mm, 1R
300 mm, & & 300 mm DOZEEFE L, 15 O R ECRISZ A 100 mm, JEAND 150 mm
WCBET NVOFENPAET D L) ICBET NV ERE Lz, BSOS M 2> 5 5 mm DAL
BT Do TWD. ERICHEILT ZIBZREEEE LT T M WAl (2135
Rtk & UCRIRGH 2 3%0E Lz, TOMOEIITEERSEM L U CRIFICmASER (k[
E) &, FOHMANZ RS (EAEE « R&E) %, bR X OMAlmE i A G & (A6
DI BESME AR E Uz, RS & LT, FiikiT2es (B p=1.205kg/m?) & L, fiL
MET WICIT ke BT VE AW, EFROSRM CTRIKIIT 217V, BET AVEREICBIT 5 E
1% ROMEIERRHTICERIE L, FAUTK L THRIEMRITIC X U SRDTCHE 7 L O ZERL % AR fR
HriZHRiE$ 2 Z & TR EER T 217 9. ZOROBET NVEHIAD A > ¥ 2 O

. Wing Model
\elocity-Inlet J

Symmetry

\
/S
(O

300 i L

Sy

Slip Wall
(3 Surface)

%QQ Z X

Pressure-Outlet
Fig. 4.19 Analytical area and boundary conditions in gliding flight
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Table 4.6  Calculation condition in gliding flight
] Size of flow box 400 x 300 x 300 mm
Analytical area - -
Size of wing 12 x 50 x 0.05 mm
. Inlet 3mls, 6 m/s
Input condition
Outlet 0 Pa
Type Tetrahedron
Mesh Cells About 440,000
Deformation Remeshing method
Fluid Air
) - Turbulence model k-¢ model
Calculation condition -
Time step 1x10%s
Number of step 600

WZOWNWTIE, REFBICHIS LT Ay v o kA L. £z, VA v ZEICEDH
Ay KNG T D7, BRBRITMEEE Uiz, FFEAT v 713 1X10%s & L,
ATy TEITBOLEFBPR LEFIRAE L 725 600 A7 » FICHRE Lz, Hx fA1% 0°, 10°
30°, 50°, 70°, 90°D 6 i@V L L7z, 70k, AFTICHT 2 A MITHBET ANER L T
VIREETOMZ AZR L TV D, ATREILKHIRA 2 M87E L7z 3mis & MR 2 48T L
7eem/s D 2@ & Lz, EELOERMETHIT 2T, WET S0 5 1 BIROATE /)
¥ CLI L OWILIREL Co &R 7z

2F
C = pUZLSW (4-1)
2F
Cp = pU%W (4-2)
ZOWKE, Fu (Y FRod)), Fobili X FROT), p 2B E, Ui AdE, Sy

HETHS.

N T, PHET REOMAT R OW TR R D . PNE T RO TIFPNT 72 Z HEBRFIZ
WAL D80 FLB XU Fo 2R 5. X 4.20 I[ZfRATREIR A, 2 4.7 IZFRIT SR 2R
TP ZITHINEE ThH 2 Z & 2 DT SEIBUT FAE A 00 2 Ul L7tk CERAE) &
L, EARRCINEZL 2 & 2488 L CHEOUIBIEIC & 7= 5 O BE RS 2 s et &
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L7z, Moo OB RSAET, A O 2 AR GREEE : 3m/s), BOHlZ i 5 (&
NEE - KEUE), M JE 2 e AGEE & R O W 0 BES I L3R E L7z, X 4.21 \[2fghr BT
OME- EEHOEF AT, mIHF2S 100 mm, HEEOFULEIH S Z JF1AIZ 2.5 mm DOff
BEBETNVORFE L, ZORRZREALO L UTPNT EE 21T 5. PNE7 - S EB) T
N ROEBRAE S EZI, PN O F M E NI S FHEAH 60°L 725 K HITHRE LT,
Bl A2 \Zfr A L7 7 v B TAHEB IO =) VI AHAEOREELRT. 77 v
Yy 7BLIOT oY o SEENTIEREIRICEMT o b0E L, 7Ty I AEIEET
(2 30°F > (IENE 60°) OPNT/-EJHWE 30 Hz L L=, 7=V I AEIZHONTITHD
B EOBEBIZOWTIRET 5720, 7=V IHEC (7oF ) 7 EiTbiy), |k
T2 2009 (4R 40°), E T2 40°9 > (HEiE 80°) @ 3@V THMT A1 T 7. 7ed, 2D
WD 7 =) o 7 HEITEREIN/ 7 =V ) VT EEOMETH Y, WOERIC L DZE
BR7 W) U TEBOMEITEEN TR, 72, FIBTFTALOBRT T I v B I HE
w=0L72 5L ZAMWNE (T=0) L, 7=V U IAETT T v IHE y=0°
ERDLEIATRRERD LOICHRE L., MIrEROBERBRIT M mA, EHREKITN
420,000, WDEFNZEH A v 2 DETRIZHONWTIZY A v o ZEREA L. Wiikigze
R B p=1.205kg/m?), ELIEET Vit ke ET/VE L, FAWIEIL N >R OKHAREN A48
ELEHETHS3ms & Lz, K AT v 713 25X10°%s & L, AT v 7#IIPiE-% 3
JEHY & 72D 4000 AT v FITRRE LTZ. EFEOSME TR 21T, WET VOB nD
HIESI S8 Fe (Y FEOT]) B8EOWI Fo X Fa0d) #HEE Lz, £, [alixih
WZDIMDE—AY INLT7 T v TRBIOT =) 7 EB 21T O OICLEREN) P B
KO0 & U CHAEN )Y 720 O nu 2 IR K D R 7z,

P:MV/dW_I_MQde (4-3)
dT dT
_FR i
= P (4-4)

ZOWE, dT T ORI AT v 7, My 7 7 v B ZEBOEIE DLV IZETLE—A 2 b,
dV WA T v 7 dT T8I 5 77 v B T HEDOEL, My 7 =% o 7iEFOfhE DY
WCAELDE—ALV DN, dO AT 7 dT 1B 7=  TAEOELTH S.
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Fig. 4.20 Analytical area and boundary conditions in flapping flight

Table 4.7

Calculation condition in flapping flight

Analytical area

Size of flow box

400 x 600 x 300 mm

Size of wing 12 x 50 x 0.05 mm
. Inlet 3mfs
Input condition
Outlet 0 Pa
Type Tetrahedron
Mesh Cells About 420,000
Deformation Remeshing method
Fluid Air
) - Turbulence model k-¢ model
Calculation condition -
Time step 25x10°%s
Number of step 4000
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Fig. 4.21 Definition of flapping and feathering motion in analysis
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Fig. 4.22 Flapping and feathering motion of the wing model



443 BERODZEANFEOENER

[ 4.23 IZHEAEE U =3mis DG OK I 2 AT 5851585 CLE L OWUI1R%K Co @
FENTRE B a g, F TR BOMHTRE BTSN T, BRI D38 55 DRF 4260 D F2B Tk
D BN B O MR LR WVFER Lo TR Y, YRR TH D &
2%, FTHBIRBOMMZ W5 &, AT O TIE EDBIZB W T bR A a=0°~30°
T%ﬁ%ﬁﬁ%ﬂbfw%,wﬂw%ﬁ%7’H&’%Dé’kﬁbﬁé —ﬁ#ﬁ%ﬁm
Mz s L, MAAOHEME & BIZHIREBIML, a=10°~70° TIXIZIFTHIZIHIIN
Lk.%ﬁ%ﬁ%%%@k%@@%m@fﬁ@#ék,mﬂwu?®méw@zﬁf1ﬁ%
WO TR IMEREDMEVMEZ R T OIZX L, a=30°LL EORZWVIAZATIETEWEZ R L
72, PUIMRERT o = 50°LL R CIIRMAA & e ~FEAO T MRV MEEZ R LZ. £72,
AL ChikA 32 L, FEEiPRITISEWAD T EFLOMAABEE 2RI, FFIZ Ln=2mm
DFEHIATLE OMOFEETA & L~ IREL - HFUIRBOMBIEA K E < o7z, H4m*
MAVEH U =3mls, MR a=30°DREOFEEHROLET O+ Z 3. AOAITIARIKIC
T HEFHIN D DEMED A ZFE L, X ORI E%ﬁ@%%ﬂ@&%%mbfwé.
KLY, BOEPUC L WP ZERICER L, FROREE LD MM TRESERB LTS
ZEDERTE D, RABICK I AR M OERAE LR, EORHEATT v
WCBWTHHAZANRKES DTS L TEBAL LML TWD Z LRHERTED. £k,
FEEIAMRICISEWVE S (LnDMEWEE) BRE L RE L, BH# (ln=2mm) TIEHEKT
10.3° L RIFEHT ORAET NV OHR TIIR O REVWERZAE L. ZOZ 00 bFETHET v
WCEBW TSR I <, Bl oia CAETE L3 WREIRAY AWM ESeimisic s

BEIIRE 25, FEEBOTIREBE ORI DN TIE, BOEHUC XL 0 @Az 8 7e
EwT 5 L CrimEEmENL Lzl Ths., £0, BNERTHZ L TEEDM
2T D L I DT20, BIMREN Y — 2 L 72D % 4 o = 30°LL T TIEE 1455
DIAA & bR LS Ip o T2y, B — 7 2 722 A o = 30°LL £ CIEANAA & tEE < 72
SleltBZEZBND. LT, FEHEIBSRITIGEWEET M EEEEDRE WD, H165%%
BRIOTIMREOEB N KREL ool b2 5.

— AN IR DRI T o = 10°~20°F2E /NI & 72 5 Z & Dl 4 o = 10°TH IR
B CLB L OFIIMGEE Co 2 bk T 5. £ 4.9 (30 o= 10°TOEIMRE CL 3B LU I%
B CoDfEEZNONOHEM LBt LD 2777, WAL CL = 0.685, Cp=0.157 THh
B DOIZHK L, FEEIATIE EN BB IRES LOWUMREN & bIZRD L, ME#E 5 &
Ln=375mm TC, Cp & HIZ 6L, Ln=25mm T CLiX 10%, Cp i 12%F2 D,
szusmm?cuiN%,CDiw%@ﬁﬁ& Ln=2mm TiX CL, Cp & HIT 37%FREEH
DUz, ZORERNL BREHIBRITICES ZEEDRKREWHRTH 51F EH 11555 L0 )
FREDWIIRRRENZ L3 b0D. Ziaiilt LD Chid 5 &, MiE#AD 4.36 (Zxt
L, FEEi#O > BEFERENRKE W Ly = 2 mm T 4.35 E DO TNITEHHHENED L, £724
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TEEN/NEUY Ly = 37.5 mm Tl 4.38 LA EFIEELR TN -T2, —T, FREDOER
AT Ln=25mm TlE 445 & 2.1%E900, Ly=125mm TiX 450 & 3.2%#EmL7-. Zo»

728, BZEEEEZT-% IIREEIC LV EELRLSEZE L SED AN EDL T2 LT
T%#ttz»lﬂib fﬁ#@ﬂb\{'ﬁ/“ﬁlf?iékb\ié. LorL, fEEi el our < 28T E03 /N
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Fig. 4.23  Analytical results of lift and thrust coefficient on gliding flight in case of U =3 m/s
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Displacement

*. S~ Deformation angle 6a = 7.9 [°]
(a) Nodus wing (Ln =2 mm)

" S Deformation angle 64 =3.8[°]
(b) Nodus wing (Ln = 12.5 mm)

Deformation angle 64 = 2.7 [°]
(c) Nodus wing (Ln = 25 mm)

" S Deformation angle 60 =1.9[°]
(d) Nodus wing (Ln = 37.5 mm)

Fig. 4.24 Deformation of the nodus wings on gliding flight in case of U =3 m/s and a = 30°

Table 4.8 Analytical results of deformation angle of wing on gliding flight in case of U =3 m/s

Flow velocity Attack angle « [°]
U=3mis 0 10 30 50 70 90
Nodus wing (Ln = 2 mm) 0.0 3.7 7.9 8.8 9.6 | 103

Deformation angle Nodus wing (Ln = 12.5 mm) 0.0 1.9 3.8 4.2 4.6 4.9

64 [deg] Nodus wing (Ln = 25 mm) 0.0 1.4 2.7 3.0 3.3 35

Nodus wing (Ln = 37.5 mm) 0.0 0.9 1.9 2.2 25 2.7
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Table 4.9 Lift coefficient and drag coefficient on gliding flight in case of U =3 m/s and a = 10°

Lift coefficient Drag coefficient Lift-drag ratio
U=3m/s,a=10°

C. Co L/D
Rigid wing 0.685 0.157 4.36
Nodus wing (Ln = 2 mm) 0.431 0.099 4.35
Nodus wing (Ln = 12.5 mm) 0.571 0.127 4.50
Nodus wing (Ln = 25 mm) 0.615 0.138 4.45
Nodus wing (Ln = 37.5 mm) 0.643 0.147 4.38

4.25 \ZHEAGEIE U =6 mis DA O Z A28 2871475k CLis LU /14%%k Co
FRATRE R A 3. REETRIERIAA & EE PR A L, 805503/ T, Rl
A TEERT BT ATGE U =3mls DG L FAETH DA, KO E(LRBHE L o7,
FRZi B AT L7700 Ly = 2 mm OFSEIAIT a = 90°12 8\ T b5 4R 500S 0.7 R L & Wil
WD 0 =10°DE LWL, KEAIZEBWTHEWBHEERTED Z ER/DND. X426\
MAVEH U=3mls, HZ A a=30°DKDOFEETADETEOkE1 %, & 410 IZHDZAIZH T
2 SR DA FE &R T, AFGE U =3m/ls DA L HA_REREITIRE L R-oTEHEDY,
E5OXTH D NTATE U=3mls DEAEDOK 2 FOEZ R LT, T Ly = 2 mm Ok
T EE DD IR THER L TE Y, 2T LV HiiR o 08
IR DAL RE S oo Teb D EBEXBND.

ZZCTHIBERMEEE LA X a=10°CTHIFRE CLB L OWL /1R EL Co & i3 5.
# 4111224 0= 10°TOH IR CLB L OPLIRE Co D& 2N S BREH Lzt
b LD Z7r9. WA #IT CL = 0.686, Cp=0.150 & AjitiE U = 3 mis DIF & Zbix7eho
7o FhuTx LRSETB CII5E RS L ORI OB RN R E <20, REBE 2%
& Ly =37.5mm T CLi3 18%, Co i3 21%FEEEA, Ln=25mm T CLiX 25%, Co X 29%7F%
JEWRY, Ly =125 mm T Cid 35%, Cp i 39%FEY, Ln=2mm Tl CLiX 61%, Cpld
56%J84 L7-. £tk LD THid 5 &, MIEAD 457 (123 L, ZRENSKE VD Ln=2mm
TIZENEN 4.02 & 2% L 80N Lz, —F, TomofEacixgitnm L,
Ln =37.5mm Tl 471 & 3.1%H801, Ly =25 mm TiX 4.83 & 5.7%H0, Ly =12.5mm Tl
490 & 72% LM L7-. Fiz, WAFGE U=3m/s OFFLLEEET 2 &, Lv=2mm 2[R0z
FEETATITEPUL OB [ B LTIV, AT OB CIXE A IE EE RIS
K DVBZEREOZE )R BT 2 &2 5. FRIZ Ly =37.5 mm OFEHIATIL U=3m/s Tl
FE A CTIART L ZLN N 7228, U=6m/s TIXEPULOBINEN 3.1% & K& kL
Tz, FOEPELS 225 2 TEBEIINL, FUIR K VIERBIhZ/zd B2 6nD. 20
ZENBEUERM LT 57 DIIEEOERENLETH L EBbhd. L Laedb,
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Fig. 4.25 Analytical results of lift and thrust coefficient on gliding flight in case of U = 6 m/s
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Displacement
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(a) Nodus wing (Ln = 2 mm)

*. S~ Deformation angle 6 = 7.8 [deg]
(b) Nodus wing (Ln = 12.5 mm)

. <— Deformation angle 8 = 5.7 [deg]
(c) Nodus wing (Ln = 25 mm)

<. S~ Deformation angle 6 = 4.3 [deg]
(d) Nodus wing (Ln = 37.5 mm)

Fig. 4.26 Deformation of the nodus wings on gliding flight in case of U =6 m/s and a = 30°

Table 4.10 Analytical results of deformation angle of wing on gliding flight in case of U = 6 m/s

Flow velocity Attack angle a [°]
U=6mls 0 10 30 50 70 90
Nodus wing (Ly =2 mm) 0.0 6.3 153 | 158 | 176 | 19.6
Deformation angle | Nodus wing (Ln = 12.5 mm) 0.0 3.9 7.8 8.6 95 | 104
04 [deg] Nodus wing (Lx = 25 mm) 00 | 31 | 57 | 63 | 71 | 79
Nodus wing (Ln = 37.5 mm) 0.0 2.2 4.4 5.0 5.8 6.4
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Table 4.11 Lift coefficient and drag coefficient on gliding flight in case of U =6 m/s and a = 10°

Lift coefficient Drag coefficient Lift-drag ratio
U=6m/s,a=10°

C. Co L/D
Rigid wing 0.686 0.150 457
Nodus wing (Ln =2 mm) 0.265 0.066 4.02
Nodus wing (Ln = 12.5 mm) 0.446 0.091 4.90
Nodus wing (Ln = 25 mm) 0.515 0.106 4.83
Nodus wing (Ln = 37.5 mm) 0.560 0.119 4,71

AIENT DWE TV OHIFH T, o = 10RO/ NI TITFEHEI 4 Ly = 12.5 mm OALEIZARE
U 7RG BN G IR DML TR IR T 2 B & S0P R AR L, &b @2 &
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W 0 = 40° TG IME T L, BAA & e ~FEFHBO MR T ORNAKE otz &
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DIZHL, FEEHATIEZ =PV 7 AE 0= 200 TR bK<, 0= 40°TITEHH A 88 L
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Wy, 73U 7 9 = 40°T (ZRINA TS K OEEI AN el S W E &S H )
WMEL 72072, 29 L2 kIEh @m@7:#)/7$% A ié%@%@7:%9
VEPMDDHZETELTWDEEZ LS.

WIS, &7 =YV ITAEICBT 585, B IOHOER #kigkd 5. X 428 (27
=Y A =028 2T & LEAMOMIZA L 5857, S8 X AOER O
BONTERE RS, KOMENIMIEZ & LAHEZRLTEY, THFALKBDE C=0,
L EFbazC=14L L T0n5. fitilIehEn/ FL, B Fo, Jeimiiciir 24
TEAPE 0y %7~ 428@) LV DEERD &, T A LKRIZE N Ek S,
15 LTRSS, 2EZ VX0 74 —ARAERINTND Z ERbnDd. MR
WA TS &, MEHBTIRERNEICY T N LEEE IR T T LT DN, &K
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Fig. 4.27 Analytical results of average lift and drag on flapping flight
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(c) Deformation of wing

Fig. 4.28 Analytical results of lift, thrust, and deformation on feathering angle ¢ = 0°

76



A

Wing stroke plane

Vv

A

Flight speed

4
'I
/ \y
4
4

/ Horizontal line

/
4
/
4
4

(a) Downstroke

Wing stroke plane

Flight speed

/! Flapping speed

4
/ Horizontal line

4
4
4
4
4

(b) Upstroke
Fig. 4.29 Velocity and angle of flow relative to the wing
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(c) Deformation of wing
Fig. 4.30 Analytical results of lift, thrust, and deformation on feathering angle 6 = 20°
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(c) Deformation of wing

Fig. 4.31 Analytical results of lift, thrust, and deformation on feathering angle 6 = 40°
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BN ERHT D08, FEEIOME A AR TTIZUE < (Ly = 2~12.5 mm) 2 Lod U
WTIFERNEN WD T 5. Eie, FHEREGNHND T DIITRREIN 2 7 =V 7
A 0=20°FR 2T 5 LB OABGIELEL, FLALKMTESL LR 5.

0.05
2,003 |
o
% 002 | —e—Nodus Wing (L =2 mm)
o —&—Nodus Wing (L = 12.5 mm)
—e—Nodus Wing (L = 25 mm)
0.01 —&—Nodus Wing (L = 37.5 mm)
——Rigid Wing
O ! ! !
0 20 40

Feathering angle & [deg]

Fig. 4.32 Analytical results of power required for flapping flight

200
g 175
Z "
£ 150
= 100 |
° 75 | —e—Nodus Wing (L =2 mm)
o ——Nodus Wing (L = 12.5 mm)
2 50 | —e—NodusWing (L =25mm)
= oe —a— Nodus Wing (L = 37.5 mm)
t [ | —<Rigid Wing

0 1 1 )
0 20 40

Feathering angle & [deg]

Fig. 4.33  Analytical results of efficiency of lift on flapping flight
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TEZERER KON S OMNTRE R A £ L 5 &, 1R CIIETtE LD T4 2% &
Ln = 12.5 mm OFEHIAL R HE <, WV T Ly = 25 mm OFEEIMR & < 2o 72, ML i
TS OAERBE g THET D L, 7=V v A 0=20°DFED Ly=37.5 mm O
WAL E L, RWT Ly =25 mm OFEEANE < e oo, BB E XIS RAD L5
SNOFHTHIUE Ly =125 mm F 7215 Ly = 37.5 mm OFEEIAN B VR, R RO X 912
228 LONE - MO 5 21T 5 HAICIE, 5 5O T HRIAR & e~ PEREN
M B L7 Ly=25 mm OFEEiAN R b#E L= THDH LW 2 5.

46 #

il

KREE T, WOWRENFHE L BRFRHEICE B L, EEO M RNOBOBEAREE L MiT- %
R DB ZME L, £ O 2 LICFRORE) - BIRFEZHT 2OV THRF L. F
To. Fo, WAE—EEE BT 2 O TR 2 & PNIT2 S FRARFIZ B 1T 2 WD LR &
ZE N RFED BRI OV TR 2 2 & TRANCE L 72 BOLRBREEZB Sz Lz, 156
AT R 2 LRI R T,

(1) FrAROIT 120 Hz L EO@EWCEFAE#SZAE L, b ROoPE-E (8 30 Hz)
IR LAAVEETCHL Z EER L.

(2) FrAOBIEE OBAAEE TH HAEHICEL Y, b AROBTITIBFTITER L
WL, FEET LY B CEE LT W L 2R L. ZOZ Db FrAROBD
AEHIAE S I THDOETEREICEET D Z L 2L LT,

() MEHIC L ALRARE LA THERN NS Z & T, £ LAWVATHAEZ HWT-5HE
E L APNR T E S f = 30 Hz OFF TR I DARN RN S ERER 752 &%
RLT-.

(4) IBZERFOLMTIE, MEEINC X DB 2R LT T V35 R EE X O %%
DR UT-. ARERAT OBE T VO T, #EEiA Ly = 12.5 mm O EICEE L-
FEETRE T VNG R OBE IR T 2B & oo MR A IRB L, & bEPitn
EL7poT.

(5) MNEIEWEDOLEMTIE, BB 7 =Y 7 AN 0 = 0°~20°DE IS EIC
LB AR LI-WET VIS FA LEHICAE U2 A8 RIR O & k& <
WO Ll AU B A LIRICKERERAEZ T 2 & TSk L THDOAE
PEL 220, W OWNIT RS DB LicizbTh b, —J5, 0=40°D%51TI34E
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ERIIAAA L Lb~G IR RELBAD L, FTAOBEM L. ZHUIHET B FA LML
H TV IR UK 7 = U o JiEE) E OB N DEITCNINEDL I D 2
L TR AWML AT ORERANE L L7200 TH 5.

(6) AR & L ~FEEIACIINE 2 S EMEICKLERB A NED Lz, BHhoAsh%s
B LA, 7=V 7RO =0TiE Ly = 25 mm OFEHIHAN b & EE
L, 0=20°Tl Ly = 37.5 mm OFEFIBA R b EVMEEZ R L. —JFF, 0=40°TlZ
WA e b B I OAERBIENE L, ML 2EBEERE L Halid7 =%
VAT 0= 0" ~20FEEIC T AMERH DL LN R D.
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E£5F RAFBES/NDEEBORFRE & RAEER

51 #&

il

ATE E TT M AROPNLT e &) & ADETE - IREVRFEN 2 RIS G- 2 5 B2 D
THHMNZ L TE 72 AETIE, 2HE CTOMRERICERICRAT 52 L 2 BiE LT MAV
OEFBLICHIEICONTIERS., I ETIER LERICANTEENET & Ia b
— A TP X EENC L VG IR AR T D2 LIXTE WA, EENEWV DR
DT EIETERY. F I CREBOPNI T E#EE D e X 0 /N OMEZ R 52 & T
D EELZ HIFT.

52 NMNEEEEIUCAIADRE

¢W%%®mn_Omfﬁﬂﬁt%Vi1V~&kﬁ%®%%fi@¢@m?é:&%
Hig L7z, £TRET 5 9 2 CRER/ MO T/ ZEB) DO/ T XA —F ZRGE L.
T THE y IZOWTIERE NI W*ﬁ%i&f%é#,::fi%wammﬁﬁ
ZERELUFEBED N AR OB Z S E IR ye = £30°, %M yn = 240°IRE LT, 7 =
PY T GIZONT i%i&fﬁﬁﬁﬁ@ff*%#% O=+20°FEENLFE LW EEZ LD, 7
=V U TER AT TEOIE T =TV IO T — U I BER B 7Y, B
%@%iﬁﬁ%b<@é.ﬁﬁ%ﬁ@ﬁ%f IAERHEAE T IUE 7 =Y 7 A 0
=0°CHLHLREOHINIERTE TNV EnD, Z I ClIHEoRE(LAZEHRL 7 -
PV THEI=0L L, V=WV ITHOI T 7D 7R E Z L L. Al

EBRBDNAAZE Ay 13 b U R OBEMIRINE S BT Ay = 300°L Lz, PNE7= FRHf g
WTIE30Hz Z HEEE L7z, NI & FEmAE y IOV I CIxmEIINIT < b L
L, HEEROEREN y=60RE LR L OICHET I LD L LT,

BREN £ — 2 I3V a7 L AE— X Th 5 MK06-4.5 (Didel #1:84) % 7=, 4o
EPNE 08B vy 2T, XA LT N RITA T TIERL XY CEE
T 5L Uiz, BRSO W TR A AR50 A% 35000 rpm FREE T 5 2 & b AMIKEE
THHZ NEHTELLEEZLND 10ELUT LT DRENDH D720, AHEHETIE 9:36 D
1B SET Ao E Lz, 728, EBFRICIINTERZ H -,

T DN T DN TIIER 2 B LI AT B 2 (R U=, A oM B E A
REBOWET F o AROBEFREDOEAREM L Roleh—Rrmy K& Lz, BEHO
MEIIIEE 25 um O PET 7 4 LA & LTe. FEEIOAE Ly i3, BUEfEITORER T =3 )
THRE =0 TRLBHOAERDRNE N> Iv=25mm & L, OV A I v~
D% FLIZHEHIENFTAZ A L H12 50 mm, EZENFDA 12mm, A 16mm & L=, £7z,
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MAV (B W T HAEEIRAN G TH D Z L 2R T D720, HBRE LTER L
RCAE AER U 72 SEBCBITNEE DM B % LERGAOIIIME D & IRJE 200 pm 7 7 U ViR E L,
M ERICEREZE LR WK I LTe. RS OMERHAD Y A RE TG EIHEA & )
HThod.

X 5.1 ICERLL 72 MAV %, #£51ICH#ILE /T, MAV X b 2R ERIFRE DY X CIER
THZENTE, EELE—X2EH 2531 g LHEFICREL -7, EEO N RIT L
gRETHDLZEND FUREVITDLEWVA, MAV & LTI FORBRELN K- L v
2%, £z, P& FHEAEE y=60°L T 5720, BHERTHTO 7 L— A&tz &
THIHZ b 7o, 2RI L0 NI X H OO REN 30°H < L H I L.

5.3 MRIEER

AIECER L7 MAV 2 W CORAIFER Z1T o 72, [ 5.2 ISR TR OIEERERL 2 7~
FRAIEFR TIX MAV Z 5 ORI CiRE L, #fREED B AMTER 2 W TE— 12 3.5V OF
JEA2 S L MAV Z 8RB <, PR EEIZ ST 5. £ LT MAY AP k-
CHERE, AET DR EZmEED AT Tlhog L7z, 728, HogEIT 1000 fps TH 5.

£, FHAEIY AFT 72 MAV CTIRAIFEBR 21T > 72, X 53 ITHRAEROR R A2~
fiw LTCEG AR LI 24, PFT-EEIIZ K> TkRD LI L T—BRIX ERT5
R o, LaL, BREPTE 1EBORIZZEF N0 T IZETL, £
DRIFNT o A% B L THEN Z AR Z T 5 2 LI TE otz £, M- A
BUZOWTHER L7 & ZAK13Hz L 72 b, FUAROPNXI-E IS TH S 30Hz &
DEMNIRVIRWVEL 2572, ZHUE 4 MOFHBE NI DT O R LT BRE
WZDIZE—Z ~DOAMMPKE L, PRl #flEICEERhoT B2 DD, FER
L LT, PARBAE LR L7 MAV ClEilEs X ORHERM AT 2 L IXTE ol

Table 5.1 Data of the MAV

Size of bod
126 01 bocy W12 x D57 x H45
W x D x H[mm]
Wing span S [mm] 120
Weight m [g] 2.531

Interval between forewings

and hindwings 6 [mm] 6
_ ] (Fore) £30,
Flapping angle v [°] (Hind) +40
Feathering angle 6 [°] 0
35

Power source E
v (External source)
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(a) Appearance of MAV

-

(b) Comparing to real dragonfly
Fig. 5.1 Appearance of MAV fabricated

T, FEEIRYECA 2 B 11T 72 MAV CRIEBROTRMFEFBR 21T o 7. X 5.4 ITHEEIEUEOA
TORMEBROFE R A RS, PE o ZEIIC LY EF, gL, EANT U AZHIREE
AIAFICTRAT 5 Z LIk P Lz, BARPICIIPNIE 72 S BAG B ME 72 & 4 A (F9 015 s)
X EDORT20mmiZE ER LA GRELBALE L, 0255 T100mm (X EHET 52 L8 T
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External source
N — vy

Personal computer

/A

High-speed camera

Fig. 5.2 Experimental set-up for flight test of MAV

T2 ERDL L OMIETZE RN BT oF (TR ICX > TRAZBEB L TV D DI
*fL, B CHERE - BECEX 2 LIIRERMETH L. o, ZOREORIE = BRI
#9927 Hz LB DYGE & R 2 (GUL EOfEEZ R LT-. RIEOENT ChEfiZ B8 L= #T
TPNEFZ EBEOMEE BB L TN D, ZHIUIBOEREEBET D2 & TR
fo HEENZMER ML BN L, KAMAV THEH LI-E—# T 47 b o BAERKTE
Tl EEZEZoN5. 20X, MAVIZBWTHRETHIIC L DA EBET 5 Z & TRA
WX L CHEMNC < 2 ERARERICE VR TE/ZLE VR D.

2L, MRS L2 MAV ICB W T, TOREEEZMERT D 2 LixT&ian
ST, ZAUTEONT U ANELS BBEEFIECE oo tcledb Bz bivd. M54 D 0.25
s D MAV OFT-% R Th, PNET BRAARE & LSS TS0 W7 & Ll E SR ¢ &
TWRWZ RS, 2D, LT VA& if{fEd 5 2 LT L0 IRAERE N M IEE 5
ZEWEZLND.
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0.00 [s] 0.05[s]

0.10 [s] 0.15 [s]

0.20 [s] 0.25 [s]

Fig. 5.3 Result of flight test of MAV with flat wings
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0.00 [s] 0.05 [s]

0.10 [s] 0.15 [s]

0.20 [s] 0.25 [s]

>
—

Fig. 5.4 Result of second flight test (after gravity point adjustment)
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BENT, ELONT U AEBELIERAMERELITO 2L L Lz, X 55 ITHIC/ERL
MAV %, 52 Z# & s . FizIZlE Lz MAV Tidgtgo B 7 ICE & 50 mm @
—ARrvay REROAMITTEY, TOEMIED L2b L2 4152 & TERLE
FETED LI R>TWVAD, FLEEVICL > TEEMEMNT D 2 &0 DRI T E R
LR ELZXY, BRSO ERITT X 25D 14639 L L VREIERST 5 LR TE
7o. K56 ICHLZME LT MAV IZK DRAEROMEREZ R, I—ARrmy RO
K29 DEY EZIRY 2L 25, 60° FREOPNE & A E 2> T ER, AERAT
HIENTEIZ, LIRS, ZOHRATHLREEZROZLIITET, haIlZE FLTW
SHER Lo, ZHUTEY 2O ZZ LIC X2 EEMNMBNFRKN EEZ bND. B %
GO AROBERITNIE g ER->TEY, FoAROEETHILIMNLg LT HEELE
FHIEWESZD., INOOREREZ S E, PR ERBEORMEZIT O 2DIZiT 29 LA
TECTREMLIZ) A TR FHAEELRTDOR I RELNAT AL TH I LALE
A9, £17, AR TIZEITEHIRMES) &V o TR EB R NN TR R T E 7228, [[#E
IO S)THDHE— AL MTOWTPNETZ & & ORGS0 & ZeduiE, PNE7- & Fil A
ERROZELARRIZRD EZZDND.

Table 5.2 Data of the MAV that can adjust the location of gravity point

Size of body W8 x D18 x H15
W x D x H[mm]
Wing span S [mm] 120
Weight m [g] 1.463
Interval between forewings 6
and hindwings ¢ [mm]
Flapping angle v [°] +30
Feathering angle 6 [°] 0
3

Power source E [V]

(External source)
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(a) Appearance of MAV

(b) Comparing to real dragonfly

Fig. 5.5 Appearance of MAV that can adjust the location of gravity point
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Fig. 5.6 Result of flight test (after gravity point adjustment)
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5.4

il

ARETIE, ZHETOMAZ I L /PNROPNIT S 2 ERI L, SEBRICHAAN "TRED>
M7 D D T2 DITRAFER Z 1T o T2, ERFERZ LI FIORT.

1) AT#E L CTREEBREAZERL, 77 v JEHOANAFEET5HZ & TE—
X &G h B 2531 g D MAV Z{ERLU 72, $£72, PUE7/- &8 ¥% 30 Hz THRE) S+
5 I LT,

(2) FEHIBLHAZ 5 L7z MAV TIEEIRIRRESND 20 mm 1 & E&F, 100 mm (& E RS
L LRI LTz, BEEMERFT D Z LIXTERh o, ARITELIESPIE
XREDE— A b 72 EEBHENZ OV TRETT AU L W REBEORAN ATREIC 72 5
EEZLND.
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%6E 5 W

52 (=]

6.1 l%l:l:l: af

A L TIITRARE RO THRAE NI OFm W R RICER L, bR ERBEORAN AT
HEZ2 MAV ZBA¥E T 2 Z & 2 BRI, NI @R & ADETE - IRENVFEDZE N REIZ B 2
DRI OV TPNR T SR DK ZE R ) ORE R X OV O Al difl, FEER & BEffT Iz &
LIRE) L BB EBE LI N LBDOZE RO 21T o 72, £72, £ 6 O A %2 HEIZFE
D MAV z 8 UEL, RAFEREIT 72,

F9, EEED RO BRARFOPNI . S EB) A B, T L, EAIRAIRER J Ok
R DN T X EENZOW T LT LTz, ZNE I, FEROPNE T ZEB) 2 /laEZ 17
VI a2 b—FORGFHIEERR L. £, fUELEPEZE v I 2L —F RN MR ETH
BROPNET- S HEENNAIRETH D Z L 2R L, HHMEOEHWERNFARETHD ZEERL
oo SHICHYELZEMIEZE v 2 b= 2O TR S RHCAR S D B8 KO
TNTOWTEREIT, PL 7 EB)O A JE & AR I OBIMRICOWTH LI L. #
&I OWT, ETEBED N AROBMOFEE L L CEAREE & OME- SO L 2 &
L, MY AROMIFA OFRETIEIC X B REREZAE LD E2HLNCTDHE LD
(2, TORHEZREET 5 2 L TERNOERFRNM LT 5 2 EaR LTz, Tz, BEfr
AW THREEiEE & 2 RHEORRICOWTRETT 5 Z & T2t L O 72 S A2
L7cREfitE DN EEZ R LT, 29 LTH LRI ERA L, FEO MAV % BL/E LR
KR AT L A, FRIRREED D OBflER X ORISR L.

UTIZEED & Ofma G 5.

FLETIE, BRZH#E LA A I AT 4 7 ZRZEIC OV TR, AR RUICET 5
TERDOMIZEERF LFREZ IR Lo, 72, FURORIAA I = X LOEMMEZ RN, 22
SARFFED BB Z I 5N L.

F2ETIE, PAOPNI-EEHZER L LT R RORAZRE, L, Tz
I P U AROMT T Z @B A L 72PN & 0 2 b— X OREHHTIEORE R L OHRYE
EITo7. BOIIHERIIL T O@mY ThH 5.

(1) FoAROPIEEBTIIT 7 v 7 E T =) VIR ETHY, U —

N7 7EINIIE E A EITTORW I LGRS ST,

95



(2) EBRRATIIRALY YBEAOFN T T v T AE, 7oV ) v fELCRE
W2 MR SN, ERTBE BMONAEZE T, HBBREATL, BB 1/6 EH
BN TEMHTDEITNETZNTWDE Z &R ESNT-.

(3) HERERF O T, 77 v B IAEERETBO LT NREL, 7=% 1 7 AR
APB L BB THE Y ZNENZ ENHER ST, B8 & BHBOAIAZE TITHR A
1T U CHIBASBHE S D BRI EARAIR: & A TH 525, €O 13 JEHIEN L H
PRAEAARE Z 0 BALAHZEN R E W T L D RS S 7.

(@) PETE I 2 b —FOFRFTIIEED I T 7 —V 7 EERN T oD E—
2T 4 BOBKLTT7 Ty 7EdE e 7 =) o VEE 2 Thw 5 4 1R
Lz, 72, ERRORGFTECESOWTERLEMNITZE v I 2 L—ZIF P RoRE
AR O - & #EH 2 LB L CWD Z 2R L. ZRUC L v B HRARE
DOINETe ZNZOWTHEMED SWERNARE L 72572,

%3 mETIE, HHERARFCHRAET 2NN T EEE O FE R/ NT A—2T
bH7 Ty TEEE T =YY o TEE L OB AW LN T o7, 7T v T
L7 =2 ) T HEEABESELERNTE v I 2 b= 2 VTR ERoH), #
HOWER L ORI ERHORNA D AL 21T > 7. [FONIHERIILLTO®mY TH 5.

1) 79y TAREBIOT7 =W o IAHEORE SICHDLT, EICRADITHTFAL
R85 7] &, BBOFTH LIFTRICHEN) 2 AR T DM 2R LTz,

(2) AREBROFHPHTIE, 77 v THENEMNT S L5 MO KMEREML, 7
B EEHHEN BN LT, £72, 7T v B T AEL0° DA & ik L TH40° DA T
FHEARRESBIM L2 LD, FiF~KEIET 21213240 ED 7 T v v 7
AETCPNITL MLERDH S,

() PN/ X FmAE 60°ICBIF 57 =¥ U v FAERS DA TIX, RIBE BBNENZEH
Tl EHOZEREZ FHEICH 2R LOITHMANEC T D ZERBlESNE. Zh
(XD R ZEICR W TH A Z AR L TWD . B OEREP /NS LE L THT)
EAERTEDZ DD, EHRRACHELZNIEAETHLEVRD.

@) M= VEAE KT D7 =W U T AEL0 DA TIL, BBOITE T A LFFZ
AT BIIRAT 2N EBZ LY RES TRZTHToTND Z ERBlEI .
ZHIZE D EWE I EAER LTS, BBOITH A LKICEBMICE WS D28 EX
T Linh, BEREO XD R EFAZME S RANCE LI PTSAETHDL EVAD.
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5 4 T, WOIRBRME L ZTERHEICE R L, RO b 2 ROMOBAREE & PNET7
EREDOE 2 ME L, €O Az AR ORE) - ZTERNEEZ AT 2OV THRET LT,
o, ET, WA—AREERAENT 2 O T2 & PN S RAIR I3 1 2 MO L TR
EZENFEDOBIRICOWTIREST 2 Z & TIRANCIE LI BOLTRREEZ A LML, Th
B A BRI EREE, ER L 72 AT OMERE 2 FEBRBVICHRGE L7z, 1 b7z ftmmi T L T i@ v
Thb.

@)

)

@)

(4)

Q)

(6)

N AROMT 120 Hz DL EOEGEAEREEZH L, M AOPNI7=E (8 30 Hz)
CIIERELAVEETCHDZ LB LTS

kAR OIIEA OB E THAREEICL Y, P ROBTITIEITIZIER L
W2 L, R L0 B TER LT WI L A2 R L. 202D R ROAD
FEEIESE A ORI BT D Z L2 LN LT,

FEEIC L2 ABE LA THEZH NS T, BB LR2WALHRE AW-5HE
E AP E S f = 30 Hz DEF TR I DARN RN S ERER 752 &%
AL

TBZERFOSMTI, FEIC X DB 2B LI-8T 7 W8 R EE L OB 4R
D UT-. KM ORET L OFPHTIE, #5fi4 Ly = 12.5 mm O EICEE LT
FEETRE T VNG IR OB E IR T 2B E oo MR AR L, & b
EL7poT.

PN S FEOSRMETIX, BB 7 =) 7 HEDR 6 = 0°~20° DA ICITAEHIC
LB AR LIEWET VTS FA LEHICAE U2 ABRIROM & k& <
WD Lic, ZHUIHTH FA LIFICRE A AR 9 2 & Ciiiuck LTl A E
ML 720, WHOHN TR DR Loz TH D, —J, 0=40°08A 1Tk
HMIAAR L G IRKRE B L, FLABEM LTz, ZHUTHTH FA LG
H EFOU0IRLIFICT = U o 788 & WOBMEZETEN O DE T INEhE5H 2
& TR RS RIS HOMERABNEL 5720 THD.

A & B ~FEE IR - S BMEIC B E R B ) N Lz, BhoLERR%E
BHLEEZA, 7=V U 7 AE 0=0CI Ly = 25 mm OFEEH#N K b @V EE
AL, 0=20°TiE Ly = 37.5 mm OFSHI#N b mVMEZ R~ L7z, —F, 0=40°Ti
RIS e b B I DR RN E <, FEHIC K DA 2 L2 581d 7 =%
VAT 0= 0" ~20FREIC T AMERH D LR D.
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5 HTIE, SECOMRLAIC L O /NIOBIE T S HHE (L, SRR T
P B 1 TRERIR AAT > 7. BB I T Ol ) Th 5.

1) AT#E L CTREEREAZERL, 77 v JEOANAFEET5HZ & TE—
X &G h B 2531 g D MAV Z{ERLU 72, $£72, PUE7/- &8 ¥% 30 Hz THRE) S+
5 I LT,

(3) AHHEILMBAZ 54 L7z MAV CTIEFFIIREEN S 20 mm 1F & E5, 100 mm 1% E R
HZ LRI LTz, SEEZHERFT D 2 LI TE RN, SBRITELLESPIE
XREDE— A v b 72 EEBHENZ OV TRETT AU L W REBEORFAN ATREIC 72 5
EEZLND.

E, AR FAMRSLCO-CO L FN - FRSEHCCILE L TARSNATNSD.
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6.2 # &

£, RFFROZTICHTZV E LT, HE OTHEZTAEE £ LIBAEZSRICHEHILE L
B ET. FRICET A EEE MO Z L, FRE L L Th D REBUME X SRR o7
MDOKEX IR A TAS Z N TERS B L TR £

VA FRATEIR I ITAFFEORRITKT LTI T RN ZAZTAEE E L2 7= L&
. F 7, RS OE THER X 2R A 2T CIEE, HEEOA2 5T REME TH X A2 T
AW Z &K VLR L B ET.

F72, W RMERGEATIC T4 L LT OMSER TOM L 58350 2 &, BFFER D5k
ELTH THRESCHER, BorRETAWZZ EAELR L B ET.

FOM, KR EATOICHTE VAR FICIRNEBY EF LI 2 LI VEGHLTEB
D ET. FREOHRAETH HKILER RS LR K, JIFH#HRERICII 4 2 s %
W2 Ex E L. R TH L E LRARIK, /IREGEESK, (HH—FK, BEEK, EatK
I DRI E B> TV E £ Lz, BIETH HIHEE K, AKFEHAEMK, JFH
ARG, MM REZZUYD, TOMAFFERD A L= 23X Rt & Ao TniziZs £
L7z, E7z, BBIFEIEZNE TOEBEL L OEFEH OWIFED BTV > TEB Y £7. EHED
TBhh i LCHRITED b NERATL ., ER TR L BT E 9.

BT, ABFZEIFZE< DO R RO FIT Y- TRBY £3. 29 Lz b Rolgkt
RS T 10, WIEORIEE o Tc b U AR OERRICEH OB 2 H T £ 7.
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6.3 FFERES

a : [E T S EY AT O v £ TOREEE [mm]
A D DRI RS & LT SRR 0O EAE [mm]
B D ORI E SR & LI WD Seiim ki s o FEAE [mm)
C PR T & JE
CL B R %
Co  FURE

: BREheh & [ E RO FEEE [mm]

E c V]

f CPNE T E AR [Hz)

FL : #5771 [N]

Fo s 9171 [N]

Fp c ALY EE 4 72 0 OARRZER ST [MN/W]

H IREREE [H

| I [A]

I carey REE [mm]

L DD AFTEE T =Y T AT A X DIRE TOREHE [mm]

La D WO TTH &IOS bmlka e £ TOMRE [mm]

Ls D WO T B MO SFehte ia il £ TOERE [mm]

Ln D ADARAAA > & w5 £ TORERE [mm]

Lw : FAOFEE [mm]

LD ik

m » HiE 9]

My 72U U TEBOMEDVICELLE—A LN [Nm]
My 77y 7EEBOEEDYICAETSE—A b [Nm]
0 D IO IO FEAE (JFUR)

Ow D BE TV DR O FEAR (JFR)
P M), WEE) (W]

r 7T RS [mm]

S AL A G DT BN [mm]

Sw D BEER [m?]

dT R OB AT >~ 7 [s]

U : PEAVEE [m/s]

Ut DPNE T F A KD FERHAE [mis)

Uw D BASOFEAGEIE [mis]
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ot A [0
av DT IENC R DA A [0]
Ow DT DA A ]

y PR EEAE [0

Ve CPNE T E A A 0]

) D B E BB ORNE [mm]

n D B DA [NIW]

0 A I/ el |

Oc C 7T OEERAFE 0]

Od D ADEFASE [0

de AT AT IZB 2 7 =V Y U T AEDOEL []

A0 7T TWMOT T T =Y D7 T 7 OATARZE [0]
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