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Abstract: In order to realize the movement of the micro flapping-wing aircrafts’ wings along the
complex trajectory, a flap-sweep multi-degree-of-freedom flapping-wing driving mechanism was
designed. In view of the problem that the inertial force and elastic deformation of the mechanism’s
transmission components affect the actuators’ driving force during the high-frequency motion, a rigid-
flexible coupling dynamic model of the mechanism was established. At the same time, a dynamic
performance factor that can quantify the difference between the driving force required by the actuators and
its ideal value was proposed. Finally, combined with the orthogonal experiment, the influence of each thin-

plate-component’s thickness on the dynamic performance of the mechanism was studied. The research
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results showed that the thin-plate-component subjecting to the out-of-plane load had a great influence on

the dynamic performance of the driving mechanism, and the longer transmission chain’s force-

transmission-path and the closer position to the actuators indicated the more significant impact; the

flapping motion performance of the driving mechanism was stronger than the sweeping motion

performance; In addition, the dynamic performance of the driving mechanism was not positively related to

the thin-plate-component’s thickness.

Keywords: micro-flapping-wing-aircrafts; multi-degree-of-freedom driving mechanism;

rigid-flexible coupling; orthogonal experiment; dynamic performance factor
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Fig. 1  Stroke plane deviation flapping-wing driving mechanism
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of each carbon fiber transmission plate

X HILRE 8 AR A (A B S B T o0 2 R
FEF MR ST B ITXT b2, b3, b4, b6 M 1T B HL
fRARER, AT A ALY 1A FROC T3 A B A an 5] 6
Fis
2.1.2 ARG R

P % Bl A =2 1] 118 R T SV e 3 P s A
RHLJE #B L35 /N, FLAR 3 et AN & AR e Ra i il il
1 22 18] B AR 32 Bt AS 23 8 1 22 P B 1 RO
P AT 52 5 b3L b3 5 b4, b4 5 b5, b5 5 b6,

’

K6 $hah—H2 A hEFMLIRSILI A FRIT 3 RA%
WAL R R
Fig. 6 Schematic diagram of the finite element computational
mesh model of flap-sweep multi-degree-of-freedom

flapping-wing driving mechanism

b6 5 b7 A 2 18] ) 22 P e 4 42 0 A B AR e i
AI(R1~R5) . T bl 5 b2 #2206 b5 M f5Fh
Bl 2 ) 338 2 sk Ty I, R H AR
5 El (K1, K2) o FEH X F 8 T4 il 3sh 47,
A v Ay [ S Y A ) o 4 050 B8 5
PR AP0 0] A B 1 5 v] 2R T,
AIIAR b1, b7 AR A [ 2 HLARAROF 362 3,
HIZE b1 S5HLAL . b7 S5HLAEZ (0] 3515 1 HAR I 3h
A(T1. T2) o UL AT AR AL 25 A% Sh Al 4 2 ] 3%
XA WME T iR
213 (iR RIS i

FH T He FELOUU AR R 3K B0 F e R SR — 1 R
PR Y WAL 32 Bl AR i, R XL A oA Sk 7
(b1, b7 WIFIZ SR )t Ry = ff R, 1E—
e, LB S L H A B Fh s A
PR L 20 s S B oL 2 B = A R RS TR
o HLE P23 B 5 L IS 3 A A G,
WL 32 2y fy o BB R, LT 32 1 sl 3 fr i A K
HIRASHBEE S 7 IR . YL AR — 5 h]
38 Bl B S e, WL T A2 B B AR i
Lo e AR E R U X s 3L T 27

20210492-4



5 43

TKELKSE: £ At BN IRS LG BTt 5 Bl s R B

(a) IEFLIA
HLEL

(b) HHLR

K7 SALaiR i g R R R
Fig. 7 Schematic diagram of the connection relationship

between the transmission plates

Sl EUE T 5 IR A, ML IS s AR e
IF, MLERL AT 52 < 3h 5 1) T oL 52 B = A R 2
KFR, MIAEALF—F LT, $hsh—HEZ A |
JE SRS HAR i 1L TT IR 2D IR B A E TARRAS
P2 B LA 1 R 3R, 0 55 30 24 1 e EOE 5
mr:

P=(1-10"") xAxsin 2rfr+y) (D

A P oAy 0 02 A% i L5 @ O 8007 48 56 [A 1
(EAE: s71) , AR 27 Ay sl A2 14 F 2 AR I 2%
(R s A D A AR A AT sl (6 A% I s £ AL
BB Y AR o

E R BUE TAEWR N 80 Hz, M3l K HL
(14 52 8% iy HH WA M 01, =0.35 mm, F 450K L A (9 07
Bt W {E K x2,=0.2 mm. LE RSB F3h A
JE b BRZY H+60°, 1450 B 1T BRZY N +26°,

AR SO e 1 3 3 A AR AR 26 mm K
8 mm FE 2 pm JE AR SRR AR, DU AP
LRGBS B AT AR ANAT 1 E . 2%

Dickinson 25 X B HU# 38 gl R 1k 1 B TS 4548,

LR G2 BTN AR 12 B B T i B B e
PEAZ T BN, R AL BN 3 32 A $0 30 BH 5 Rk
C,=2.4, BN B2 E N C=1.5, RIFAR PG E
LR ] SR ASFN S 3BT 2 S 8 A AR

T 1) d5e K F b 2l BEL R A e AR 4 4 BEL T 6 0 3 -
My = 50C, B)” [ e(rPdr ()

M, = %pCS(Qsm)ZLLc(r)ﬁdr (3)
2 1 O 11 O 43 551 g 1 01 38 () F5 A 30 £ T 5
e R R, AR R Fh 3 3 A2 Zh iR (E 5 12 3l
B3R TR A S5 50 0 Gy rads 10, =

zgﬁnz radss; L HENENILK JE, 126 mm; ¢ () M3
Bl L% KT EL R ] 1 43 A1 R R, X T AR RN
c(r) =c=8 mm; p = HEE, HAH A 1.29 kg/m®,

W BRI A (2) . 2 (3) W] R A b
Bl E Y e KA ShB T 4 M, =0.392 N-mm, fiz K4
F5BH 7 4 My, =0.046 N-mm, 2833 A 34 0] 241, 4 i%
BH 77 90 25 354 28 R b mT 3R A5 0 0 BHL (8 5 4
BEL 77 08 {8 43 591 M Fpn=0.015 N(" H. )7 1] ) | Fon=
0.001 8 N(HiJG /7l ) o BLAN, AHXSF$h3h 7 i Al
AN T L S 3 LR 1 5% ) A AR
S0 32 JRIRAS S AR /N, R G 78 AR p g 55 v
A Z AR

W a=35s", MUK AE R 35 3 4> R 0T N 3k 3
EaifE R LR, $h3h . iR AEE )
533l e AHE S A TO0T 093w il A
BRI
1) #h3h ., F R AHZ B0
OIS R A S v B i i -

x, = (1-107") x0.35 mm x sin (160mz)
QF T He L A s (o A% A 114«

X = (1-10") x0.2 mmxsin (160mz)
®Fhshiz g BT

F,= (1-107") x0.015 N x cos (160nt)
@B BT

F,= (1-107") x0.001 8 Nxcos (160mt)

OFE S ¢ =9 807 mm/s?
2) $h8h, A ZEME .
(DFd3h FE H F A i o7 B8 B

x = (1=107*") x0.35 mm x sin (160xt)
Q¥ /AR v B da -

X = (1-10%") x0.2 mmx cos (160mnt)

20210492-5



IR DA

BFhshizzh )
F,= (1-10™") x0.015 Nx cos (160m)
@HiE B
~10™) x0.001 8 Nx sin (160m)

S S MEEE: g =9 807 mm/s?
o Anr 5 00 A Az a1 8 s .

F,=-(1

K8 dlfar B At B wE

Fig. 8 Schematic diagram of the location of loads and

boundary bonditions

2.1.4  FAGIK S

ARFEBIHC D2, b3, b4, b6 M 1Y ik 2T 4k )2 5
BE43 58 160, 160, 110, 60 pum, F B B 1 Jiiz v
JECJE B2 R 10 pm, PRI 7 A0 B A4 T 5 0 4 331 Sy

0.33. 0.33, 0.23, 0.13 mm, HBTXHZHLA I35 .

R A2 2 A T 00 A7 BB TR, By L
8] 4 0.075 s(6 N E]) . BFEIAE K K 1.875x 107 s
I BB T3 P A5 40 30 HE L XU R 5 4 450 L XL
f R S BER R AR fE 2 an & 9L & 10 iR o
F9 5K 10 1 F 5 Fy 245 5k b 3h i st
i S R XU R T, e Ab, AT R
1% 0~0.075 s P B0 20025 1% sl 1 4 g 7 96 100 o
L t=0.055 313 s Sy f4i], #5 1% S A A1 /9 Miss I ) =
EIE 11 s .
2.2 WGBEEFIRNH I 51 F R RN S AT
&9 FIEL 10 AT, $h3—H 42 B B EEFh
SELUK S AL 752 Bl i A b A2 B0 (RS AR 1 5%
W, fr it S S LA i ) SR R T 2= R .
Y R Z AL JE S AL e H XA e, oA o A7 B8 Xt
AR ZE 7 it ) AR L RERURR, 25 BRI AR A
FL XA A A BEL 2 g 55 B 0 25 B A A, U
%mmﬁh%%#ﬁ$%uﬁm%ﬁHMWﬁﬁ

539 %
————— Z RIS 10 AR
— WIFRG D1 B R
. . : —
0.9 I'F\ rr\' f‘\ ” “ i
Y A S . ‘
/\ [ ‘ i
AR, 1
N N B SR B t 1
z ] ‘l (11 [ (4
[]
! w
RARIRIRIRTRN
\ (I {
0.6 VY U \I .
v \/ \ \{ \ |
-0.9 AR A, VA, 1

0 0.015 0. 030 0.045 0.060 0.075
t/s

9 Fhal R Ao o B )22 flth 2k
Fig. 9 Curve of the flapping-piezo-bimorph’s output force

varing with time

----- Z NI HLEE R

— WIZSHEG 2y iR
0.24 T T T

0.18

[ J
0.12 f - I .J
0.06

Fy/N

006t w

-0.12

-0.18 , , .
0 0015 0030 0045 0060 0.075
t/s

10 SR A% T ) BE S AR fl 2k
Fig. 10 Curve of the sweeping-piezo-bimorph’s output

force varing with time

A BRIl 3 B 3 Sl A L e 2
Ko WA s—115 2 [t BE SRS LA B9
B 1A MERERE SO AR SR RE He i XU A 1 02 4% bR
By 20T, Hp 52 1 2 2 BH 26 ) 5 BE (H 2 T8
255 255N, WREIHLI B Bl 1 A PR REBLAT .
RV A AT 1R X Fh s —4 2
F i B S ILAR S LA Bl ) 2 PERE A S iR R, ik
it LORE T LR Fr 2B BTt 9K gl ) 5 AR
] (4 22 St AT AR AR B . AR SR A R B fe b
XHZHUR ) B 7 22 P RESE AT il

1 Fﬂcx1blc - anld
_exp{—\/ . lnax(u%gd)] t} 4
A Y s Sy 2R ge I, o B R IXC[E] R

BR, 10 B3 B i) IXC ] B BR, de S BT I ) 25 4G
Tj‘:’* ﬁ]\[:IEJ{Kr_‘ EI] T= Lh—1; rigidj‘j‘}iﬁ:gmulﬂz

20210492-6



5 43

TKELKSE: £ At BN IRS LG BTt 5 Bl s R B

Misshi /1/MPa
7.5993 (Max)
6.9661
6.3328
5.6996
5.0664
44332
3.8000
3.1667
2.5335
1.9003
1.2671
0.63386
0.00063828 (Min)

W TTTT T 7T

(a) IEFLA

Miss)i; 7J/MPa

7.5993 (Max)

6.9661

6.3328

5.6996

5.0664

44332

3.8000

3.1667

2.5335

1.9003

1.2671

0.63386

0.00063828 (Min)
(b) FHE

EETTTTTT T

B 11 23l Mises b ) 2 [l (T B hahi3e,
=0.055313's)
Fig. 11 Contour plot of Miss stress of the transmission plates

(flapping-wing has been hidden, /=0.055313 s)

B Bl T 2 A RT3 i 45 19 JE sh WL 38 i o g,
Frexivie 2 W ZE R G WG 8 7 24 B 15 BT 45 14 i
ML bR f . Hobe o B RA 2 T AR
B B3 %) B [ 5, 6 A SC i 43 AT A A 8 7 BCAIL
iz st B i fE 3 A Fe e A, B14,=0.0375 s,
£,=0.075 s. LAk, R THTEREH F Y R BUE TR
TR, A SCA B T K S RIS 8
“ERAVBUE SR 2 KA AE, J): d=1.875%x 107" s,

A AR A R R

OREN 52 1N 5= —BsF [1] B P9 I ShbIL % 4 i 7718
SIS A SR 22 s B

QiZAE bR B A W 5 4 PR, BN ML 3h
VR RE R AF, 2R bR A N K

@izt bR — R R, KNS
JITHC B ) B B TGO, B E M

@y i F K5 Hl b B, 3 23 o5 R B, AR BRI
BUE T R 0~1 Z 7],

h 4 TE A3 b2, b3 b4, b6 B X b sk

Hi 2 A IR S AL 3h ) 27 PR e Y 52 AR
A SCRE Ay B L R AR B 5 sl L
Z A SR B W Fp T 00T IE 2SR G . AR sh—H
2 A IR S AR R B b1 T2 B AN 2
0.4 mm) , LA KRk £F 2 FUi5 42 04 A B il (ke 27
Ak 2 0 JE B R RS A 60, 110, 160 pm = Fh ), AJ Bt
B AR A4 JEE R 4331 A 013, 0.23, 0.33 mm., (Rt AT
2 I A 4 S (b2, b3, b4, b6 UL
SRR, MR 95 530k AL B, C. D), 1M
B R XEA 34K (W A5 BE Y 3 ol HC(E,
I 543 ) g1, <2, «37) L ] 2 i A
WIE A IR I 1 R KR A% 1 TR .

F1 EXHRBHERKER

Table 1 Factor-level table of orthogonal experiments

mm
- 1 7J<j 3
b2 HRPFIREE 4 0.13 0.23 0.33
b3 RS B 0.13 0.23 0.33
b4 HRPFIREE C 0.13 0.23 0.33
b6 MR PFIEEE D 0.13 0.23 0.33

1) 03l HEEAHZ 3

XAt I 4h 3l 3 4t [ A A2 B0 B #ofer 5 ik
FEAE, RIEEFF Ly (3*) 1E A8 R 244 1 IH 2R K
WA T FEIFRRIESIRS . B SR (4) X830
4 R AHE 3 T 00T 45 40 b 345 19 s s AL
iy B AT AR 3, AT gE— 2Dt R R Fh s fig
W Yo S5 HEEMERN T Yoo MAFEhsh, HiR
FHIZ ) T80T SRS HLAL Y- 4 M fig K ) T DL
ZT—\‘ﬂ‘j:

Vo= (Yy+Yy) /2 (5

gi b, MRS AL E S Bl . 4 R AR AE 3 T
T HIEASRES R SRR 2 PR

s LA IR 45 S X UK Sh LA FE Fh 3l . 4
[ AH 12 3l T.00 T 45 23050 1~ 34 3l g 2 Re I+
AT ZE M. B Qs Qo Qo il N 4% N R A1
ZKF<0.13, 0.23, 0.33 mm” K AU E P REN T2
L, RHAQas Qo QulI2ZE. HMH R, Ry R
Rop W RATHAEIN FK A, B, C. D F X o i B {H .
W, BXENHLAFEFD Bl . 945 [l A2 3 T80
WP R A -1 22 43 BT B A5 R AN 3k 3 iR o
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Table 2 Orthogonal experiment scheme and results of flapping and sweeping in same phase

W IEZRI T 3R (% R R ACFH A IO IEASIR A

5 b JERE A/mm b3 JEESE B/mm b4 JEE C/mm b6 JEEE D/imm  $hEhMERER Yo FHRMERER T Ye  SEHERER T,
1 0.13 0.13 0.13 0.13 0.8312 0.4662 0.648 7
2 0.13 0.23 0.23 0.23 0.9213 0.5840 0.7527
3 0.13 0.33 0.33 0.33 0.880 5 0.3705 0.6255
4 0.23 0.13 0.23 0.33 0.8597 0.786 6 0.8232
5 0.23 0.23 0.33 0.13 0.903 3 0.848 1 0.8757
6 0.23 0.33 0.13 0.23 0.9278 0.6338 0.780 8
7 0.33 0.13 0.33 0.23 0.8587 0.8831 0.8709
8 0.33 0.23 0.13 0.33 0.9509 0.8819 09164
9 0.33 0.33 0.23 0.13 0.9254 0.8673 0.8963

F3 3. AEFEBRINEFHEERE ST
Table 3 Average performance range analysis for flapping

and sweeping in same phase

VaRIE LD HE 4 H# B SEe H#E D
041 20269 23428 23459 24207
00 24797 25448 24722 24044
03 26836 23026 23721 23651
R 0.6567 02422  0.1263  0.0556

M3 R LUE L, AL b B .
PR [RAHIB sh I, 472 Ry=0.656 7, Rp=0.2422. Ry=
0.126 3. R,p=0.0556, Bl R,>Rp>R>Ryp o Hi 1]
AL TEFNS . FR AR E 3 TR, &A% s k2
BEXTHLAY Bl 77 2 P RE 1) 52 e A% B HR R 2 55 HE T
b2, b3, b4, b6,

2) $h8 . A IE 3

XTAILR T M Ab 3l . 4945 25 A0 sh i 2 far 5 ik
FEAE, TRIRE R Lo (3*) TF A2 F 4R ALY N £ K F

AT I RIE SIS . FifJs A H 0 (4) XF$h 3l
R ZE Mz 3 TO0 T & 48 b BT kA5 149 I s Bl
i 3y Kt AT Ab B, AT g — 2B L S
REN 7 Yo 5 HAIVEREIN 7 Yo o BERFFRB, 135
ZEMIE B T B0 SESALAL A4 -F- 32 P RE N -0 n] LA
TINA:

Yd=<Yd1+Yd2)/2 (6)

g5 b, SRS ML AR b3l i 2E iz 3 T
TNHNIESSIREG T SR S AR AR 4 PR .

) A AR B b 3R 16 445 SR X 9K S AL A 7 F 1 30
P2 Mz 3 TH0 T 4 AR50 1~ 35 30 77 2= 1 g
W AT ZE T W Qar Qv Q73 1 945
FAEKF<0.13, 0.23, 0.33 mm” T /Y F- 3 MBI
TZHL RHQa s Qoo Qs I . HH Rua\ Rap
Ric. Rip WR TN ZE A, B, C. D T X R A9 HL
o BEit, SR HLMAE b3 | FH 2= s 3 T.00
TR RE R A 22 A0 BT I A SR AN 5 R .

x4 3, ARZEAEHETHBHTREER

Table 4 Orthogonal experiment scheme and results of flapping and sweeping in different phase

AR 7 38 (% R K& 7720

IEZTIARR AR

=
F5 b JEREE A/mm b3 JEJE B/mm b4 JEEE C/mm b6 JEE D/mm  INIMERERI T Y FEMEEER FYe  SERMERER T,

W
1 0.13 0.13 0.13 0.13
2 0.13 0.23 0.23 0.23
3 0.13 0.33 0.33 0.33
4 0.23 0.13 0.23 0.33
5 0.23 0.23 0.33 0.13
6 0.23 0.33 0.13 0.23
7 0.33 0.13 0.33 0.23
8 0.33 0.23 0.13 0.33
9 0.33 0.33 0.23 0.13

0.7100 0.2996 0.504 8
0.8353 0.4309 0.6331
0.758 6 0.2589 0.508 8
0.9463 0.7450 0.8457
0.9547 0.7718 0.8633
0.9599 0.802 8 0.8813
0.960 1 0.807 4 0.8838
0.973 2 09121 0.9426
0.9763 0.8941 0.9352
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Table S Average performance range analysis for flapping

and sweeping in different phase

WaRE et HE 4 H# B SEe H#E D
Ou1 16467 22343 23287 23033
O 25903 24390 24140  2.3982
0 27616 23253 22559 22971
Ry 11149 02047 01581  0.1011

MF 5 H Rl LUE 1, S IK S ML g sl .
H2ZMIB B, B Ru=1.1149, Ryz=0.204 7, Ryc=
0.158 1, Ryp=0.1011, Bl: Ryy>Rys>Rec>Rap. HIIL
AL, TEFN SN R EAIE Eh TOL T, &A% st
JEEEXTAILRG Bl 1 24P RE A 52 i AR 2 P i 2 55 HE Y
b2, b3, b4, b6,

Zx b, T Ae s gl . R ARS8 T.00F i
BTN, FEEMIE S T, & 2R
FEXF N E—H45 2 At B AR ShHLAL 3 ) 2 P e s
M) £ 3 YRR R 52 b3, b4, b6

3 #ieEamh

5 A IE A A s 2 SR T 25 A A AT
AR EI LR 28

1) b2 M4 BB X s —H 3 2 A i IR
SIHLAL Bl 1 2 1 8 1952 W e K, b3, bd AR 7
K22, b6 M fe /N o S B AR HE G B R AT A LA
3 A0 IH R

OZE MR A P A A% B B

INEh—H4 2 At BN SR S ML AR AR
ZIEPI R shaE, i 12 iR . Hoh KAt sh
BEFALE b1, b2, b3, ba 4K, T4 1A% B BE )
AR b6, b7 2, P B A1 1T R T AR
T b5 FEhshHE . iR TAZ S EEI R B R, S A

g

.
.
’
,
;
’
’
’

K12 #hah—385E A RN LER N S5
Fig. 12 Topology structure of flap-sweep multi-degree-

of-freedom flapping-wing driving mechanism

I 2 AL /I, R P 1) 52 3 45 A8 T AR A X LA B A
P BE A9 52 0 o it R, DR 0k 7 T A 1 sl B b v
b6 A 14 I JEE X 3% Sh AL Bh T 2 4 B Y 82 i i T
I3 — R AL B BE P 9 A 3 A

QFMEMAF A A B B v B AR X7 B

N Eh—319 2 A i AR IR S LA BA K
1B L AL R AL S, RV ShAL O B SR )
4 /N2 3% 4 18 5 1 2 B 38 R, DA T 52 B
PATIE (I3 IR M E sl . SRR
SRR 23 O 1 Sl BE 2 A% K ) 1 3 5 7
R GIARE, X T AR HOAL shik i =, i
AT S AL AL P, SRR AR TR 5 1S 1 52 4% 1 7 1Y)
DR 22K S RO AT B, AT T JHE I 32 X AL A4 ) 3
FrAVERE R R A I S . i 1A 12 AT 7R
& shigE 1 b b2 AR Y 07 B e 58 T LSl HIL, b4 i
07 B R B I S AL AR, 107 b3 AU T P
ZIE] o PR AAZ AR BE T 55, b2 A B4 1R X 4K 5
HLHA Bl 7 2 4k RE (9 52 i R 5 B KT b3 AR, i
b3 R AFHY S -G R T b4 AR o

@M A B B2 1B

TN Eh—195 2 A h BN ISP 1 4
PEY AR A R, i P A VR TR SR AR
XL/, AR AR TS AT VR TR AR 5 i R
AIsRPEASIE . b3, b4, b6 Mt 5 LAY Al AR 1
29308 3o e e R i 4, AR AR R T X 3
WA ENLG i Bl i A8 P P AN 7K 32 T A1 384T
IS TE R/ o T b2 A D e e T O — 2%
1 E R RE RS b AR, AL E Bl 7
HP B R e i % (i 3 2= 4530 T4 s 3R R A A s
Z0) ¥ 7R 32 BOR B T AN 0T, N IAT 13 B R o At
HEAS B 1) S BRI o B A SR PR AR AR S, X

F,

K13 Hfus I E AT b2 B w7 A
Fig. 13 Schematic diagram of the out-of-plane load acting on

the b2 plate in the sweeping motion mode

20210492-9



IR DA

%39 %

IR SHALAA Bl AP RE A5 s K

Horh, o b2 Mk 5 b3 Bk =z 8 i £, F,
9 b3 B FH T b2 M (0 T MR

2) NS —H4 2 1 i BN IK S B A Fh
hiz shvERe it THEE kG

ML FE SN S AN B P bz sh KT, b2 A
M2 JTIREZ R K. FER—Fhiz g, b2 i
1 JU-F H 7 32 1 N By, AR AR T DN,
X AL Fh shiz sk RE Y st AR /1 . (HRAEH
P8 BB, b2 23 B b3 A0 B Y R
BN 2 2 AR AT (UL IR 13), U b2 A 1 25 7
AR WAL, S T HLAE s B
PERE . BLAMIK B LAY 7E R — $h B iz B B, b2,
b3, b4, b6 M {1 iz i B2 1 LA/, B AR AR
= B S N A S AR R Ty . Y
X SALF A 45032 B i), b3, ba, b6 M & &k
A R BE B e # iz 3, HAE m iz sl RS T R 2
FEA R R 1, DT X 4 itz 3 1) P BB 1 AR
AN

3) NS —H 2 B b BN IK S HLAY 1 3
J12EVERETT AR 5 &A% S AR A B J5 B 2 A DG Y

4 b3, b4, b6 MR B/, AR R,
AH s A A ) F B B ATLAS) B 7 P RE R S i K
Wil 5 A% S AR A 7 JEE B AN T, R O B A, 25 K g
FERE N, DA AT el M% B AR 1 7 32 Bl 2 v g o
PEARIE, (UK ShAILA (4 i sh ke 2 PEAS DL B 5 32 T .
fHJE >4 b3, b4, b6 M1 BB KA, i TIK L
s 2R R O TRE, AL s AR 14 i R
FERE AN T AR ML BN ) 2 P e A R
ik G S 2 282 1 A% Sh Al A 0 R, B 23 S B B L
AT SR 25 R ) BRE A1 7 282, AT 2 S UL L
S FEMRR A T R R . X — NG 0] B SCIEAS I
B r1<0.13 mm, 0.13 mm, 0.13 mm, 0.13 mm” ., “0.13
mm, 0.23 mm, 0.23 mm, 0.23 mm”#10.13 mm, 0.33
mm, 0.33 mm, 0.33 mm”3 FlA {4 S5 1 41 A F SR 3
IR OESSSI NE S E 7 P RN f e B C Y D waTI
RS T 5E 2 5 E A A% sl e 5 B 1 5 5K
P& = UK ShAILKG 19 3 71 24 MR B, T N 25 A AU B
AL SRR M 5 NI 2 8] 8 T G R, R
AR AR IR B G5 T5E

A

RSO B 248 Hh A T O A% 4 3l - T Ay b

SRS HLA PEAT e, Dot T — M S B R AR R
Aaa SN SI—3 2 A R N ARSI .
(7 Fif 4 AT BROC T VA S 1 i LA LR A I 228
B8y, I A B IR SR
ity 7 A WA 11 B4 J5E B X AILA) 3l g 2 M RE R 1
8 2 UM, Bt e LA 1) A T A me R Y
R TIAT 2 LUT 45 ig: 2 T KA shik | 58
AT IS AL R 32 TS AT B9 AR F, TS B2 X iR
BB 122 R RE I IR . AR ) S5 83l
PEZ IR, SChibsi—HH 2 A hE
TN IR B F 3 is S BE SR T s sk e .
B Fh 25 AL Bl AR Z 1810 A7 7 — A i B L4
BTG, MIHFARARAF IR, HUH 3l ) 7k R
DR Lt A 3R S LA (9 3 A o, AR AR SR Y
IR US55 5 By 5 AL s 10 )5
BE, WITEAS /BRI SRAE T, BE R
YRSB4 Bl 12 P RE

S Z Bk

[1] BONTEMPS A, VANNESTE T, PAQUET I B, et al. Design and
performance of an insect-inspired nano air vehicle[J]. Smart Mate-
rials and Structures, 2013, 22(1): 014008.1-014008.13.

[2] YAN Xiaojun, QI Mingjing, LIN Liwei. Self-lifting artificial in-
sect wings via electrostatic flapping actuators[C]//2015 28th IEEE
International Conference on Micro Electro Mechanical Systems.
Piscataway, US: IEEE, 2015: 22-25.

[3]1 B2, e, ARG BN IR ) &8 i &5 i it . T

205 M 0] A% R 5 TR e, 2018, 37(1): 91-95.
YANG Yi, CHE Yunlong. Structure design, fabrication and test-
ing of millimeter-scale electrostatic micro flapping-wing actuator[J].
Transducer and Microsystem Technologies, 2018, 37(1): 91-95. (in
Chinese)

[4] PENG Yuxin, LIU Li, ZHANG Yangkun, et al. A smooth impact
drive mechanism actuation method for flapping wing mechanism of
bio-inspired micro air vehicles[J]. Microsystem Technologies,
2018, 24(2): 935-941.

[5] PHILLIPS N, KNOWLES K. Positive and negative spanwise flow
development on an insect-like rotating wing[J]. Journal of
Aircraft, 2013, 50(5): 1321-1332.

[6] ORLOWSKI C T, GIRARD A R. Dynamics, stability, and control
analyses of flapping wing micro-air vehicles[J]. Progress in
Aecrospace Sciences, 2012, 51: 18-30.

[7] W&, 25 22 3k T 45 i) RURS AL (9 = 4k 01 2 $h FL 4L
MBI 5 20 Hr [9]. 9025 3 ) 241, 2019, 34(3): 692-700.
CONG Menglei, LI Junlan. Design and analysis of three-dimen-
sional bio-inspired flapping wing mechanism based on spatial
RURS linkage[J]. Journal of Aerospace Power, 2019, 34(3): 692-
700. (in Chinese)

[8] DICKINSON M H, LEHMANN F O, SANE S P. Wing rotation
and the aerodynamic basis of insect flight[J]. Science, 1999,
284(5422): 1954-1960.

[9] BAIK Y S, BERNAL L P. Experimental study of pitching and

plunging airfoils at low Reynolds numbers[J]. Experiments in Flu-

20210492-10


https://doi.org/10.13873/J.1000-9787(2018)01-0091-05
https://doi.org/10.13873/J.1000-9787(2018)01-0091-05
https://doi.org/10.13224/j.cnki.jasp.2019.03.022
https://doi.org/10.13224/j.cnki.jasp.2019.03.022

5 43

TKELKSE: £ At BN IRS LG BTt 5 Bl s R B

(10]

(11]

[12]

[13]

[14

[15]

[16]

ids, 2012, 53(6): 1979-1992.

BERMAN G J, WANG Z J. Energy-minimizing kinematics in hov-
ering insect flight[J]. Journal of Fluid Mechanics, 2007, 582: 153-
168.

DONG Haibo, LIANG Zongxian, HARFF M. Optimal settings of
aerodynamic performance parameters in hovering flight[J]. Interna-
tional Journal of Micro Air Vehicles, 2009, 1(3): 173-181.

LIU Zhiwei, YAN Xiaojun, QI Mingjing, et al. Design of flexible
hinges in electromagnetically driven artificial flapping-wing in-
sects for improved lift force[J]. Journal of Micromechanics and Mi-
croengineering, 2019, 29(1): 015011.1-015011.12.

SOt SUB, Re AR, AF L SR EE AUROE TRAT A% B T 0
500 B [9]. ML TR 2 4l , 2005, 41(8): 120-124.

ZONG Guanghua, JIA Ming, BI Shusheng, et al. Measurement
and analysis of lift of micro air robot with flapping wings[J]. Jour-
nal of Mechanical Engineering, 2005, 41(8): 120-124. (in Chinese)
HINES L, ARABAGI V, SITTI M. Shape memory polymer-based
flexure stiffness control in a miniature flapping-wing robot[J].
IEEE Transactions on Robotics, 2012, 28(4): 987-990.
WIDHIARINI S, PARK J H, YOON B S, et al. Bird-mimetic wing
system of flapping-wing micro air vehicle with autonomous flight
control capability[J]. Journal of Bionic Engineering, 2016, 13(3):
458-467.

YOON S, KANG L, JO S. Development of air vehicle with active

[17]

(8

[19]

[20]

20210492-11

flapping and twisting of wing[J]. Journal of Bionic Engineering,
2011, 8(1): 1-9.

WOOD R J, AVADHANULA S, SAHAI R, et al. Microrobot de-
sign using fiber reinforced composites[J]. Journal of Mechanical
Design, 2008, 130(5): 052304.1-052304.11.

SREETHARAN P S, WHITNEY J P, STRAUSS M D, et al.
Monolithic fabrication of millimeter-scale machines[J]. Journal of
Micromechanics and Microengineering, 2012, 22(5): 055027.1-
055027.6.

PHILLIPS N, KNOWLES K. Effect of flapping kinematics on the
mean lift of an insect-like flapping wing[J]. Proceedings of the In-
stitution of Mechanical Engineers, Part G: Journal of Aerospace
Engineering, 2011, 225(7): 723-736.

FINIO B M, WHITNEY J P, WOOD R J. Stroke plane deviation
for a microrobotic fly[C]/2010 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems. Piscataway, US: IEEE,
2010: 3378-3385.

WHITNEY J P, WOOD R J. Aeromechanics of passive rotation in
flapping flight[J]. Journal of Fluid Mechanics, 2010, 660: 197-220.
R B 18 05K A By @) ] Y RCHh 3 AT A ALY
B J3 % W5 [D]. AR - 74 i 38 38 K2, 2008: 23-26.

WANG Dayan. Research on the dynamics of flapping-wing mecha-
nism with spring and bearing clearance[D]. Chengdu: Southwest
Jiaotong University, 2008: 23-26. (in Chinese)

(%h#k: K

%)


https://doi.org/10.3321/j.issn:0577-6686.2005.08.020
https://doi.org/10.3321/j.issn:0577-6686.2005.08.020
https://doi.org/10.3321/j.issn:0577-6686.2005.08.020

	1 扑动—扫掠多自由度扑翼驱动机构设计及运动原理分析
	2 扑动—扫掠多自由度扑翼驱动机构动力学性能分析
	2.1 驱动机构刚柔耦合动力学模型建立与求解
	2.1.1 传动板件的层合板有限元模型建立
	2.1.2 板件间连接关系构建
	2.1.3 位移边界条件与载荷设置
	2.1.4 算例求解

	2.2 板件厚度对驱动机构动力学性能影响分析

	3 结论与分析
	4 结　论
	参考文献

