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Fig.1 Hovering flapping wing micro air
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20254E 5568 552210] - it hlE A 61



- . .
—— 8¥n o

FFEAR 5y, N — 2P 4 -3k
R,
12 EHFEENFIELRE

EX ) igack AL iIE-SUN I )
BN T KON B 3 A
KB B

TS TR A A SR A
A7 A0 S it 40 2L R RS TR
FEAE R RO GO EIRLEA T =S B
T, LIRS H AR LT AME i 3L (&1
3 (a))o I 158 MU, F A 2R TH
RHRE D LA O A BT EI40E
A7, 7 5 5 3% T A 10 B JDORY T X3,
TR S S 3 R o 5 B A5
il & TAE G, 75 2200 38 ki A7 1 1]
o WEPEERE 0.075 mm FIRRET 4E3
AR RE T R (RIS 90 <C), 38
S ROCTIEE AT T i R
M S54SR 5 RIS ZE 3R 48
i (B3 (b)) HTFHRE R
H B EAFE, AR G B TE 2505
AME R, A T S E RS
TEREIG TR 25 i A, TR BT
MR A AT 2% 5 S ARAL ARG I — A
LU BT, SR R IR 4R
V3K AT ASEAR ERT , B TR B A
IR R 2 T 5 3 RS R UCORG L , DAAS:
FIFT SERERF R IMIEEH

SER IR R I E A T

(c) B LIK

LR IE KRR (3 (¢))o
Bl A B B BT Eas A IR
P i)k B ) 2% 44 T AT A Ak B
2 8 FIRHL A TR A T AR B (<135
°C ), A 335k FHAVR Ik 1 b Al 21 248 25 4R
PR T AL (AR 90 °C  [E{LHT
] 60 min ) £ 32k , kG0 1 38 AR
It FE i

Fn WHER (K3 (d)), 7EE
Z M SNZER T SIS A S0
AT BRI R B A
44 (4h4% 1.1 mm . BEJE 0.04 mm ),
[ R B IS5 . 2% B4l
AR T 1A 04 J 1) W, AR
JEE SR VR R IR T 3BT sh Y RIS
o I, FPEDT ARSI

T 21 2 Y0032 ek 1 [T A L B it £k
il 4 proR, % S IE L A
FRE R RIR2E( £3 C), BEALEE
BN 95 °C 5 AR IR 543
1k, TR B 18] A 40 min (T i K R
<2 K/min ) ; [Efb5E S5 IR N4,
2 60 min JFIRHEE R FELIEH
S ST R e R - R E A
g5k HE NI 528 i

M FAEGE T L A& TS
BABERH (1) B EIERA
TR, SRR R — 2o (22
/NF 0.1 mm); (2) BPKAEFLAL I [E

(b) RETRLT TR

(d) LHERWEW B A%
3 RMFERNEIZRE

Fig.3 Preparation process flow for flexible bionic wing

62 WisshEEEA - 202545 568 5 2210]

PRI T2, JEAT TR IAIRE R
BRIk , b b 1 JRORA SRS AN 2] 5
EARIEE BT (3) et £l
DA™ SRR E PEAR T

2 FMAERMOMEETRR
21 AEIZRIFEHEGEERERE
Xtk
BV T A MO BOR, R
MAX T ES5ER T 20 % T HA
1) 45 ¥y 1) 5 A 3R (151 5 )
1R e LSMNE B S IKES
P —EER T, A SCT 7R
FR AU LG T 25 3 46.4%.
X ERACR E T (1R T
i s SR AL (2) TRt A

100 -
80 -
60 -

40t

TPLEE/C

20

1 1
0 25 50 75 100 125 150 175
SR E]/min

4 ERATETUR R ELIRE 2k

Fig.4 Curing temperature curve of carbon

fibre prepregs

i

(a) AT 20543

(b) R T 253
5 fREREH

Fig.5 Bionic wing samples



Smart Materials and Structures %ﬁgﬂﬂﬁ%m

R D T ORI ) BRI BT a5 (3)
FEESYiOE 87 et i) iw o 1
RCAE 5 4 38 1 Sl o B P A 1B PR T R
RS, A B TR S INIROR

iR 6 s i 56 0 1 R 42
W57 Pl 5 v o o 22 2 0 A B 1) °F
B JIL sl (LP,,, P, N5
B AU Dy %) Al . 5
FETCRUH R R 2= R T, 10 &R
G SN LIRS (KD34s,
ME ) A (GSV-8DS, ME ),
H A5k ( TCP2020, Tektronix ). /i
2% (TBS1102C, Tektronix ). £ J Hi, 5
AN, Hod Fh bl H
FURBh 5 A FE o)), Fa R IR F 1)
NP 2 OAR L LAL AR, T 12 Rk
i ST R AR H TR T
FEL PR Sk 57 U 4 FH - A0 e AL 7
HLAE Lo FELHLE 1 ML D) 32 P,
(1) PR U

P, =(U-IRYI-1,) (1)
A, U R R e U At L 5 R
SRy As O A LA R 5 1, R FLAILEE
X 7 B T 2 L . BB, FE
RIS T = R AL (FASTCAM
Mini, Photron ) i S A5 AR ELAY b

WK 7 iR, #6 A0 R M AR f
AR AT )
WA TG T 20543, HiXfh =5
BEATR T 5 G, IR vl LA L
TR

e, R AR AT ) 25 55
SR TN IR B A — 2. FEFh3h
AR FNSHLR T SR ST AE (A
SR L R R SZ R AR 2R AT
KA R A X S 8LbR N )
WEERTEIHE " A TERT S
Pt B R SRR, AR B
Bo A S fr B i, PR, 7R A
[FIFNEIIRT , HF DSl B 0 2 5 T
AT 2R, HiZ 2 SRR T
st — P K, R 8 fiR, 24k
SRR 15 Hz #9520 Hz J5 , R
SCT A HEE B FN SR EE i 175.8°

F1 AL/ FREIZHENHEE (AR )HREJLASESH &M
Table 1 Mass, geometric parameters and preparation materials of single bionic wing prepared
using proposed process and traditional process

Xf 5 AT A3 ST A3
JiiE/g 0.160 0.345
51 g 0 . ﬁﬂ%' 0106g(307%);
TR f?‘ﬂ’?’ UiER ) Hhk: 0.178 g(51.6%) ;
SEH B S L Flk: 0.084 g(52.5%); s 0
B4 0021 g(13.1%) i G (@),
= R B JBKA: 0.040 g (11.6%)
FK/em 9.5 9.5
HA/em’ 25.87 25.87
s LA TR RELHE (B 0.025 mm)
P TREF A A MR (HAHE 1L ) TR AR Ol )
ARAME R A7) E =
R —
LAk
N
AL WA
Ee6 REMERZAK

Fig.6 Components of experimental measurement system

O kT2 il - AT LR
35| ¢ RRT LR ; - (B T A3
R L
30 -
2
o 25T =
N =~ 5
~ 20t z
150 'S4 )
10 3r
Il Il Il ] 2 Il Il Il ]
510 15 20 25 30 10 20 30 40

fIHz Ligf
(a) FEITH TN (b) FAaIREERT L
7 A/ EETEHERHSIEEI L
Fig.7 Comparison of aerodynamic performance of the bionic wings prepared using proposed
process and traditional process

20254E 5568 55 2210] - B hlE AR 63



- . .
—— 8¥n o

B Z 182.2°, MR T2 HE 3 h
183.0° N = 193.3°,

Hwk, T 122 550 5 Witz 3
AR G, SRR R E Tk
PR BB, 25 F B EVE R T G801
SR 2O BT S e IR B
1, sk T U FEAR IR
HIFNBIIIAE T ARG T 2 A 3L R
K, B SN shhe,
o L BHAL AR AR B T, W 9
N TE LANE BT R S, AR ST A
A= SRR TR R N R B I
KRIEA5E BN M ARG T A
A3 HA BRI S TH AR, TE
HEE AR PE AT, AR, B
AR B TS T R
ARG T2 ARG R =
}I_jj [17—18]0

SR, 777 A2 [ 3 T T B AR
TG T 23, AT 25 AR
HIFN IR IR LR 2 1~2 gf/W (1A
7 (b)), X FEEFF P Fp5 A AR
PEUPR E 225, Eh s R, Y
D A UM A, BT HH R LR —
HB 53 FH ke 38 hn 5 A= 32 19 sh e (R e
MR ASE AR ), 3 —3 2 HR 5 ik <
BH T AR DR R 05 AR B A1
IR A SR Ak S bl e nT o T
v RSN BH 7, F6 2 3 43 D) LA S 45
G " TR T A0
I M A e, R N R AL
iyt BE Z ML TR ] B 7 ik
BRER she s 2, BN g
BORIAL, MR, AT A A3
T BARR e s, 78 LR 72
HhRE S UFE /D PRI SR B TR
B Fh &R, E 7 (b) fiR, 7
SERTE S 30 gf B, AR SCT 23
HIFN IR AR S T 2 A 2
40%. X —HORMABEWE , X T
BAETF 17T KA BN AT
WAL T AN A S RE S W R
PR IR, AT S8 KR
A7 # LA a]

FEH a7 T, WA T2 895

64 Wiz REEEA - 202545 568 5 2210]

AR B S AR
il # 1 PIRR 25 A2 345 5 0,
IHAE 25 Hz $hahIiR T #EATHR4E 30
min I, Z5 SR ANET 10 R
RERE AT 5 X A3
AR B Sl A A, (ARG S0 A B

(a) AT PR, Fhai15 Hz

(c) AT PR, FhaiiA20 Hz

B R 8 (&1 10 (), 128 45
DT s R rh BEAR X IR Z R 21
VBN SRIDE A CIE 71 R i el A 2

ZOPHEFI B T W A, 3 R
AR R A 2R, Herp 2 AR s
TEARME, S EOE KT, B

(d) G T 20ER, P20 Hz
8 A/ fERTZHERMIERER L

Fig.8 Comparison of flapping amplitudes of bionic wings prepared using proposed process

and traditional process

(a) 1 LFMEBIOTIRT B, A3C
T AR AR T 2

&9

(b) 7E_LFMBIIT RN, 1ot
T2 RO 25t e

KX/ EGTEHERNBEIEFILL

Fig.9 Comparison of rotational motions of bionic wings prepared using proposed process and

traditional process



Smart Materials and Structures ﬁ%ﬁﬂﬁ%ﬁ

AR P EARE A, T A AN ]
TR A I PR 52, B3 ik M 3R JS 1 3¢
B ER S S RE (B 10 (b)),
E 245 AT 51 R 58 e IV g v P e
Wi PERe R 22 BB R IR
B R R T AW e, 4
ES@Cqv RO I [ O UE P R T
ARG RBENKES,  FiRg
B ARSCTZE Pl & 0 3 5
A TR T A R K 8 A o
22 AEEBKMEEHERRNERE
palsa
ARSCHE— SR T H ARSI 1
AR 1. WK 11 iR, 32 [ R A
L GBI RR A, il e 1Ay £ o
LA KA A ) R e A 3 (TR
W k7)), HAME RSP 53R 1
TR SC T A A 3 — 3, BRI o
F0.162 g, SARXTEAEF T
T X 53, B SOR I EORR S 13 A3 ik
DA ) A Y
PRI R, AR A3 ([
EL ALk / AR BKA A= 3 ) FE R0
PERE AR B 25, K
12 fi7R, AR R F A% T i A3
ik 5 A S S 4 T e v T R R
Bk AR 0 3 BN BhRCRIEA
— B XFPERE L AR T R
FWEEIN iz sh AR AL i
fo BE AT . A X AR R Fh sl v
CRI$D2h J 11 N A T st 220 ) 1 v et
15 B (B 13), o] 02 31 96 A 45 4=
BN IL TR eE A, Xz
B 5TEAT I — 8, [ ATEAE
[ NS5 = A 1 T e <
SPR o4 . A, BT PIRRMS
A= B T S AT 2R, A o)
P N A T[] — S g, P51 1)
RIMFE HIF L EE S, Lk
FILFEIVER], (A m b {5 AL 3 L B
AL FNIRCR
(AR, U7 B s ki A=
HNFEPKECR 2 R e, ]
il £ M FE v T AT AL B K A= 3 . AR
Fe 22 F, A A 35 Bk 5 A 35 AE TR R

(a) AT LR (b) 5 T2 55
(PR A Dy IR A X o 1] ) (LT ERBEAE 3 R )

10 {AEEFMEN 30 min ERER
Fig.10 State of bionic wings after flapping for 30 minutes

(a) 7 ELIR KD R

(b) FriFEsR
B (fRRERHERSRIFIRR

Fig.11 Bionic wing with insect-like veins and hoverfly wing

40 or
= MLk 3 = AL KO R
350 e R KAER gk -o- LB R AR 3
30+ =
LED ~
= 20} < 6l
N
15F -
5 -
10+ g
v
5 1 ! ! 1 L L L !
10 15 20 25 30 N 10 20 30 40
flHz Ligf

(a) FITL I L (b) FMEIREENS I
12 EUER/ (FRRRKGERENSIIERESTLL

Fig.12 Comparison of aerodynamic performance between bionic wings with simplified veins
and those with insect-like veins

20254F 568 % 5 220] - At lEEER 65



- .
— >
—— i FORUM

LAY, 5B d
S, R A 35 A LA AR
BHRHE (1 14) . X R, RETER
TILMIE A (FAKIEAR) J5 10474
255 AE W R 45 A 3 1 A W1 2 D
[ o A RN . X — R A
ENEME shA A VEH T R
AL AR TEARE S, 5K 13 iz 3l
ML 25— 5, sE— R, R R
B ARk as v REFFAE e e T
SNPEREMLAL T oK o A B
AR 3 k% 11, R AT AR 4S5
SR MO TR AH 2 i st fE . R,
MSE P TR R A R, AT Ak
3 KA A AN T AT AT R —
oMoy R AL, PR T LS
FH A B
2.3 FHHEEMK IR

Bk st RS A ST FE T
FORE R E NIRRT
T, DA 56 22 R 0 A 38 1Y S B 1 g
AT AL ok 45 A 3 e e A — 0 2
AT B A PRI AR K AT 4% ( BHAly )
L (E15 (a), % RITas B im 29
33 g, Fehrial Kt B 15(b R
BRI A SC T2 AR 3L
e R ©AT R A R Ty, Rl f
T2 RAT AR RA TR oK, (/AT
ARRENS ST BN T B AT K L fE]
CAEBIE,

3 &g
5% 2 iy AT A F R R R AT
IR A SAEAE R I8, A SCHRE
TR T AR B S T
oo R B IE, AR SC T2 i A
w5 A FE R IR 22 05 T PR RE L
JE IR IA 50% LA B, FMEh R R
FH24 1~2 gf/W 5 e85 38 T 1
P 3 ol N N I ) A O {7 B3
RIAER T AU R &2 40%, f#
FH A B 5 K, XM A BT
PETF AT B NI T R AT AR O ST
P fE, S HA ) 52 AR T G

HoRSHE
66 MiAFRIREBA - 20254F 5684 55 2210]

(a) #T=0 (b) #T=0.15 (¢) #T=0.25

(d) #T=0.35 (e) #/T=0.40 (f) #T=0.50
W O ESEETE] . TRhEha R,
13 EERTRRERGEEREEBRIICERNERER S

Fig.13 Overlapping images of bionic wings with simplified veins and those with insect-like

veins at the same flapping position

— B s — B s
RS 5.5 He W44 4.4 Hz

— LS — AR
[E 454 49.0 Hz [EATAR . 44.3 Hz

R iR B s
[EA . 110.9 Hz [E 4=, 112.1 Hz

(a) fi P3R5 A= 3 (b) fiyEE 3 ki 38

14 HEEITHER
Fig.14 Result of mode analysis



Smart Materials and Structures ﬁﬁgﬂﬂﬁ%m

(a) PEEHMERIE ¥iTde (BH-ly)

e
Frett

(b) WA Rl 2

B 15 FHMEERLT
Fig.15 Test flight of flexible bionic wing

FE T B, AT SE 8l T
PRI s 1 5, RO YT RN
BORE ARG R, R b 1T T
IR UK i i bR AR A AL IR
e, 7 fh I T —ErE R T, XL
PR AU T 158 T 247 A
F14 S 2 O Sl 8 P 74 i L S ) A
R JE SRR A A B E T
Bl

WD, ARSI, 52 A% B 3 Tk
5 g A 3 ik 4 05 A= 3 A B Pk fE
(BT SR ) Ll
WERESF, KRR, BT
PO A= 35 3L IKIN , A58 4 52 1l A
WrE R S 2 X O R AR A
PP Bt 7T R

2 % X Bk

(1] ek, BRBE, skHk, 55, nrafefis:
FREGOR AT SRRSO ERR ). AR N
2F2ER, 2025, 43(2): 1-26.

CHENG Cheng, CHEN Long, ZHANG
Yanlai, et al. A review of aerodynamic design for
hover-capable flapping-wing micro air vehicles[J].
Acta Aerodynamica Sinica, 2025, 43(2): 1-26.

[2] KEENNON M, KLINGEBIEL
K, WON H. Development of the nano
hummingbird: A tailless flapping wing micro
air vehicle[C]//50th AIAA Aerospace Sciences
Meeting including the New Horizons Forum and
Aerospace Exposition. Nashville, Tennessee:
American Institute of Aeronautics and
Astronautics, 2012.

[3] HU K, DENG H C, XIAO S 7,
et al. Design of a bio-inspired, two-winged,
flapping-wing micro air vehicle with high-lift
performance[J]. Journal of Bionic Engineering,
2024, 21(3): 1191-1207.

[4] PHAN H 'V, PARK H C. Mechanisms
of collision recovery in flying beetles and flapping-
wing robots[J]. Science, 2020, 370(6521): 1214—
1219.

[5] UNIVERSITY T A, COLEMAN D,
HRISHIKESHAVAN V, et al. Design, development
and flight-testing of a robotic hummingbird[C]/
Proceedings of the Vertical Flight Society 71st
Annual Forum. Virginia Beach, VA. The Vertical
Flight Society, 2015: 1-18.

[6] NGUYEN Q V, CHAN W L.
Development and flight performance of a
biologically-inspired tailless flapping-wing micro
air vehicle with wing stroke plane modulation[J].
Bioinspiration & Biomimetics, 2018, 14(1):
016015.

[71 PHAN H V, PARK H C. Design and
evaluation of a deformable wing configuration
for economical hovering flight of an insect-
like tailless flying robot[J]. Bioinspiration &
Biomimetics, 2018, 13(3): 036009.

[8] TU Z, FEI F, DENG X Y. Untethered
flight of an at-scale dual-motor hummingbird
robot with bio-inspired decoupled wings[J].
IEEE Robotics and Automation Letters, 2020,
5(3): 4194-4201.

[9] NANY H, KARASEK M, LALAMI
M E, et al. Experimental optimization of
wing shape for a hummingbird-like flapping
wing micro air vehicle[J]. Bioinspiration &
Biomimetics, 2017, 12(2): 026010.

[10] PHAN H V, AURECIANUS S,
AU T K L, et al. Towards the long-endurance
flight of an insect-inspired, tailless, two-winged,
flapping-wing flying robot[J]. IEEE Robotics
and Automation Letters, 2020, 5(4): 5059-5066.

[11] PHAN H V, KANG T, PARK H C.
Design and stable flight of a 21 g insect-like

tailless flapping wing micro air vehicle with
angular rates feedback control[J]. Bioinspiration
& Biomimetics, 2017, 12(3): 036006.

[12] MAH, GONG P Y, TIAN Y Q, et
al. HiFly-dragon: A dragonfly inspired flapping
flying robot with modified, resonant, direct-
driven flapping mechanisms[J]. Drones, 2024,
8(4): 126.

[13] ROSHANBIN A, ALTARTOURI
H, KARASEK M, et al. COLIBRI: A hovering
flapping twin-wing robot[J]. International
Journal of Micro Air Vehicles, 2017, 9(4): 270—
282.

[14] GORDON M S, BLICKHAN R,
DABIRI J O, et al. Animal locomotion: physical
principles and adaptations|[M]. Hoboken: John
Wiley & Sons. Inc., 2017.

[15] WU JH, SHENG S J, LIU Z M,
et al. Experimental study on the aerodynamic
optimization design of flexible wings for tailless
flapping wing micro air vehicles[J]. International
Journal of Micro Air Vehicles, 2025, 17: 17568
293251348206.

[16] DU F, WU J H. Analytical modeling
for flapping wing deformation and kinematics
with beam flexibility[J]. AIAA Journal, 2023,
61(2): 875-889.

[17] SUN M, TANG J. Lift and power
requirements of hovering flight in Drosophila
virilis[J]. The Journal of Experimental Biology,
2002, 205(16): 2413-2427.

[18] WU J H, SUN M. Unsteady
aerodynamic forces of a flapping wing[J]. The
Journal of Experimental Biology, 2004, 207(7):
1137-1150.

[19] MAO S, GANG D. Lift and power
requirements of hovering insect flight[J]. Acta
Mechanica Sinica, 2003, 19(5): 458-469.

BARIER : RVLHE, B2, Wi h o B
BUFNIL LR AT BT, O AT
TR 2 5 kAT B o R RS I
AR LSBT S R, L AT S
TR SEUAT ST

(T#% 87 W)

2025465568 M5 2210] - B RIEHA 67



Smart Materials and Structures ﬁﬁgﬂﬂﬁ%m

excellent multi-physics field manipulation capabilities in mechanics, acoustics, and thermodynamics, and exhibit broad
application prospects in the field of smart structures. Although the development of additive manufacturing technology has
significantly enhanced the shape complexity of lattice materials, its limitations in build size and manufacturing efficiency
still impede the integrated fabrication of large-scale complex structures, which has become a key technical bottleneck for
their engineering application. To address this, this paper proposes a prefabricated assembly construction method using
standard unit cells, which enables configuration flexibility and manufacturing feasibility for large-scale lattice materials
in complex structures via modular construction and spatial assembly. In terms of structural configuration, octahedral
lattice unit cells serve as the basic components, with two connection strategies developed: Bolt joints for flexible material
systems and bionic plug-in joints for rigid ones, enabling modular assembly for diverse application requirements. For
flexible structures, linear actuators are integrated to construct an actively deformable wing structure, which achieves local
deformation control with a maximum thickness adjustment range of 25 mm and a maximum surface inclination angle of
12°. For rigid structures, a lattice sandwich cockpit prototype is constructed, and a homogenized finite element model
is established for static mechanical analysis, resulting in a bending stiffness of 2564.1 N/mm and a torsional stiffness of
1409 N - m/deg. The research results indicate that this assembled lattice structural system, while maintaining lightweight
properties and high performance, possesses good assembly flexibility and cross-scale adaptability, thereby offering an
effective configuration and manufacturing solution for the engineering application of smart structures and lightweight
aircraft components.

Keywords: Lattice materials; Prefabricated assembled structures; Modular design; Additive manufacturing; Smart structures
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Preparation and Performance Study of Flexible Bionic Wings for Hovering
Flapping Wing Micro Air Vehicles

SHENG Shijie, WU Jianghao, ZHANG Yanlai, WANG Yichao, WU Huiyi
(Beihang University, Beijing 100191, China)

[ABSTRACT] This paper proposes a novel preparation process utilizing composite materials for the flexible bionic
wings of hovering flapping wing micro air vehicles (FWMAVs), addressing issues such as excessive mass and inertia,
low flapping efficiency, and limited service life. The process employs lightweight, tear-resistant Cuben fabric as the wing
membrane, combined with carbon fiber prepreg curing to form the wing veins. It also incorporates laser cutting, self-
bonding technology, and a standardized thermal curing process, significantly enhancing the performance of the bionic
wings. Experimental results demonstrate that, compared to traditional processes, the bionic wing prepared using this process
reduces mass by 53.6%, increases flapping efficiency by 1-2 gf/W (approximately 40%), and exhibits no significant damage
during high-frequency, long-duration flapping, thereby substantially extending service life. Meanwhile, comparative
experiments reveal no significant difference in aerodynamic performance between flexible bionic wings with simplified
wing veins and those with insect-like veins, offering a new perspective for the optimal design of bionic wings. Furthermore,
flight experiments validate the practicality of the proposed bionic wing fabrication process, laying a foundation for
performance enhancement and practical application of hovering FWMAVs.
Keywords: Flexible wings; Hovering flapping wing micro air vehicles; Preparation process; Bionics;
Aerodynamic performance
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