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Survey on autonomous navigation systems of bionic
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Abstract ; Bio-inspired Flapping-Wing Flying Robot (FWFR) mimicking the flight mechanism of animals like birds and insects in nature
has the advantages of high safety and good disorientation, which has extremely significant application prospects in disaster rescue, anti-
riot and other aspects. In order to realize autonomous flight and perform detection tasks in unknown complex environments, a navigation
system integrating functional modules such as perception and mapping, planning and obstacle avoidance, and flight control guidance,
etc. need to be developed. This paper firstly gives an overview of the FWFR's navigation system by classifying the robot into two
categories of micro and medium-large according to the wingspan size, and then compares and analyzes the main research progresses in the
navigation system of both FWFRs at home and abroad. Then, the key technologies involved in autonomous navigation systems such as
perceptual localization and mapping, planning and obstacle avoidance, trajectory tracking and flight control guidance, etc. are analyzed
and reviewed, the limitations and urgent problems are also pointed out. Finally, an outlook on future research trends is provided,
including enhancing onboard embedded computing capabilities, multi-modal information fusion, multi-modal flight flow field perception,
research of biomimetic vision systems, and swarm perception and formation control etc.
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Table 2 Summary of the current status of research on perceptual localization and map building for FWFR
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Table 4 Summary of the current status of research on trajectory tracking and flight control guidance of FWFR

ik BEHLZE IR 37 Py ST fE
[46-47,98,100] PG K MFEHLIRFHLIE Y PD HEENLSh = 45 A K
[9] PGB AL ALIRShHLEE AEHLSRS) 3 H14% PID 4 H AT BT R
[101] T/ ALHLIRBIHLIER EHL LR R 3 B 3 bang-bang $ffi . PID R | B AR
[76,102] KAy WK S HLIE FEHLIK ) 2 3L 3 A TE AR WA
[36] /N NaN XAl PID EER =
A
150 cm B -
700 gH & i\ B
LR RPN R 7 i

pis
R g ] R R ALK

P
o PRI

0355

22 AT )T EALER AR AN B4

#h3h AT R

LB 4 5 1

RN

Fig. 22 Perching control of a FWFR with bird claws''®!



78 f# £ ¥

a4t

e, BB E R I T TR TR
NIREEM A T ITAFEE L, HRHML TPl A
PUBEREE SRR PR ANER 4 P FTRESALUT 3 A

1) WEEBLBCH A I i i e AL Hs — Tl 2%
AR R JC R 3P 7 SRR A R 4 G S
SHEEENLEPERE T (R AT TR PR LA I AL
AU RATRTR o X T PSP SR A oy vy R P B3R b
FATHLE AR, — Bl ad VLIRS LIRS $h 3l , g
HLAKSh B i 2, ol T He it A R B R R e ML 2l
A H R AR AR BT, R i 00 R A A 45 R
KB 1], [ B g FOAR T PR B A E 1k

2) He RZ PR e AR RS T 6
DA 0O B 7 B AT R 2 0, ) A RO A
B FhERAE T AR AT R BT LS R H AR
W] R IR A5 AR iR e HE— 2B

3) PUBERER | F AT R RO R DU R
(RS PID FEihil oy 12 AR R G BHRE AR 1R
SEELEAS PID 1AIZ15 2 BEAL AW e R, (7R 2825 A
T RATHIY R G R b I AT 1A R A LR
14 22 1Ay g 2 AR R A b R P 510 1 7 R A L T
A il RS T U 42 o) S AR AR D05

3 RERMREE

3 3T L A A BT AR R M R FR B R AT LA A
WLRGE, AT LR GE T b 3000 3 FhOCsEEOR , AT LA
R BTN B 3500 R S8 0 A 588 A X 9%, U H
AR R SE 57 | R R sl B A 42 ) B 2 A5 22 T 3 E A
Py SRR GRS 5D o Z ] TR R 576
TRCRSGHRYFEENE FME A 3 0T 5 58 i 5
PR, 55 AR R AR S 1Y 1] 32 RN 3 TC A HLAH T
FNE AT N B B R AR K LR hl, 455
A DFFER K T fa B 38 1 DL LS S AR TR 5 1
8.

1) $EFHHPEFEHLE 5 Pl B AT TR RE

PG A BT T 5 0 A7 A i SR, o RTAR A AL A B
PEUGAL g ASE e o] 42 3 T 2 S A B A 3R IR REBIL- 15 119
SRR T S8 AR AT AE B AL o) S | 250 58 [ T i A
PRUESERPE Ak AT 5 IBAE T 208 ) iP5 1 T 354K
TR I ALE CPUNGPU 57 &, R Al 4 Fi2 12 48
["TF%1 (field programmade gate array, FPGA) HiriEs
MCU SER I D RE A R &, [ HL T 7 & BRI 1R
Af LA v P B TS8R TR SR e 17 ) 3 T i T s % i A R
PEEE AT LA I AL RS BRI B S A D RE , 5K A B
T UG A FILE B, Sy 5 T A0 il 7 58 0 E AR SN
SE A5 ) IR S AR R Bl

2) ZRSFEBRE I A ESAEA

WL P A RE A% £ 11 = T i PR SO B (B )
52 EN PAMEREAR AL A B [ A ik 3l 520 5 B AL s
AEAG TR LRI Y12 AR AR B (R 18 2 (i AL AS 25 ]
R OG0 RT USR BORT B A B RS A A5 S, (H T 40
TSR G SR A R, B3z 231 5 FA A
ARG AR BRG], HMAR AL RS AT AR A RS A T B9 EL(ELH]
TR ARG , o i i Bl o — 2 PR A TR L, 191
WZhiH R4t OptiTrack Fl Vicon %5 REASTE %8 N PR B4R fit vfi
B ARPARZS A T, OC BRER T £ 2 AN A TSRS A
PURER, B ZEESE RS, W R AR
JEAR IO TRAb 5 A R BRI, Bk T ukas ) JR gk
PEOL AT TRBEAE ] O AR A SRR S B I AT
PR AOLE A7 |88 PR 58 JE R ) Al oA
MM SE B 22 4 il SEANAE RERY [ 32 A

3) T o] 2R AT RN S B AL

PRI XRESE (5 BIRXT IR 8 B2 i
FIRERE BAT T R W, I AE 0 o B2 2 S A5 1 LA W
o BN TRATHLAS AP S - - R - B S 2
ATRATREE BN BE NS TN A T 1) 38 E | S AR
SEMLER S B A 1] A2 PE R DL RO MR, R X
RE AT A 28 TS s/ R AT A, AT L IE R X
LSO A S S S A B B, AT R A URE
TR, T W0 A RS 4 D6 AL 125 T U 80 51 P
BRI RAGTE AT HLAS AR X T 0 375 84 38 2 A 1
RV, I FAIL &R > PR IEE 2 2 HOR T LA 24 M 3 7 Al
REBSH A TSR AN T, 30840 6] 3 37 XU BE 2
93T, FFE RAT LA A AT DL R AT B AT A AL
B RAT AR AR/ NI RE BT AR S IR 8K AT

4) AT R G

FIAR S RAT S i i (M B0 A AR SR AL T
JEIE I RATISE R GE ., RATShad WA T I Y DL
FE 2 HEAAPLE RE 1, 1) 4 18 B2 gl 9y mT LAAE JL T K
BIJLT A i 2 e DA LR A8 W0, 3 ok AT wvh b s AL s )
YT, AN, B S LR AT R AT Sl gt s
LHEE IR Ak 7/ NN ORIV W B IS ER AN BN % K7
AT R, K S R E RIS I SR S 1 £ LB R 4E
FBEFE AL T R A A AT S A L SE AL, T
JREHE TR ALET T I S AR 5 1 e 5 B AL T 5T, ok —
AR T RS PR

5) FhIRATHLAR AR 5 2 BA 2

S 1 T RS 2 S, SPLER A E LA S e 2
o 10 PR3 M 00 -5 B PR A 55, 308 e 1) A SRR A R
JEJREH SR AR DR 28 ] FRERBE 0 S8, T4 e AT
KRR ATEENE P RAL I, DI G BA A O S B
FEMBGR RS, 1 SR8 S IRy AT AR MR IS R



5511 40

FEGEN S ORI RATHLE A A SR ST S 79

TSR B CATRR IRBEHEIR L 4 O A SCHRXT V7R 4 BA
BB EA LB I T RIS FNEE SR BA Al R 155 A ok
) ] A A B AR S T ] S S AR £ AR ey
SEERER () 22 HIUASE B TR0 AR G 4] 0 25 8 4 it BA DR B A
FEPESEN

4 & it

ARSCFEXS PP BPE KATHLEs AN A E MRS
WFFEHE RO AR AT T BES 5 0. ARG b
FRATHLAS A2 A U7 A 2 S R
AT HLAs A F MRS R 73 S R rp BRI/ N Y g o S 7
O3B T AN R FR LR AT HL AR N AL R S
PR JFNH £ RATRE ) A BEBEAT T A S LA, X
BFMARGW L) 3 DR  BRER S K iz 5)
P 5 B A B 5 AR R R R IR AT T AR
B A3HT T AR TEFNIL N T B I AE AR 0 R, i J X
FNELRATHLER AR & S A dh AT 1R B, A A 4
THOLER AT RE ) 2 RSE RS T 0] 2R
TSRS A T 900 5 E LSS R G & AR
5 G A2 ) S5 R AR T 1]

5%

[1] LUY, XUE Z, XIA G S, et al. A survey on vision-
based UAV navigation [ J ].
Science, 2018, 21(1) . 21-32.

Geo-spatial Information

[2] GYAGENDA N, HATILIMA J V, ROTH H, et al. A
review  of  GNSS-independent ~ UAV  navigation
techniques[ J]. Robotics and Autonomous Systems,

2022, 152 104069.
[ 3] AL-KAFF A. Survey of computer vision algorithms and
applications for unmanned aerial vehicles [ J ]. Expert
Systems with Applications, 2018, 92:447-463.
ESCOBAR-ALVAREZ H D, JOHNSON N, HEBBLE T,

R-ADVANCE: Rapid adaptive prediction for

[4]
et al.
vision-based autonomous navigation, control, and
evasion[ J|. Journal of Field Robotics, 2018, 35(1):
91-100.

[ 5] BARRY A J, FLORENCE P R, TEDRAKE R. High-

speed autonomous obstacle avoidance with pushbroom

stereo[ J]. Journal of Field Robotics, 2018, 35(1):

52-68.

ZHOU X, ZHU J, ZHOU H, et al. EGO-swarm: A fully

autonomous and decentralized quadrotor swarm system in

cluttered environments [ C]. 2021 IEEE International

Conference on Robotics and Automation (ICRA) , IEEE,

2021 4101-4107.

[6]

(7]

[8]

(9]

[10]

[11]

[12]

(13]

[14]

[15]

[16]

RODRIGUEZ-GOMEZ J P, TAPIA R, PANEQUE J L,
et al. The GRIFFIN perception dataset: Bridging the gap
between flapping-wing flight and robotic perception|[ J].
IEEE Robotics and Automation Letters, 2021, 6 (2):
1066- 1073.

TIJMONS S, DE CROON G, REMES B, et al. Obstacle
avoidance strategy using onboard stereo vision on a
flapping wing MAV[J]. IEEE Transactions on Robotics,
2017, 33(4) . 858-874.

XU W, PAN E, LIU J, et al. Flight control of a large-
scale robotic  bird:  System

flapping-wing  flying

development and flight experiment[ J]. Chinese Journal
of Aeronautics, 2022, 35(2): 235-249.

CHEN C, ZHANG T. A review of design and fabrication
of the bionic flapping wing micro air vehicles [ J].
Micromachines, 2019, 10(2) . 144.

BRI, KRB RO, 45, 0 S ALER I R AT A Bl /4
/AT I SR T B [V ], 25 8l Ty 222 4l
2018,36(1) :88-97.

XUE D, SONG B F, SONG W P, et al. Advances in
coupling aeroelasticity and flight dynamics of bird
inspired FMAV [ ] ].
36(1) . 88-97.
SHYY W, AONO H, CHIMAKURTHI S K, et al.

Acta Aerodynamica Sinica, 2018,

Recent progress in flapping wing aerodynamics and
aeroelasticity [ J ]. Progress in Aerospace Sciences,
2010, 46(7) . 284-327.

PLATZER M F, JONES K D, YOUNG J, et al
Flapping wing aerodynamics: Progress and challen-
ges[ J]. AIAA Journal, 2008, 46(9) : 2136-2149.
SHYY W, KANG C, CHIRARATTANANON P, et al.
Aerodynamics, sensing and control of insect-scale
flapping-wing flight[ J]. Proceedings of the Royal Society
A. Mathematical, Physical and Engineering Sciences,
2016, 472(2186) : 20150712.

R REW, Bk, 5. 53233 1 # AL o
FEBR MR [T]. B2 BOR B2, 2022,
52(6) :893-910.

SONG B F, LANG X Y, XUE D, et al. A review of the

aerodynamic

China

and progress on the
[T].
Technologica Sciences, 2022,52(6), 893-910.

GERDES J W, GUPTA S K, WILKERSON S A. A

research status

mechanism of bird wings Science

review of bird-inspired flapping wing miniature air vehicle
designs[ J]. Journal of Mechanisms and Robotics, 2012,
4(2) . 021003.



80 & f A & ¥ M §44

[17]  BERL, THERR , PMCER. $hEERATHR A @A 5 36 5% Aerospace Sciences, 2019, 111; 100573.

HE[T]. A 2#4R ,2017,43(5) :685-696. [27] KHAN Q, AKMELIAWATI R. Review on system
HE W, DING SH Q, SUN CH Y. Research progress on identification and mathematical modeling of flapping wing
modeling and control of flapping-wing air vehicles [ J]. micro-aerial vehicles [ J ]. Applied Sciences, 2021,
Acta Automatica Sinica, 2017, 43(5) :685-696. 11(4) . 1546.

[18] TAHA H E, HAJJ M R, NAYFEH A H. Flight [28] A5, BRI BA, KT 52, S5, 05 A= $h 3 AT A8 I 0 3 ek
dynamics and control of flapping-wing MAVs: A RG], TR 2E24,2019,41(12) .
review[ J]. Nonlinear Dynamics, 2012, 70 (2): 1512-1519.

907-939. FU Q, CHEN X Y, ZHENG Z L, et al. Research

[19] BINA,BINMR AS, BINY H, et al. Flapping wing progress on visual perception system of bionic flapping-
micro-aerial-vehicle; Kine-matics, membranes, and wing aerial vehicles[ J]. Chinese Journal of Engineering,
flapping mechanisms of ornithopter and insect flight[ J ]. 2019, 41(12) . 1512-1519.

Chinese Journal of Aeronautics, 2016, 29 (5): [29] EGUILUZ A G, RODRIGUEZ-GOMEZ J P, PANEQUE
1159-1177. J L, et al. Towards flapping wing robot visual

[20] MA D, SONG B, WANG Z, et al. Development of a perception: Opportunities and challenges [ C]. 2019
bird-like flapping-wing aerial vehicle with autonomous Workshop on Research, Education and Development of
take-off and landing capabilities[ J]. Journal of Bionic Unmanned Aerial Systems (RED UAS), IEEE, 2019.
Engineering, 2021, 18(6) : 1291-1303. 335-343.

[21] KAKALETSIS E, SYMEONIDIS C, TZELEPI M, et al. [30] %Ju. D5 A 43 RATHL8 AN B & & 11 K = il F
Computer vision for autonomous UAV flight safety: An [ D]. BE/REE. WEREE T R2E,2020.
overview and a vision-based safe landing pipeline LIANG X. Design and control of a camera stabilizer for
example[ J]. ACM Computing Surveys, 2022, 54(9) . bionic flapping-wing robotic bird [ D]. Harbin; Harhin
1-37. Institute of Technology, 2020.

[22] BB, sk#e, f7am, S5 05 A $h 3 RAT 48 REFEIF 5% it [31] PAN E, LIANG X, XU W. Development of vision
JEL)]. THRERF4,2022,44(12) ;2111-2123. stabilizing system for a large-scale flapping-wing robotic
ZHAO M, ZHANG X, FU Q, et al. Research progress bird[ J ]. IEEE Sensors Journal, 2020, 20 ( 14):
on the energy consumption of bionic flapping-wing aerial 8017-8028.
vehicles[ J ]. Chinese Journal of Engineering, 2022, [32] GUO H, LIUS, ZHU S, et al. View-consistent meshflow
44(12) . 2111-2123. for stereoscopic video stabilization [ J]. IEEE Transac-

[23] 5KBARE R, VP, % N RATERIR S ALK [l tions on Computational Imaging, 2018, 4(4) : 573-584.
ISR ]]. S 2F4R,2021,42(2) :80-101. [33] LIU F, NIU Y, JIN H. Joint subspace stabilization for
ZHANG H ZH, SONG B F, SUN ZH CH, et al. Driving stereoscopic  video [ C ]. 2013 IEEE International
mechanism of flapping wing aircraft: Review and Conference on Computer Vision, [EEE, 2013, 73-80.
prospect[ J]. Acta Aeronautica et Astronautica Sinica, [34] YANG W, WANG L, SONG B. Dove: A biomimetic
2021, 42(2) . 80-101. flapping-wing micro air vehicle[ J]. International Journal

[24] ZHANG C, ROSSI C. A review of compliant transmission of Micro Air Vehicles, 2018, 10(1): 70-84.
mechanisms for bio-inspired flapping-wing micro air [35] OLEJNIK D A, DUISTERHOF B P, KARASEK M,
vehicles [ J ]. Bioinspiration & Biomimetics, 2017, et al. A tailless flapping wing MAV performing monocular
12(2) . 025005. visual servoing tasks [ J]. Unmanned Systems, 2020,

[25] XIAO S, HU K, HUANG B, et al. A review of research 8(4) . 287-294.
on the mechanical design of hoverable flapping wing [36] PARANJAPE A A, CHUNG S J, KIM J. Novel dihedral-
micro-air vehicles [ J ]. Journal of Bionic Engineering, based control of flapping-wing aircraft with application to
2021, 18(6) : 1235-1254. perching[ J ]. IEEE Transactions on Robotics, 2013,

[26] PHAN H V, PARK H C. Insect-inspired, tailless, 29(5): 1071-1084.
hover-capable flapping-wing robots: Recent progress, [37] TIMMERMANS S, VANIERSCHOT M, VANDEPITTE

challenges, and future directions [ J ]. Progress in

D. Aerodynamic model updating using wind-tunnel setup



5511 40

FEGEN S ORI RATHLE A A SR ST S 81

[38]

[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

for hummingbirdlike flapping wing nanorobot[ J ]. ATAA
Journal, 2022, 60(2) : 902-912.

ZUFFEREY R, TORMO-BARBERO J, GUZMAN M M,
et al. Design of the high-payload flapping wing robot e-
flap[ J]. TEEE Robotics and Automation Letters, 2021,
6(2): 3097-3104.

BLOESCH M, BURRI M, OMARI S, et al. lterated
extended Kalman filter based visual-inertial odometry
using direct photometric feedback[J]. The International
Journal of Robotics Research, 2017, 36 ( 10):
1053-1072.

EGUILUZ A G, RODRIGUEZ-GOMEZ J P, TAPIA R,
et al. Why fly blind? Event-based visual guidance for
flight [ C ]. 2021 IEEE/RSJ

on Intelligent Robots and

ornithopter  robot

International ~ Conference
Systems (IROS), IEEE, 2021. 1958-1965.
RODRIGUEZ-GOMEZ J P, TAPIA R, GARCIA M,
et al. Free as a bird: Event-based dynamic sense-and-
avoid for ornithopter robot flight[ J]. IEEE Robotics and
Automation Letters, 2022, 7(2) . 5413-5420.

LIU G, WANG S, XU W. Flying state sensing and
estimation method of large-scale bionic flapping wing
flying robot[ J]. Actuators, 2022, 11(8): 213.

PAN E, XU H, YUAN H, et al. HIT-hawk and HIT-
phoenix: Two kinds of flapping-wing flying robotic birds
with wingspans beyond 2 meters [ J ]. Biomimetic
Intelligence and Robotics, 2021, 1. 100002.

PAN E, LIU J, CHEN L, et al. The embedded on-board
controller and ground monitoring system of a flapping-
wing aerial vehicle [ C ]. 2018 IEEE International

Conference on Real-time and Robotics

(RCAR), IEEE, 2018. 72-77.
WU X, HE W, WANG Q, et al. A long-endurance

Computing

flapping-wing robot based on mass distribution and energy
consume method [ J|. IEEE Transactions on Industrial
Electronics, 2022 1-10.

PR, X) EF B A S B S 4 0 5 R 3 RAT
PLES AW R GE BT S S [0 ], 42 W e 5 0,
2022,39(1) :12-22.

HE W, LIU SH P, HUANG H F, et al. System design
and experiment of an independently driven bird-like
flapping-wing robot[ J]. Control Theory & Applications,
2022, 39(1) . 12-22.

HUANG H, HE W, WANG ], et al. An all servo-driven
bird-like flapping-wing aerial robot capable of autonomous

flight[ J]. IEEE/ASME Transactions on Mechatronics,

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

2022, 27(6) ; 5484-5494.

FU Q, WANG X, ZOU Y, et al. A miniature video
stabilization system for flapping-wing aerial vehicles[ J].
Guidance, Navigation and Control, 2022, 2 (1)
2250001.

DE CROON G C H E, DE CLERCQ KM E, RUIJSINK R,
et al. Design, aerodynamics, and vision-based control of
the DelFly [ J].
Vehicles, 2009, 1(2) . 71-97.

DE CROON G C H E, DE WEERDT E, DE WAGTER C,

International Journal of Micro Air

et al. The appearance variation cue for obstacle avoidance
[C]. 2010 IEEE International Conference on Robotics
and Biomimetic, IEEE, 2010. 1606-1611.

DE CROON G C H E, PERCIN M, REMES B D W,
et al. The DelFly [ M ].
lands, 2016.

DE WAGTER C, TIJMONS S, REMES B D W, et al.
Autonomous flight of a 20-gram flapping wing MAV with a

Dordrecht: Springer Nether-

4-gram onboard stereo vision system [ C]. 2014 IEEE
International Conference on Robotics and Automation
(ICRA), IEEE, 2014, 4982-4987.

KARASEK M, MUIJRES F T, DE WAGTER C, et al. A
tailless aerial robotic flapper reveals that flies use torque
coupling in rapid banked turns [ J]. Science, 2018,
361(6407) ; 1089-1094.

WOOD R J. The first takeoff of a biologically inspired at-
scale robotic insect[ J]. IEEE Transactions on Robotics,
2008, 24(2): 341-347.

DUHAMEL P E J, PEREZ-ARANCIBIA C O,
BARROWS G L, et al. Biologically inspired optical-flow
sensing for altitude control of flapping-wing microro-
bots[J]. IEEE/ASME Transactions on Mechatronics,
2013, 18(2): 556-568.
DUHAMEL P E ],
BARROWS G L, et al.

flapping-wing microrobot using an on-board biologically

PEREZ-ARANCIBIA N O,
Altitude feedback control of a

inspired optical flow sensor[ C]. 2012 IEEE International
Conference on Robotics and Automation, IEEE, 2012.
4228-4235.

FULLER S B, KARPELSON M, CENSI A, et al
Controlling free flight of a robotic fly using an onboard
vision sensor inspired by insect ocelli[ J]. Journal of The
Royal Society Interface, 2014, 11(97) : 20140281.
WRELA, W ARUL IR DT, 55, B ARG T GNSS/INS/
UWB B4LA T ABLEMF AT )] SRR
#%,2021,42(7) :98-107.



82 O & M B a4k
CHEN H M, CHANG L J, XU ZH F, et al. UAV 3565-3572.
collaborative navigation algorithm based on tight combin- [69] QIN T, LI P, SHEN S. VINS-Mono: A robust and
ation of GNSS/INS/UWB in complex environment [ J]. versatile monocular visual-inertial state estimator [ J ].
Chinese Journal of Scientific Instrument, 2021,42 (7). IEEE Transactions on Robotics, 2018, 34 (4): 1004-
98-107. 1020.

[59] SHI C, LATI G, YU Y, et al. Real-time multi-modal [70] QINT, PAN J, CAO S, et al. A general optimization-
active vision for object detection on UAVs equipped with based framework for local odometry estimation with
limited field of view LiDAR and camera [ J]. IEEE multiple sensors [ J]. ArXiv Preprint, 2019, ArXiv;
Robotics and Automation Letters, 2023, 8 ( 10): 1901. 03638.

6571-6578. (71] Xudg, 5o g, SR 2. T 00 3 A58 (9 ] I 5 2 5

[60] YANG B, YANG E, YU L, et al. Adaptive extended WM IR ERIR [ T]. THE L B it 5 BB 4%
kalman filter-based fusion approach for high-precision #2,2016,28(6) :855-868.

UAV positioning in extremely confined environments[ J]. LIU H M, ZHANG G F, BAO H J. A survey of
IEEE/ASME Transactions on Mechatronics, 2022, monocular simultaneous localization and mapping [ J].
28(1): 543-554. Journal of Computer-Aided Design & Computer Graphics,

[61] DONG X, WANG Z, LIU F, et al. Visual-inertial cross 2016, 28(6) ;. 855-868.
fusion: A fast and accurate state estimation framework for [72] BEE,RMTFH, 45 ZHEEITAVEEH V-SLAM
micro flapping wing rotors [ J ]. Drones, 2022, 6(4) . TR )] A 5545 ,2020,27(2) : 1-14.

90. ZHAO L Y, ZHU Y Q, JIN R. Review of monocular

[62] CADENA C, CARLONE L, CARRILLO H, et al. Past, V-SLAM for multi-rotor unmanned aerial vehicle [ J].
present, and future of simultaneous localization and Aero Weaponry, 2020,27(2) :1-14.
mapping: Towards the robust-perception age[J]. IEEE [73]  HiFk, XI/NHE, 3 S HE, % JC A ML 5 SLAM B 53 sk
Transactions on Robotics, 2016, 32(6) : 1309-1332. HERBEFE[J]. THR AL & 5 ¥, 2021,29(8) .

[63] DURRANT-WHYTE H, BAILEY T. Simultaneous 1-6, 41.
localization and mapping: Part I[J]. IEEE Robotics & MIAO SH, LIU X X, HUANG J X, et al. Research on
Automation Magazine, 2006, 13(2): 99-110. development of UAV  visual SLAM environment

[64] BAILEY T, DURRANT-WHYTE H. Simultaneous perception[ J]. Computer Measurement & Control,
localization and mapping ( SLAM ) : Part II[J]. IEEE 2021, 29(8): 1-6, 41.

Robotics & Automation Magazine, 2006, 13 (3): [74] DELMERICO J, SCARAMUZZA D. A benchmark
108-117. comparison of monocular  visual-inertial  odometry

[65] MUR-ARTAL R, MONTIEL J M M, TARDOS J D. algorithms for flying robots[ C]. 2018 IEEE International
ORB-SLAM: A versatile and accurate monocular SLAM Conference on Robotics and Automation (ICRA) , IEEE,
system [ J ]. IEEE Transactions on Robotics, 2015, 2018 2502-2509.

31(5): 1147-1163. [75] RODRIGUEZ-GOMEZ J P, GOMEZ E A, MARTINEZ-

[66] MUR-ARTAL R, TARDOS J D. ORB-SLAM2: An open- DE D J R, et al. ROSS-LAN: Robotic sensing simulation
source SLAM system for monocular, stereo, and RGB-D scheme for bioinspired robotic bird landing[ M ].
cameras | J ]. IEEE Transactions on Robotics, 2017, [76] MALDONADO F J, ACOSTA J A, TORMO-BARBERO J,
33(5): 1255-1262. et al. Adaptive nonlinear control for perching of a

[67] CAMPOS C, ELVIRA R, RODRIGUEZ J J G, et al. bioinspired  ornithopter [ C ]. 2020 IEEE/RS]
ORB-SLAM3: An accurate open-source library for visual , International Conference on Intelligent Robots and
visual-inertial, and multimap SLAM [ J ]. IEEE Systems (IROS), TEEE, 2020, 1385-1390.
Transactions on Robotics, 2021, 37(6) . 1874-1890. [77] FU Q, WANG S, WANG J, et al. A lightweight eagle-

[68] MOURIKIS A I, ROUMELIOTIS S I. A multi-state eye-based vision system for target detection and

Kalman filter for vision-aided inertial

navigation[ C]. Proceedings 2007 IEEE International
Conference on Robotics and Automation, IEEE, 2007 .

constraint

[78]

recognition[ J ]. IEEE Sensors Journal, 2021, 21(22) .

26140-26148.
FORSTER C, CARLONE L, DELLAERT F, et al. On-



g1 FEOEM A O EFNE RATHLE A A BRGS0 83
manifold preintegration for real-time visual-inertial Navigation, and Control Conference and Exhibit, 2004 .

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

odometry [ J]. IEEE Transactions on Robotics, 2017,
33(1) . 1-21.

DONG X, LI D, XIANG J, et al. Design and
experimental study of a new flapping wing rotor micro
aerial vehicle [ J]. Chinese Journal of Aeronautics,
2020, 33(12) : 3092-3099.

ZUFFEREY J, KLAPTOCZ A, BEYELER A, et al. A
vision-based Indoor

IEEE/RS]

Microflyer for
2006

10-gram
Navigation[ C]. International
Conference on Intelligent Robots and Systems, IEEE,
2006 3267-3272.

TU Z, FEI F, ZHANG J, et al. Acting is seeing:
Navigating tight space using flapping wings [ J]. ArXiv
Preprint, 2019, ArXiv: 1902. 08688.

HORNUNG A, WURM K M, BENNEWITZ M, et al.
OctoMap: An efficient probabilistic 3D  mapping
framework based on octrees [ J ]. Autonomous Robots,
2013, 34(3) . 189-206.

OLEYNIKOVA H, TAYLOR Z, FEHR M, et al.
Voxblox; Incremental 3D euclidean signed distance fields
for on-board MAV planning [ C ]. 2017 IEEE/RSJ
International Conference on Intelligent Robots and
Systems (IROS), IEEE, 2017, 1366-1373.

GALLEGO G, DELBRUCK T, ORCHARD G, et al.
Event-based vision: A survey[ J]. IEEE Transactions on
Pattern Analysis and Machine 2022,

44(1) . 154-180.
ZHOU B, PAN J, GAO F, et al. RAPTOR: Robust and

Intelligence,

perception-aware trajectory replanning for quadrotor fast
flight [ J]. 2021,
37(6) : 1992-2009.

ZHOU B, GAO F, WANG L, et al. Robust and efficient

IEEE Transactions on Robotics,

quadrotor trajectory generation for fast autonomous
flight[ J]. TEEE Robotics and Automation Letters, 2019,
4(4) . 3529-3536.

ZHOU X, WANG Z, YE H, et al. EGO-planner; An
ESDF-free
quadrotors[ J]. TEEE Robotics and Automation Letters,
2021, 6(2) . 478-485.

BADRLOO S, VARSHOSAZ M, PIRASTEH S, et al.

Image-based obstacle detection methods for the safe

gradient-based ~ local ~ planner  for

navigation of unmanned vehicles: A review[]J]. Remote
Sensing, 2022, 14(15) . 3824.
PARK S, DEYST J, HOW J. A new nonlinear guidance

logic for trajectory tracking [ C ]. AIAA Guidance,

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

4900.

TISDALE J, KIM Z W, HEDRICK J K. Autonomous
UAV path planning and estimation[ J]. TEEE Robotics &
Automation Magazine, 2009, 16(2) ; 35-42.

TG LB . BT R A ) RO FR I AT SR
PRI LT #5205 R, 2022,37(4) :851-860.
WANG S P, DU CH P, ZHENG Y. Local planner for
flapping wing micro aerial vehicle based on deep
reinforcement learnino[ J]. Control and Decision, 2022,
37(4) .851-860.

FWEE. N T R AR EE AT gAY SIS R ST ik
D). b BIESSE R, 2020.

WANG X P. Design of real-time vision system applied in
flapping-wing micro air vehicle[ D]. Shanghai: Shanghai
Jiao Tong University, 2020.

KR AL MM, A5 O A Fh IR kAT SR B S
WERESRME ST [ J/OL]. MR #2244 (27 hR) 1 1-9
[ 2023-09-24 ]. DOI. 10.13229/j. jdxbgxh
20211187.

ZHENG H, YU L J, ZHI P P, et al. Study on dynamic

cnki.

obstacle avoidance strategy for flapping-wing micro air
vehicles[ J/OL]. Journal of Jilin University ( Engineering
and Technology Edition) : 1- 9 [ 2023-09-24 ]. DOI;
10. 13229/j. enki. jdxbgxbh20211187.

QIANG F, JIN W, LE G, et al. Obstacle avoidance of
flapping-wing air vehicles based on optical flow and fuzzy
control [ J ].
Aeronautics & Astronautics, 2021, 38 2.

GARCIA B F, FEARING R. Optical flow on a flapping
wing robot[ C]. 2009 TEEE/RS]J International Conference
on Intelligent Robots and Systems, 2009: 5027-5032.
ARMANINI S F, DE VISSER C C, DE CROON G CHE,

Transactions of Nanjing University of

et al. Time-varying model identification of flapping-wing
vehicle dynamics using flight data [ J ]. Journal of
Guidance, Control, and Dynamics, 2016, 39 (3):
526-541.

XIAO T, LI Z, DENG S, et al. Numerical study on the
flow characteristics of micro air vehicle wings at low
Reynolds numbers[ J|. International Journal of Micro Air
Vehicles, 2016, 8(1) : 29-40.
HE W, MU X, ZHANG L,

et al. Modeling and
trajectory tracking control for flapping-wing micro aerial
vehicles[ J]. TEEE/CAA Journal of Automatica Sinica,
2021, 8(1) : 148-156.

GAYANGO D, SALMORAL R, ROMERO H, et al.



84 RO O a4t
Benchmark evaluation of hybrid fixed-flapping wing aerial PO LSZBD]. BRIE.: BRIE TR, 2021.
robot with autopilot architecture for autonomous outdoor WANG Y P. Design and realization of autonomous
flight operations [ J ]. IEEE Robotics and Automation formation flying of large bionic flapping-wing flying
Letters, 2023, 8(7) : 4243-4250. robot[ D]. Harbin; Harbin Institute of Technology,

[100] HUANG H, HE W, FU Q, et al. A bio-inspired 2021.
flapping-wing robot with cambered wings and its appli- {EEZEN
cation in autonomous airdrop[ J]. IEEE/CAA Journal of TEFF M L2019 4F T e B T A2 2 45
Automatica Sinica, 2022, 9(12) . 2138-2150. 22 2022 4 TR A2 AR 12

[101] RYU S, KWON U, KIM H J. Autonomous flight and . BRI R Tl e (TR WL ety T
vision-based target tracking for a flapping-wing 5 B e U TRl B A
MAV[ C]. 2016 IEEE/RSJ International Conference on ‘ b R IS T
Intelligent Robots and Systems (IROS), IEEE, 2016. ) ¢ 5 S
5645-5650.

[102] ZUFFEREY R, TORMO-BARBERO J, FELIU- h—ma.ll;22b9.53004@ Slu'. hit edfl' o ,
TALEGON D. et al. How omithopters can perch .Jlan.g Jizhou recelvcjnd his B. Sc.' degr'ee from Dalian

o University of Technology in 2019, received his M. Sc. degree
;l(;tz‘);jm]l;lzgll}; :)r;;ll};r.anch[ 1] Nature Communications, from Tongji University in 2022. He is currently a Ph. D.

[103] RAO D M K K. YANHUA W. A vision-based candidate at Harbin Institute of Technology ( Shenzhen). His
navigation system for perching aireraft[J]. Journal of main research interests include flapping wing flying robot
Intelligent & Robotic Systems, 2019, 95(2) ; 555-566.  2utonemous perception and navigation.

[104] LINS H, HSIAO F Y, CHEN C L, et al. Alitude X %iﬁ ’A2007 @?ﬁ%;ﬁ@iiﬂj{’?ﬁﬁ%
control of flapping-wing MAV using vision-based 3 PRAAAL, R {;%]:‘ka(?( I Bl
navigation [ C]. Proceedings of the 2010 American : TR A S A BB, 2R S,
Control Conference , TEEE, 2010; 21-26, BHRTITEN O AN TR FEREAL

[105] SAMARAS S, DIAMANTIDOU E, ATALOGLOU D, . ar A LA A
et al. Deep learning on multi sensor data for counter E-mail : wixu@ hit. edu. en
UAV applications—A systematic review[ J]. Sensors, Xu Wenfu received his Ph. D. degree from Harbin Institute of
2019, 19(22) . 4837. Technology in 2007. He is currently a professor at Harbin

[106] FFEE, g, 4038, 2. LT MR MR K Institute of Technology ( Shenzhen). His main research interest

TN N A E R BN SE (1], B k2], include bio-inspired flapping wing flying robot, flexible robots and
2021, 47(6) : 1355-1367. space robots.
YIN ZH, HE W, ZOU Y, et al. Efficient formation of m BRIRGEGIES) ,2022 4T B RIE
flapping-wing aerial vehicles based on wild geese queue @ ol Rz (BRI 2R 220, IR IR
effect[ J]. Acta Automatica Sinica, 2021, 47 (6): . AR (EI) VLR TR S B 3k b
1355-1367. BB, F 25005 1 D 5 A AN SR AT AL

[107] BILLINGSLEY E, GHOMMEM M, VASCONCELLOS R ‘I . FEY N
et al. Unsteady aerodynamic analysis and effectiveness E-mail ; perzhen@ hit. edu. cn
of bio-inspired flapping wings in V-formation flight[ ] ]. Pan Erzhen ( Corresponding author) received his Ph. D.
Proceedings of the Institution of Mechanical Engineers, degree from Harbin Institute of Technology ( Shenzhen) in 2022.
Part G: Journal of Aerospace Engineering, 2023, 237 He is currently an assistant professor at Harbin Institute of
(2) : 402-418. Technology ( Shenzhen ). His main research interest is bio-

[108] FEICMb. REUGAEFNE CITHLESA A T4 TR inspired flapping wing flying robot.



