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Thesis Summary (approx.2000 Japanese Characters )

AGm3CIE Development of a hummingbird-mimetic flapping-wing aerial robot with elastic wings and
a robust controller] (BPEEE & m N2 MlfEIgRZ AT 2 F FU B IX7- &R TR AR v S OB
) LEL, UTOSENLRD.

% 1 i [lIntroduction] (Fim) TlE, RimXOMEE R E HHNEZRXTWS., T70b6, T
RUSLERZ R E Lo/ VR S FATIRICIE, AANY 78 EEE B L OE v x
LRI S, KERNISERCREE =2 U U R EOIRWVISHERH D L LTWND.
ZOERBOFMEE LT, HAOWK, REGHIME, LR BE~OBEILNERLNTND. £
L CARFTED B, NTF B U BREH L 72 PNE7 ERITIRICBIT 25 D ROEBR L, BERE
L THEBHIED TRE Rl EgR DEBLTH D LB TWN D,

% 2 % [Flapping mechanism and biomimetic wings| (PHE 7z E#HE & AMBLEL) <TlE, AU
RCRET DT v I Ty R A UM & 2 Brlie 2 ol B0 25 2 O 7 30 7 S 2350
H, BOEE 12 & 16 B L OIS IRE 158° & 178° L O ERIC L v, Bkt 16 L PE
7~ ZIRNE 158° 23, g, TROOLANENE TV OE &M LS 2RI TS, K
2, W05 ) a— U REZBIKICER L TRO 7 =) 7 2D WER THIRT 5
FEPTREZ I, 1EROAAA by \IZ L AHIRFEL Y b, PHET & EHEH 24 Hz I28W\W T
BNERIS 24.2%, D 84% M EL, B 1 KH2) D7) 116 mN BIOANEN L0 O
B/ 4l mN/W ZER L7 2 ERERICE VDV RENTNS.

%5 3 # [Control mechanism| (HI#HHERE) <Tix, £9 3 2OV —RE—XZ2H W CHEEE L
Elosda—, ©vF, a—LOKGMO MY ZREIHELIEBCHONTIERTNS., 74
bbb, a—FaDO ML, EAEOREZHE WY AR ~O5 2 & TEULEEH DAL
FRHALTRAESYE, VoyFHRO 21X, EAORZEHFHICONRDS Z & THEL BT
OB A ZRA L TRAESE, o=V HFRO 21X, EAEORBEORENICEEHEZ2DHZ &
THUDEWHHOEAEZEZFIAL, SO —RE—¥DNEBEOLEFEITELET LT
ETCRAEISHEDLZLEZAREE LTS, KIC, MEAHATIMNIT-2HE 6 dli/je 2 VICEE
L7228k K, M7= B 20Hz I2B8WTa—, BEvF, a—/LOLFRO ML nE
NFINRAK 1.3mN'm, 1.2mNm, 1.2mNm BETELZEEZRLTWVWS.

% 4 3 [Attitude controller] (EEIEZR) TiX, £3, /EROMIX7- =D PID (proportional-
integral-derivative) 7 4 — K73 7 filfill TIZAMELE T /L O R SR k3 2 3 S M R Y &
BT EERHL, AT, ERIEINLA T — "2 ETe 3 BA—T DT 4 — K3y 7l
LD, ETNVORMEFRMEICHHIETE 2 LEIRITWND. KIZ, Vo727 2 # % B
AT CONVELE 52 DFEBRICE Y, 3 EA—THI#2 PID L0, 9 —, EvF, m—
DOWTIOAELIZH LT, BEREOMEE L EFRREDO ELHIZBWTHEND Z L E2R
LTW5A. 6, FROEMEEZMS LEBABLUOWMEOmMELZW L LSS TH, 3 #EL
— 7L PID il L v b REBEIE MR O Z LA/ E <, 3 BL— T ANEL & 32 R
DT DS PEICEANLTND LR RTINS,

% 5 # [Conclusions and future prospects| (ftiam & 5% DRERE) TIL, AWFIETH IR R
EREL, SHBOBEIZOWVTHRRTNS.

PLEAEFT AT, Rigslix, ~F RV ZEM LI 2 FRITHRICB W, B EERhEIc
AT HERMEE L RATHE O D D MV 7 3 AEMEEZ FBLL, IEREINELAE T —"E2ET 3
H7 4 — Ry ZHIEERZFE LT, AR EEOELICEIST 2N E R DTH
D, TH#HIBLOLTEMICRKRE2EMIHREIND.
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Thesis Summary (approx.300 English Words )

The thesis, titled “Development of a hummingbird-mimetic flapping-wing aerial robot with elastic
wings and a robust controller,” is structured into five chapters.

Chapter 1, “Introduction,” outlines the motivation behind the research, highlighting the potential
applications of small flapping-wing robots, such as disaster rescue and environmental monitoring, due to
their hovering and maneuvering capabilities. The primary objective of the research is to increase lift in a
hummingbird-inspired flapping-wing robot and develop a controller capable of maintaining stability even
with wing variations.

Chapter 2, “Flapping mechanism and biomimetic wings,” describes the proposed flapping mechanism
using a rack-and-pinion system and a two-stage planetary gear reducer. Comparative experiments revealed
that a gear ratio of 16 and a flapping amplitude of 158° improved efficiency. Additionally, the wing with
a connecting membrane improved efficiency by 24.2% and lift by 8.4% at a flapping frequency of 24 Hz,
achieving a lift of 116 mN per wing and 41 mN/W of lift per input power.

Chapter 3, “Control mechanism,” explains the control system utilizing three servo motors to generate
torque in yaw, pitch, and roll directions. The mechanism enables attitude control by manipulating the wing
roots and adjusting the center of gravity. Experimental results demonstrated that at a flapping frequency
of 20 Hz, the system could generate maximum torques of 1.3 mN-m in yaw, 1.2 mN'm in pitch, and 1.2
mN-m in roll.

Chapter 4, “Attitude controller,” introduces a three-loop feedback controller with a nonlinear
disturbance observer to address the limitations of traditional PID controller. The experiments demonstrate
that this controller offers superior attitude recovery and adaptability to external disturbances and wing
variations compared to traditional PD and PID controllers.

Chapter 5, “Conclusions and future prospects,” summarizes the findings and discusses the potential

engineering and industrial applications of the developed system, highlighting its contribution to the field.
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