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ABSTRACT Bionic flapping-wing air vehicles present notable advantages, including high maneuverability, concealment, and
efficiency. They hold promising applications in military reconnaissance and exploration search and rescue, rooted in a comprehensive
exploration of biological flight mechanisms. Advanced motion observation and experimental techniques have facilitated more convenient
and precise recording and analysis of insect flight behavior. Research indicates that common insects exhibit a high flapping frequency,
ranging from 25 to 400 Hz, while butterflies, characterized by a lower flapping frequency of approximately 10 Hz, stand out. Despite the
unique attributes of butterfly flight, acrodynamic research remains scarce compared to other flying organisms, resulting in an insufficient
understanding of their intricate flying skills. Butterflies, distinguished by large forewings and hindwings that flap nearly synchronously

on the same side of the body, spanning a substantial range of up to 180°, display substantial pitch swing during flight, with highly

%5 H #A: 2023-10-11
EL£WH: BE A RB2#E SR BIT H (52205299) ; H B 4 J5 Bl 2% 3 4w L% B0 H (2022M710304)


mailto:shaopingwang@vip.sina.com
mailto:shaopingwang@vip.sina.com
https://doi.org/10.13374/j.issn2095-9389.2023.10.11.002
https://doi.org/10.13374/j.issn2095-9389.2023.10.11.002
https://doi.org/10.13374/j.issn2095-9389.2023.10.11.002
http://cje.ustb.edu.cn

5 4 2 A W TRAT AL Ky S AR I AT SR AT ST S LR ik - 1583

coupled wing and body movements. Remarkably, despite these complexities, butterflies demonstrate agile flight capabilities, enabling
them to embark on long-distance migrations spanning thousands of kilometers. This exceptional characteristic renders them exemplary
subjects for bionics research, capturing the attention of scholars globally. In contrast to other insects, butterflies have a uniquely intricate
flight mechanism, complicating the development of butterfly-inspired flapping-wing air vehicles. Current endeavors in this field often
simplify the mechanism of butterfly wing—body motion coupling, with only a few achieving controlled and stable flight. Simultaneously,
the ongoing advancements in microelectromechanical system technology, aerodynamics, and precision processing are insufficient to
support the development of practical insect-scale flapping-wing air vehicles fully. Accordingly, researchers have adopted a bionic
perspective, observing butterflies’ free flight to understand their flapping-wing flight mechanism via experimental and numerical
analysis methods. By the similarity principle of fluid mechanics, adjusting the scale, lowering the flapping frequency, and emulating
butterflies’ distinctive flight motion in engineering, a butterfly-inspired flapping-wing air vehicle with a small aspect ratio and ultra-low
frequency flapping was conceptualized and fabricated. Although current prototypes can achieve remote-controlled flight, a considerable
disparity persists when compared to the flight behavior and capabilities of actual butterflies. Furthermore, most prototypes suffer from
subpar battery life due to energy limitations. In comparison to flapping aircraft mimicking birds or larger insects with a high aspect ratio,
butterflies have more intricate flapping movement and tailless posture control. Their unique maneuvering flight control, involving
coupled and cooperative wing—body movements, demands further comprehensive exploration. Thus, achieving prolonged, controllable,
and agile flight in a butterfly-inspired flapping-wing air vehicle poses a considerable challenge. Consequently, this paper synthesizes the
distinctive flight behavior and mechanisms observed in living butterflies, elucidating key technologies for developing butterfly-inspired
flapping-wing air vehicles. It also delineates the future trajectory for advancing this aircraft category.

KEY WORDS butterfly flight mechanism; bionic robot; flapping-wing air vehicle; aerodynamic characteristics; wing—body motion

coupling; flight control
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Fig.2  Three dynamic behaviors of butterfly wings in free flight:

(a) flapping motion; (b) lead—lag motion; (c) feathering motion
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Fig.8  Existing prototypes and driving structures of an insect-scale butterfly-inspired flapping-wing ornithopter: (a) photograph of a butterfly-type

ornithopter (BTO)®"; (b) crank and linkages of a BTO""; (c) tailless ornithopter mimicking a swallowtail butterfly with the crank mechanism'*’);

(d) manufactured flapping robot without a battery?'’; (¢) small butterfly-style flapping robot'*?; (f) flapping mechanism of the wing and abdomen swinging

mechanism for a small butterfly-style robot***!1
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Fig.9 Existing prototypes of a butterfly-inspired flapping-wing air vehicle: (a) mechanical butterfly from Israel®™); (b) eMotionButterfly from Festo";

(c) butterfly-inspired flapping-wing air vehicle with an integrated forewing and hindwing from Beihang University®*“"); (d) RoboButterfly-I from Beihang

University!”*'™; (e) butterfly-like flapping-wing aircraft from Shanghai Jiao Tong University*”); (f) USTButterfly-S from the University of Science and

Technology Beijing!*!
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Fig.10 Novel butterfly-inspired flapping-wing air vehicle RoboButter-

fly-II with an active abdominal swing!®)
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Table 1 Physical parameters of existing electric drive butterfly-inspired flapping-wing air vehicle prototypes

Overall Wingspan/ Number

Endurance/ Flapping Controlled Flight

Prototype Time weight/g om of wings Drive mode min frequency/ flight speefil/ Research institute
Hz (m's™)
eMotionButterflies 2015 32 50 4 Servo drive directly 34 1-2 Yes 1-2.5 Festo, Germany
Butterfly-inspired
flapping-wing aero 2016 38.6 64.8 2 Servo drive directly 1 2 No 1.5 Beihang University
vehicle! !
RoboButterfly-1°4"*? 2016  39.6 62 4 Servo drive directly 5 1.8-3.2 Yes 1.5 Beihang University
Bionic butterfly 510 335 498 4 Servodrivedirectly ~ — 1 No — Shanghai Jiao
aircraft Tong University
RoboButterfly-II*! 2020  45.8 63 4 Servo drive directly 4 2~39 Yes 1.4 Beihang University
inel dri University of
USTButterfly-S* 2021 50 50 4 Singlemotor drives 5 1-5 No _ Science and

the crank rocker

Technology Beijing
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