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ABSTRACT 

Natural flyers use muscles, bones, and other structures in coordination to attain agile and 

nimble flight performance. They can fly in various complex environments through 

different flight modes, such as flapping, hovering, and gliding. The high-lift mechanism 

on flapping-wing flights plays a fundamental role in bionic flapping-wing aerial vehicle 

design. Bionic flapping-wing aerial vehicles operate in modes that mimic birds and 

insects. They rely on flapping wings to generate the lift and thrust required for flight. 

With the advantages of good concealment, high energy efficiency, and low flying noise, 

flapping-wing aerial vehicles have great potential in performing civil and military tasks. 

In the civil field, they can go deep into different complicated, unknown environments 

and perform environmental monitoring, rescue missions, and other special tasks that are 

difficult for human beings to complete. In the military field, they can replace human 

beings to complete covert reconnaissance and search tasks and play an important role in 

maintaining regional stability and preventing military invasions. Because of their broad 

application prospects, flapping-wing aerial vehicles have drawn considerable attention 

from researchers. Inspiration from the distinct features of natural flyers has influenced 

flapping-wing aerial vehicle design. Many attempts have been made to improve flapping-

wing aerial vehicle performance. Because flapping-wing aerial vehicles have a small 

payload, they carry large-capacity batteries with difficulty, resulting in limited 

endurance. Under limited energy, the endurance time of flapping-wing aerial vehicles 

can be effectively increased by reducing energy consumption. An important research 

direction of flapping-wing aerial vehicles is to improve endurance by developing high 

energy density batteries and bionic design. Starting from bionic mechanism analysis, 

mechanism optimization design, and control strategy research, designers and engineers 

have conducted much research on the energy consumption of flapping-wing aerial 

vehicles, and achievements have been made frequently. However, their flight efficiency 

is still far from their natural counterparts. Many challenges remain in the bionic 

mechanism, fabrication, and autonomous flight of flapping-wing aerial vehicles. This 

paper summarizes the research progress on the energy consumption of bionic flapping-

wing aerial vehicles. We discuss the main components of flapping-wing aerial vehicle 

energy consumption. Then, we analyze the effects of static parameters, dynamic 

parameters, and control strategies on the energy consumption of flapping-wing aerial 

vehicles. The energy consumption improvements of flapping-wing aerial vehicles with 

different parameter designs are compared. Finally, we propose measures to reduce energy 

consumption and discuss future research directions. 
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1. Introduction 

Human beings' original dream of flying originated from imitating flying creatures such as birds and insects in 

nature. According to the aerodynamic layout and the source of flight power, common aircraft can be divided 

into three categories: fixed-wing aircraft, rotorcraft and flapping-wing aircraft. Fixed-wing aircraft cannot 
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achieve the hovering function, and it is difficult to provide sufficient lift after the wings are miniaturized; 

rotorcraft has the ability to hover, but the flight efficiency will drop rapidly as the diameter of the rotor system 

decreases[1]; flapping-wing aircraft adopts bionic flight mode and has a wide range of application prospects 

in military and civilian fields[2]. It has attracted the attention of researchers due to its potential high flight 

efficiency. 

 

In recent years, with the development of high-tech technologies such as microelectronics, smart materials, and 

precision machining, the research on bionic flapping-wing aircraft has made great progress. Representative 

research results abroad include the "RoboBee" series prototypes of the Wood team at Harvard University [3- 

6], the "DelFly" series prototypes of the Karásek team at Delft University of Technology [7- 9], the 

"KUBettle" series prototypes of the Park team at Konkuk University [10- 12], The “Phoenix” of MIT[13], the 

“E-Flap” of the University of Seville[14], the “BionicSwift” of Festo, the “SmartBird” of Festo, the 

“eMotionButterflies” of Festo, the “BionicOpter” of Festo, and the “Nano Hummingbird” of AeroVironment 

[16]. Representative domestic research results include the “USTBird” [17- 20] and the “USTButterfly-S” [21] 

of He Wei’s team at the University of Science and Technology Beijing, the “Dove” [22] of Song Bifeng’s 

team at Northwestern Polytechnical University, and the “Phoenix” [23] of Xu Wenfu’s team at Harbin 

Institute of Technology (Shenzhen). “HIT-Hawk” and “HIT-Phoenix” [23], the bionic butterfly “X-Butterfly” 

[24] by Wang Shaoping’s team at Beijing University of Aeronautics and Astronautics, and the insect-like 

micro flapping-wing aircraft [25], [26] by Zhang Weiping’s team at Shanghai Jiaotong University. Although 

bionic flapping-wing aircraft have made great breakthroughs in prototype development, there is still a big gap 

between them and the practical level of prototypes. The biggest problem is the insufficient endurance. The 

load capacity of bionic flapping-wing aircraft is limited, which puts strict requirements on the weight and size 

of the battery. Since it is still difficult to develop high-energy density batteries that meet the requirements at 

this stage, the best way is to “learn from nature” and reduce energy consumption through bionic design to 

increase endurance. This paper summarizes and analyzes the characteristics of efficient flight of flying 

organisms in nature, discusses the current research status of energy consumption of bionic flapping-wing 

aircraft, summarizes and prospects the development trend of efficient bionic design of flapping-wing aircraft, 

and hopes to provide guiding suggestions for the design of bionic flapping-wing aircraft. 

 

2. Research on energy consumption of flying organisms 

Bionic flapping-wing aircraft are a type of aircraft designed with inspiration from flying organisms in nature 

[27]. Therefore, before studying the energy consumption of bionic flapping-wing aircraft, it is helpful to 

summarize and organize the current research on energy consumption of birds and insects to analyze the energy 

consumption of bionic flapping-wing aircraft. All flying organisms in nature, without exception, use flapping 

wings to fly. They only need to take less food to fly a long distance, and their own wing structure and flight 

strategy play a very critical role. 

 

The structure of bird wings is very complex. The entire wing is covered by primary flight feathers, secondary 

flight feathers, coverts and down feathers, and can generally be divided into two sections - the inner wing and 

the outer wing, as shown in Figure 1(a). The wing shapes of different birds are generally different, which also 

leads to different flight characteristics. For example, the wings of Columbiformes and Passeriformes are 

generally elliptical, with wide hind wings, strong maneuverability, and can take off quickly, but they generally 

need to flap their wings continuously during flight, which is not conducive to long-distance flight; the wings 

of Strigiformes are generally long and wide, and the gaps between their primary flight feathers are large, 

which can easily break up the airflow, allowing them to make good use of the airflow to soar; the wings of 

Passeriformes are slender and can fly quickly; long and slender wings are often seen in some large birds such 

as albatrosses and herring gulls. These birds generally have strong maneuverability and endurance, and can 
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actively use airflow to glide long distances [28]. Unlike bird wings that evolved from forelimbs, Insect wings 

are mostly formed by the dorsal plate of the body segment extending to both sides, and the wing structure is 

simpler than that of birds, generally consisting of only crisscrossed thin wing veins with a certain degree of 

rigidity and a thin wing membrane with a certain degree of toughness [29], as shown in Figure 1 (b). In 

addition to a few nerves, the wings of insects are only connected to the body by muscles at the root of the 

wing, and do not have a skeletal and muscle system. 

 

3. Conclusion 

Starting from the flying creatures in nature, this paper summarizes some characteristics of flying creatures in 

nature with efficient flight ability, as well as the research progress on the impact of these characteristics on 

the endurance of flapping-wing aircraft, which provides some references for improving the endurance of 

flapping-wing aircraft. For traditional rotor and fixed-wing aircraft, their technologies are relatively mature, 

and they can extend the endurance through optimized design and energy recovery. However, the current 

research on bionic flapping-wing aircraft is still in the simple imitation of flying creatures in nature, and some 

theories and models are still inaccurate. In the case that battery material technology and load-bearing capacity 

cannot make major breakthroughs in a short period of time, the influence of various parameters on the energy 

consumption of flapping-wing aircraft through bionic design, and then optimizing various design parameters, 

as well as finding suitable energy recovery and auxiliary power supply systems are important directions for 

improving the endurance of bionic flapping-wing aircraft in the future. 
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