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Abstract
Flapping-wing rotor (FWR) is an innovative bio-inspired micro aerial vehicle capable of vertical take-off and landing. This 
unique design combines active flapping motion and passive wing rotation around a vertical central shaft to enhance aerody-
namic performance. The research on FWR, though relatively new, has contributed to 6% of core journal publications in the 
micro aerial vehicle field over the past two decades. This paper presents the first comprehensive review of FWR, analysing 
the current state of the art, key advances, challenges, and future research directions. The review highlights FWR’s distinctive 
kinematics and aerodynamic superiority compared to traditional flapping wings, fixed wings, and rotary wings, discuss-
ing recent breakthroughs in efficient, passive wing pitching and asymmetric stroke amplitude for lift enhancement. Recent 
experiments and remote-controlled take-off and hovering tests of single and dual-motor FWR models have showcased their 
effectiveness. The review compares FWR flight performance with well-developed insect-like flapping-wing micro aerial 
vehicles as the technology readiness level progresses from laboratory to outdoor flight testing, advancing from the initial 
flight of a 2.6 g prototype to the current free flight of a 60-gram model. The review also presents ongoing research in bionic 
flexible wing structures, flight stability and control, and transitioning between hovering and cruise flight modes for an FWR, 
setting the stage for potential applications.
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1  Introduction

The natural world, encompassing aquatic, terrestrial, 
and aerial fauna, serves as a rich source of inspiration 
for innovative robotic designs applicable across various 
scenarios and environmental conditions. Examples include 
the development of a cable-driven soft robot arm inspired 
by octopus tentacles for dynamic manipulation [1], a sal-
amander-mimetic soft legged robot with capabilities for 
walking, crawling, rocking, and rolling suitable for diverse 
ground tasks [2], a hybrid aerial-aquatic flapping-wing 
microrobot [3], and a hybrid aerial-wall robotic insect 
[4]. Micro Aerial Vehicles (MAVs), which are ideally 
adapted for executing aerial intelligence, surveillance, 
and reconnaissance inside buildings and confined spaces, 
have attracted significant interest from both military and 
civilian end users in the past decades [5, 6].

MAVs are typically classified into fixed-wing, rotary-
wing (RW), and flapping-wing (FW) types. Fixed-wing 
MAVs have advantages in aerodynamic efficiency and 
endurance on cruise, but lack the capability for vertical 
take-off and landing (VTOL) and hovering. Their per-
formance significantly diminishes at very low Reynolds 
numbers. In contrast, RW MAVs are capable of VTOL, 
but their aerodynamic efficiency also suffers greatly at 
low Reynolds numbers. Furthermore, RW MAVs are not 
considered biomimetic, or inspired by biological models.

Flapping wings, inspired by the adept flying capabilities 
of natural fliers, present potential for mimicking the excep-
tional aerodynamic maneuvers observed in nature. Such 
wings are especially advantageous due to their lift mecha-
nisms at low Reynolds numbers, making them suitable for 
miniaturization and compact applications of MAVs [7]. 
FW MAVs have a lower power demand in level flight com-
pared to a fixed-wing MAV that often adapts a vertical pro-
pulsion system [8]. An insect-like FW MAV can produce 
lift in hover more efficiently with less power compared to a 
similar-size RW [9, 10]. In the past few years, the develop-
ment of an FW MAV capable of VTOL and hovering has 
been motivated by scientific founding, along with com-
mercial and military applications. The hummingbird-like 
aerial vehicle developed by Defence Advanced Research 
Project Agency in 2011 shows an encouraging example 
[11]. Except for unobtrusive surveillance in the security 
domain (such as police, defense, and special forces), sci-
entists and robotic engineers have recently been fascinated 
by exploring diverse potential applications of biomimetic 
FW MAVs. These include aiding in insect or artificial pol-
lination to enhance crop yields [12], as well as supporting 
special production needs in movies, performances, and 
documentary projects like BBC Spy in the Wild.

The pursuit of insect-inspired FW MAVs that can per-
form agile maneuvers and hover in both indoor and outdoor 
environments represents a promising direction for future 
applications. However, these current models face significant 
challenges, notably in achieving prolonged flight endurance. 
This limitation stems chiefly from the insufficient aerody-
namic efficiency inherent in their design and the constraints 
of their power sources. Engineering these insect-like MAVs 
introduces unique challenges, particularly in the field of atti-
tude control and stability, which diverge markedly from the 
control mechanisms observed in bird-like FW MAVs. Bird-
like FW MAVs utilize their tails for attitude control, whereas 
insect-like FW MAVs delicately modulate wing kinematics, 
such as stroke amplitude, flapping speed, Angle of Attack 
(AoA), and stroke-plane deviation. Most insect-like MAVs 
are tailless and rely on flapping wings to produce control 
forces, resulting in agile flight maneuvers with more degrees 
of freedom [13, 14]. Furthermore, akin to soft robotics [1, 
2], these bio-inspired flapping mechanisms engage in a com-
plex interaction of rigid and flexible elements. The vibra-
tions from flapping motions, coupled with the challenges of 
fluid–structure interactions due to wing flexibility, signifi-
cantly complicate control systems.

For enhanced the aerodynamic efficiency of FW MAVs, a 
novel Flapping-Wing Rotor (FWR) combining bio-inspired 
FW and RW characteristics has been proposed. This com-
pound biological configuration harnesses the advantages of 
multiple kinematics of flapping and rotation motions and 
is capable of VTOL and hovering. In 2003, Vandenberghe 
et al. [15] observed from their experiments that vertical 
flapping motion of wings generated thrust and imparted 
horizontal rotation to the wings. In 2007, Brandon [16] at 
the University of Maryland constructed a metal torqueless 
flapping rotor for MAVs, named ’Flotor’, capable of produc-
ing lift and thrust akin to those produced by flying animals. 
This mechanism featured actively flapping wings driven by 
a motor and rotating passively. However, prior to Guo et al.’s 
proposal of the FWR concept in 2009 [17], the emphasis of 
these studies was on the physical phenomenon of flapping 
blades generating thrust, with minimal attention given to the 
contribution of wing flapping and rotation to lift enhance-
ment for FW MAVs.

Guo et al. [17] demonstrated the feasibility of the FWR 
concept using a 9-gram prototype with compliant joints, 
driven by a piezoelectric actuator. Their experiments show-
cased the potential for power efficiency by utilizing system 
resonance and aeroelastic effects. In 2012, Guo and Li [18] 
made further experimental and numerical studies based 
on an enlarged piezoelectric actuated FWR. This study 
furnished valuable experimental data to corroborate theo-
retical and numerical models, thereby offering an effective 



1623Research Progress on Bio‑inspired Flapping‑Wing Rotor Micro Aerial Vehicle Development﻿	

approach for designing FWRs, particularly in the computa-
tion of unsteady aerodynamic forces.

Piezoelectric actuators have high frequency and power 
density but inherently small amplitude, requiring a mechani-
cal amplifier to achieve the necessary large amplitude for 
flapping wings. Thus, piezoelectric actuation is better suited 
for small-scale models. However, the high voltage power 
required by piezoelectric actuators is a practical barrier to 
their use in MAVs. Currently, a micro DC motor is the most 
practical option for the development of FWR MAVs. In 2011 
and 2012, Li [19] and Wu [20] developed a 9.1 g and an 8.4 
g FWR model, respectively, driven by an electric motor and 
simple crank-slider mechanism for lift measurement and fea-
sibility evaluation. Guo et al. [21] manufactured and tested a 
flyable 2.6 g FWR model and achieved the first vertical take-
off flight in 2014, which is the lightest flyable FWR model 
so far. Later in 2020, Dong et al. [22] built a 34 g FWR 
MAV and achieved free flight, making it the first flying FWR 
model with an onboard power and control system. Si et al. 
[23] performed a tethered take-off of an 18.7 g FWR model 
to demonstrate the effectiveness of passive pitching in 2021.

Over the past decade, a small number of researchers 
have dedicated their efforts to investigating FWR technol-
ogy, comprising around 6% of publications in core journals 
within the MAV flied as depicted in Fig. 1. These investiga-
tion have predominantly centered on aerodynamic analysis 
and experimental assessments, significantly accelerating the 
progress in FWR development.

In this paper, we provide a comprehensive and up-to-date 
review of the progress made in the research of FWR MAVs 
and discusses the forthcoming challenges that need to be 
addressed for further advancements. We begin by introduc-
ing the novel FWR concept and the wing motions, followed 
by an overview of aerodynamics simulation and experimen-
tal measurement in Sect. 2.1. Our review highlights the FWR 
unique kinematics of motion and aerodynamic superiority 
over the traditional insect-like FW and RW. We also cover 

the latest achievements in lift enhancement through the opti-
mization of wing geometric parameters, FWR kinematics 
of motion, such as asymmetrical upstroke and downstroke 
amplitudes and passive pitching, and elastic FWR mecha-
nism in Sect. 2.2. We discuss the distinctive aerodynamic 
performance of FWR in both hovering and forward flight, 
influenced by different wing kinematics, in Sect. 2.3. Next, 
we focus on the mechanical system (in Sect. 3.1) and flight 
capabilities of FWR MAVs and compare them with exist-
ing flyable insect-like FW MAVs (in Sect. 3.2). We present 
recent progress in significantly increasing FWR aerody-
namic lift and efficiency, which has enabled us to achieve 
VTOL flight from an FWR MAV of 20 g driven by a single 
motor to 60 g driven by double motors. In Sect. 4, we discuss 
the challenges and ongoing research in bionic flexible wing 
structure, VTOL stability and control, and transition from 
hovering to cruise flight mode of an FWR MAV to pave the 
way towards potential application. Finally, a conclusion of 
FWR research and development is presented in Sect. 5.

2 � Aerodynamic Performance of FWR

2.1 � FWR Kinematics of Motion

2.1.1 � Wing Kinematics Definition

The readily observed flapping flight of birds and insects pro-
duces lift and thrust simultaneously, but their kinematics of 
flapping motion can be quite different. Most birds, except for 
small birds like hummingbirds, flap their wings in a nearly 
vertical stroke plane with a relatively low frequency and 
asymmetric up and downstrokes during cruise flight [24, 25]. 
In contrast, most insects flap their wings in a nearly hori-
zontal stroke plane with a higher frequency and symmetric 
fore and back strokes during hovering, while most birds are 

Fig. 1   a Publications on MAVs during the period from 2000 to 
2023 (Data were taken from the Scopus database using search key-
word: TITLE (flapping-wing AND robot OR vehicle OR MAV) for 
FW MAVs, TITLE (fixed-wing MAV) for fixed-wing MAVs, TITLE 

(rotary-wing OR rotorcraft AND MAV) for RW MAVs, respectively 
using (TITLE (flapping-wing rotor), TITLE (flapping-rotary wing) 
and TITLE (flapping perturbed revolving wing) for FWR MAVs). b 
Number of papers published on FWR MAVs each year
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incapable. As insects fly forward, their stroke plane becomes 
more inclined forward [26].

As illustrated in Fig. 2a, a pair of insect wings arranged 
symmetrically about the x-axis produces lift in the y-axis 
and also thrust in the x-axis for forward flight [28, 29]. By 
reversing one of the wings in the opposite direction, the 
pair of wings becomes axially symmetric about the vertical 
y-axis or an asymmetrical arrangement about the x-axis 
like a rotary wing, as illustrated in Fig. 2b. The flapping 

wings still generate lift in the y-axis, but the associated 
thrust from the two wings generates a torque about the 
y-axis instead of a force in the same direction. When the 
wings are driven only in flapping motion (upstroke and 
downstroke), thrust will propel themselves to rotate due 
to the torque in a passive manner. Unlike a RW, the FW 
rotation is self-propelled without input torque from exter-
nal power; hence, there is no need for additional input 

Fig. 2   a Sketch of insect forward flight and b FWR concept of hovering. c Coordinate system and rotation angles definitions for FWR wing; d 
top, back and side view of the Euler angles [27]
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power to balance the torque. This leads to the FWR design 
concept with a simple and power-efficient configuration.

The FWR kinematics of motion presented in a coordinate 
system used in previous research [27] are shown in Fig. 2c, 
including the inertial system (x, y, z) attached to the body, 
the wing-fixed system ( xw , yw , zw ) attached to the wing root, 
and the intermediate frame of the Euler rotations ( x′ , y′ , z′ ) 
and ( x′′ , y′′ , z′′ ). The inertial system (x, y, z) and the wing-
fixed system ( xw , yw , zw ) share the same origin o, which 
is a fixed point at the wing root. The overlapping axes of 
the intermediate frames y′ , x′′ , and z′′ are omitted for clar-
ity. The rotating motion is in the x-z horizontal plane. The 
motion of the FWR is described by sequential rotation about 
the y-axis (positively anticlockwise), flapping about x, and 
pitching about zw axes, with the corresponding Euler angles 
denoted by � (the angle between axes ox and ox′ ), � (the 
angle between axes oz′ and ozw ) and � (the angle between 
axes ox′ and oxw ) respectively. A planar view with respect to 
each axis is shown in Fig. 2d.

The FWR kinematics of motion combine flapping, 
pitching, and rotating angles and amplitudes, which are 
normally simplified to a sinusoidal motion with a constant 
rotation speed in most research. The experimental meas-
urement of a mechanical FWR shows that the wing rota-
tion speed is approximately constant under a specified 
input of flapping and pitching kinematics [31]. Thus, the 

wing flapping velocity, 𝜙̇ , can be represented by a function, 
𝜙̇ = 𝜋fΦ cos(2𝜋 t̂ + 𝜋∕2) , where f is the flapping frequency, 
Φ is the flapping amplitude, and t̂ is the non-dimensional 
time ( ̂t = ft , where t is real time). In a previous study by Li 
and Guo [27], an asymmetric pitching motion inspired by 
dragonfly wings was employed by modulating the sinusoi-
dal function. The pitching velocity of the wing, 𝛼̇ , is given 
as, 𝛼̇ = 2 f  

{

(𝛼u−𝛼d)(−1)
[2t̂+0.5]

− cos(4𝜋 t̂ + [2t̂ − 0.5]𝜋)
}

 , 
where �u and �d are the geometric AoA of the wing at 
mid-upstroke and mid-downstroke respectively. Similarly, 
Wu et al. [30] manipulated the pitching motion by using a 
trapezoidal function, with a non-dimensional time t̂r when 
reverse starts and a non-dimensional reversal time interval 
Δt̂r that takes for the AoA changing from �u to �d . The cor-
responding angular velocity, 𝛼̇ , was modelled as: 𝛼̇ = 360 
f  
{

1 − cos[2𝜋(t̂ − t̂r)∕Δt̂r]
}

 . The wing kinematics resulting 
from these two different pitching patterns are depicted in 
Fig. 3.

2.1.2 � Experimental Measurement of Wing Kinematics

Researchers used various measurement methods to collect 
data on the FWR kinematics of motion and unsteady aero-
dynamic forces for validation of the aerodynamic numerical 
model and optimization of the FWR mechanism. A laser 
sensor/velocimeter with reflective stickers was utilised to 

Fig. 3   FWR kinematics adapted from a [27] and b [30]
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measure the flapping frequency and rotation speed of an 
FWR model [18, 32, 33], as shown in Fig. 4. The model was 
mounted on a force transducer/load cell, and the data was 
processed through a signal amplifier and a PC to obtain the 
vertical force generated by the wings.

Figure 5 illustrates the use of a high-speed camera to 
capture the instantaneous images of the FWR kinemat-
ics of motion, including the flapping, pitching angles and 

wing deformation throughout multiple consecutive flapping 
cycles [21]. The experimental outcomes substantiate that 
the flapping frequency, rotation speed, and time-average lift 
all increase almost linearly with the input power. The rota-
tion speed varies approximately linearly with the flapping 
frequency. Due to the aeroelastic coupling between the wing 
elastic, inertia, and aerodynamic forces, the wing pitching 
angle varies around the initial geometric AoA (15◦).

Fig. 4   Experiment setup (a) and measurement circuits (b) for an FWR model [32]. c Rotation speed and flapping frequency measurement by 
laser velocimeters [33]

Fig. 5   a FWR experiment setup using a high-speed camera; b images of instantaneous moments with post-processed flapping angle and AoA 
[21]



1627Research Progress on Bio‑inspired Flapping‑Wing Rotor Micro Aerial Vehicle Development﻿	

Wu et al. [31, 34] used two synchronized high-speed 
cameras to capture the motion images and rebuild the posi-
tion of the FWR, as shown in Fig. 6. Their experiment pre-
vented imaging distortion in the 3-DOF motion. The wing 
surface was marked, and a program was used to automati-
cally detect and match the marked points between the two 
cameras, allowing for the determination of the wing posi-
tion, orientation, and deformation. Their practical FWR 
model results are showed in Fig. 6b and demonstrate that 
the flapping angular speed time history follows an approxi-
mate trapezoidal function, particularly at the beginning of 
flapping cycles, but fluctuates during subsequent upstroke/
downstroke reversal motion. The aeroelastic effect causes 
passive pitching of the wings, resulting in significant vari-
ation in the pitch angle during a flapping cycle. The pitch 
angle reaches several peaks at the reversal and the middle 
of the upstroke/downstroke. Additionally, the rotation speed 
increases with the flapping frequency and actually varies 
throughout the flapping cycle.

2.2 � FWR Aerodynamic Mechanism

Airborne flapping wings generate unsteady aerodynamic 
forces, with two main types of kinematics: horizontal and 
vertical strokes. Many insects, such as hummingbirds, fruit 

flies, and bumblebees, use a figure-of-eight motion track in a 
horizontal plane with symmetric wing pitching and identical 
AoA in VTOL and hovering [35, 36], as shown in Fig. 7a. 
Their mechanism involves stall delay due to an attached 
Leading Edge Vortex (LEV), contribution from added mass 
and rotational circulation, wing-wake interaction, and the 
clap-and-fling effect [26, 34, 35, 37].

The FWR employs unique kinematics of motion, with 
flapping up and down strokes and wing rotation, as illus-
trated in Figs. 2 and 7b. Figure 7b demonstrates that similar 
to insect flapping wings, the LEV attachment is crucial for 
FWR to produce high lift. During downstroke, a substantial 
wing vortex ring comprising the LEV, trailing edge vortex 
(TEV), and tip vortex is formed, dominating lift produc-
tion, as shown in Fig. 7c. The main difference between the 
FWR and insect-like flapping wings is the rotation-induced 
airflow, which changes the effective AoA and enhances aero-
dynamic lift and efficiency. Further insights on this aspect 
are presented in the following section.

2.2.1 � High Lift Mechanism of LEV

Researchers often employ the computational fluid dynam-
ics (CFD) method to simulate and depict the structure of 
the flow field around the wing in detail, as well as the 

Fig. 6   a FWR test platform using two synchronized high-speed cameras and the marked points on the wing; b results of wing kinematics of 
motion [31]
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evolution of vortex and wake, based on incompressible 
unsteady Navier–Stokes equations. For the FWR, the 
flow crossing a 2D wing chord exhibits a dynamic history 
of vortex generation and shedding, as shown in Fig. 7b 
[38]. As the FWR flaps up and down, the vortex on the 
leading edge is developed and shed over one cycle after 
another. The LEV is lost near the end of the downstroke, 
resulting in a drop in the lift coefficient. The maximum 
rotation speed is achieved when the wing generates small 
and symmetric LEVs in the up and downstroke, while the 
asymmetric larger LEV generated during the downstroke 

is advantageous for lift production but decreases propul-
sive efficiency [38].

The positioning of the LEV on either the upper or lower 
wing surface of the FWR is contingent upon the effective 
AoA [40]. A strong LEV for high lift production usually 
forms on the upper surface of the wing and continues to 
shed until a reverse flow emerges from the trailing edge. The 
size of the LEV increases as the effective AoA increases and 
reaches its peak near the middle of the upstroke or down-
stroke. Furthermore, the effective AoA can keep positive 
with the LEV generated on the upper wing surface during 

Fig. 7   a Hummingbird flight pattern [35] and unsteady aerodynamic mechanisms of insect flight [26]. b Contour of flow vorticity for the 2D 
wing section of the FWR [21, 38]. c Variation of the flow field around the 3D FWR wing in downstroke [39]
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the upstroke, owing to higher lift production than the vertical 
FW [30]. Finally, the pitching motion intensifies the LEV, 
resulting in more aerodynamic force projection in the direc-
tion of lift [41].

2.2.2 � Kinematic Effects on FWR Aerodynamics

Several numerical methods, including CFD simulation [27, 
30, 38, 40, 42–44] and experimental work [17, 18, 23, 32, 
45], have been carried out to study the effect of wing kin-
ematic of motion and mechanical and geometric parameters 
on the aerodynamics of FWR. Li and Guo [27] adapted a 
quasi-steady aerodynamic model that considers both trans-
lational and rotational effects to predict the time course 
of FWR aerodynamic forces. The model is based on the 
assumption that fluid dynamic force depends only on the 
instantaneous wing motion, including velocity and accel-
eration. Time-invariant parameters such as translational 
force coefficients are determined empirically based on the 
wing geometry and flow conditions, such as the Reynold 
number (Re). The elementary forces along the wingspan are 
integrated to calculate the total force and torque of a 3D 
wing based on the 2D FW theory. The lift and rotational 
moment (torque) coefficients of the FWR are computed 
as CL = L∕(0.5�U2 S) and CM = M∕(0.5𝜌U2 Sc̄) , where � 
is the air density, U is equal to 2Φ f  R

2
 with the radius 

of the second area moment R
2
 , S is the wing area and c̄ is 

the mean chord length. A non-dimensional rotation speed, 
� = �

0
∕(2Φ) f where �

0
 is the wing rotation speed in the 

horizontal plane, is used to indicate the deflection of the 
effective AoA ( �e).

Li and Guo [27] focused on investigating the effect of 
the FWR pitching angle on the aerodynamic forces, in an 
equilibrium state when a constant rotation speed and average 
rotational moment (torque) coefficient C̄M = 0 conditions are 
reached. During downstroke, the wing forms a large effective 
AoA ( �e ), contributing to a large lift and rotational moment, 
while during upstroke, it forms a small positive effective 
AoA ( �e ), generating a small lift and anti-rotating moment, 
as shown in Fig. 8a. A larger rotation speed ( � ) in an equi-
librium state is associated with a smaller effective ( �e ) dur-
ing up and down stroke (specifically its peak value at �u = 
9 ◦ and �d = -9◦ ) but a larger mean lift coefficient (C̄L) , as 
shown in Fig. 8b. Zhao et al. [42] also found that selecting a 
small pitching amplitude (Δ� = �u−�d) of less than 20◦ and 
a mean AoA ( �

0
= (�u+�d)∕2 ) of about 40◦ is beneficial for 

the FWR to achieve fast rotation speed and produce high lift 
coefficient, as shown in Fig. 8c.

The effects of rotation speed, flapping frequency, and 
AoA on the lift production of the FWR were also inves-
tigated experimentally. The rotation speed was found to 
increase approximately linearly with the flapping frequency 
as more energy was transferred to the system [31], as 

shown in Fig. 9a. The mean lift produced by the FWR also 
increased linearly with the flapping frequency and reached 
a peak value at initial AoA around 15◦ [32], as shown in 
Fig. 9b. Beyond this point, the mean lift value gradually 
decreased but remained high until the AoA exceeded 35◦ , 
indicating the occurrence of dynamic stall, in which the 
wing can travel at a high AoA and generate further lift before 
stalling [46]. This is due to the stability of the LEV which 
circulation augments the bound vortex and hence the lift, as 
characterised by the quasi-steady model of flapping wings 
[27, 47].

2.3 � Aerodynamic Performance of FWR in Hovering 
and Forward Flight

2.3.1 � FWR Hovering Flight Performance Compared with FW 
and RW

As current MAVs face limitations in payload capability and 
flight endurance, aerodynamic vertical force and power effi-
ciency are two significant indexes of the performances of 
various wing configurations. The novel FWR MAV has gar-
nered interest due to its ability to couple flapping and rota-
tion motions to enhance lift production in hovering flight. 
An experimental study [32] showed that the FWR generates 
more lift than the superposition lift from purely flapping and 
purely rotating motions. The lift generated by the FWR is 
greater than that of a conventional rotary wing at the same 
rotating speeds in the low Re range of 2600–5000, given an 
appropriate Strouhal number (St).

The St is a non-dimensional parameter that character-
izes the kinematics of wing motion (e.g., stroke frequency, 
amplitude, and forward flight), which governs the unsteady 
flow and the shedding of vortices. It is closely related to the 
propulsive efficiency, which is the ratio of the aerodynamic 
power output for propulsion to the power input [48, 49]). For 
an active flapping and passive rotating FWR, high efficiency 
of lift production is achieved at St is between 0.1 and 0.3, 
which is generally less than the St required for high propul-
sive efficiency (between 0.2 and 0.5) [38].

The aerodynamic power efficiency of FWR is evaluated 
by calculating the aerodynamic power consumed to counter-
act the work done by the wing flapping and pitching motions 
at a certain equilibrium rotation speed. This indicates that 
the average power consumed by rotating motion becomes 
zero. The aerodynamic power efficiency is actually denoted 
by a power factor ( Pf  ) which represents the power work for 
producing a certain amount of aerodynamic lift force, com-
puted by C̄1.5

L
∕C̄p where C̄L is the average lift coefficient and 

C̄p is the average aerodynamic power efficient in a flapping 
cycle [27]. The aerodynamic power coefficient ( Cp ) is given 
as Cp = C

M
⋅ � , based on the moment coefficient ( C

M
 ) and 

the angular velocity vectors ( � ) in inertia coordinate system 
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[30] A higher power factor indicates a more power-efficient 
system in producing the same average lift coefficient.

Generally, the criterion of maintaining a constant Re is 
used to compare the aerodynamic performance of various 
MAV configurations in hovering [36, 50, 51]. Li et al. [27] 
and Wu et al. [30] conducted a comparative analysis of 
aerodynamic force and efficiency of four types of wings 
(RW, insect-like vertical flapping-wing (VFW), horizontal 
flapping-wing (HFW), and FWR) by their average lift coef-
ficient and power factor in the same Re (3500 and 2325, 
respectively). Their results demonstrate that the FWR can 
produce a significantly greater aerodynamic lift coefficient 
than other wings, as shown in Fig. 10a, b. Although the 

RW has the highest power efficiency, its lift coefficient 
is the smallest, whereas the FWR offers a broader range 
of combinations of aerodynamic lift and power efficiency 
with optional kinematics of wing motions. Furthermore, 
for the FWR, the state of maximum lift efficiency nearly 
approaches the state of highest aerodynamic power 
efficiency.

Alternatively, without the constraint of Re, Zhou et al. 
[42] compared the power consumption of RW, FW and FWR 
for producing a desired lift. They found that FWR and RW 
can achieve the target lift with less power consumption at 
an AoA that corresponds to the maximum lift and power 
coefficients. However, the most power-efficient RW is unable 

Fig. 8   a Variation of the FWR effective AoA ( �e ) in one flapping 
cycle at different rotation speeds (top) and directions of velocity and 
aerodynamic forces (bottom). b 3D surface plots of mean lift coef-
ficient ( ̄CL ), mean power coefficient ( ̄CP ), nondimensional rotation 

speed ( � ), and power factor ( Pf  ) in the ranges �u = 0–60◦ and �d 
= 0 to −30◦ [27]. c Mean lift coefficient (left) and nondimensional 
rotation speed (right) vary with the mean AoA ( �0 ) and the pitching 
amplitude AoA ( Δ� ) [42]
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Fig. 9   a Rotating speed versus 
flapping frequency [31]. b 
Variation of lift production with 
initial AoA in various flapping 
frequencies [32]

Fig. 10   Performance polar of power factor varies with mean lift coefficient by different types of wings a at Re = 2325 [30] and b at Re = 3500 
[27]. c Comparison of lift coefficient between FWR and RW at different Re [32]
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to produce sufficient lift under certain Re, as illustrated in 
Fig. 10c [32].

2.3.2 � FWR Forward Flight Performance

Most previous studies on FWR aerodynamics have concen-
trated on hovering flight, which is an initial flight condition 
for an aircraft design. To explore practical engineering appli-
cations of FWR, Wu et al. [44] conduct a numerical study 
to investigate the aerodynamic performance of an FWR in 
forward flight. FWR adopts a forward-tilted rotational plane 
to fly forward, which is inspired by rotary wings, as shown 
in Fig. 11a. They evaluated lift, thrust, rotating moment and 
power consumption, and discussed the differences between 

hovering and forward flight in terms of the rotational-cycle-
average and transient aerodynamics, vortex structure, and 
pressure distribution on the 3D wing surface.

Similar to hovering flight, FWR in forward flight gen-
erates lift and thrust primarily during the downstroke and 
produces a propulsive rotation moment during the upstroke, 
with periodic formation and shedding of LEVs as the wing 
flaps up and down. When rotating at a specified rotation 
speed, FWR in forward flight experiences a decrease in the 
rotational-cycle-averaged lift and thrust, but an increase in 
the rotating moment compared to hovering flight.

In forward flight, FWR exhibits advancing and retreat-
ing sides similar to helicopter blades [52], as shown in 
Fig. 11a. The transient aerodynamics and flow pattern 

Fig. 11   a Coordinate system 
and kinematics of FWR in for-
ward flight. b Vortex structure 
around the 3D wing during the 
upstroke of a flapping cycle 
in hovering flight and forward 
flight of FWR [44]
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on the advancing side of forward flying FWR is approxi-
mately the same as those in the hover condition, while on 
the retreating side, a distinct vortex structure forms near 
the outer and inner wings at a typical upstroke stance, 
resulting in a reverse flow region and disappearance of 
the strong negative pressure area from the wing upper 
surface. As illustrated in Fig. 11b, this forms an LEV on 
the wing’s lower surface with an area-enlarged pressure 
region appearing on the upper and lower surfaces, leading 
to a sharp reduction in lift and thrust and an enhancement 
of rotating moment. Consequently, the changes in aerody-
namics during forward flight compared to hovering flight 
are primarily due to the significant reverse flow region 
on the retreating side.

Wu et al. [44] also comprehensively analysed the effects 
of various wing kinematics such as rotation speed, advance 
ratio, rotational plane forward-tilted angle and Re on the 
aerodynamic forces, moment, and power consumption of 
the forward-flying FWR. The funding showed that a mod-
erate advance ratio and a rotational plane forward-tilted 
angle are crucial for aerodynamic enhancement and power 
saving.

Typically, FW and RW forward tile the rotating plane by 
0 ◦–50◦ in forward flight [53, 54], with advance ratios rang-
ing from 0.3 to 0.5 [54] and 0.1–0.7 [53, 55], respectively. 
A forward-tilted rotating plane will project additional lift 
in the front direction, converting partial lift to thrust. 
When the FWR operates at a stable passive rotation speed 
with near-zero rotational moment ( ̄CM=0), lift, thrust, and 
power consumption remain nearly unchanged while the 
advance speed is increased in small advance ratios below 
0.6. It can be seen that thrust production of the FWR no 
longer causes lift loss, and thus, additional control of wing 
kinematics is no longer required to increase lift to balance 
the vehicle weight. This differs from purely FW and RW 
in hovering flight and potentially reduces the difficulty of 
designing control systems.

FWR can rotate faster at a large rotating plane forward 
tilted angle, improving lift and thrust production, but if 
the tilted angle exceeds 30◦ , thrust no longer increases and 
there is a loss of lift. The generated lift can remain larger 
than in hovering when the tilted angle is lower than 30◦ , 
allowing for relatively low power consumption. Hence, a 
rotating plane with a forward tilted angle of around 30◦ is 
recommended for FWR to achieve faster forward flight.

The aerodynamic performance of FWR can be fully 
realized at Re greater than 1000, taking advantage of a 
faster rotation speed to enhance aerodynamic forces. By 
contrast, the aerodynamic performances of purely FW and 
RW are not significantly sensitive to advance ratio and 
rotational plane forward-tilted angle, and both effects are 
generally ignored at Re less than 1000. Despite this inves-
tigation of aerodynamic performance in forward flight, 

the flight control strategy and relevant dynamic analysis 
for FWR in forward flight have been underdeveloped and 
remain a gap.

2.4 � Lift Enhancement Methods

2.4.1 � FWR Wing Geometric Optimisation

Research on FWR has mainly focused on optimizing wing 
kinematics to improve lift production and aerodynamic effi-
ciency. However, most theoretical and experimental analyses 
have relied on simple rectangular-shaped wings [40–42, 56], 
or on assumptions and experiences derived from insect-like 
flapping wings [21, 27, 32]. There is a need for a detailed 
design and analysis of wing surfaces to optimize aerody-
namic characteristics and maximize FWR aerodynamic 
advantages. In this regard, the wing geometric parameters, 
including the aerofoil camber, shape of the plane surface, 
aspect ratio, and twist angle, are crucial design metrics as 
they significantly affect the aerodynamic performance of 
FWR.

Firstly, numerous studies of flapping wings show the 
importance of camber deformation in producing aerody-
namic forces. Dragonflies, for example, exhibit considerable 
camber deformation during free flight, which plays a crucial 
role in generating vertical force and thrust [57]. Similarly, 
a study on bumblebee flight has shown that a deformation 
of 6% camber and 20◦ twist can enhance lift by 10–20% 
and reduce the required aerodynamic power for bumblebee 
hovering flight by 16% [58]. By adopting appropriate cam-
ber, flapping wings can gain aeroelastic effects from asym-
metric flexibility of camber variation and twist deformation 
to improve aerodynamic performance [41]. Particularly, an 
additional positive camber variation in upstroke (9% cam-
ber at mid-upstroke) can reduce the negative lift during the 
upstroke by 22%.

Studies on the effect of camber on FWR aerodynamics 
have found that adopting appropriate camber can generate 
more lift than a planar wing [43, 59]. Through the studies 
on the effect of camber on the FWR wing aerodynamics, 
adopting appropriate camber can generate more lift than the 
planar wing [43, 59]. The mean lift coefficient increases as 
the maximum camber increases within 25% of the chord 
length, with the maximum lift increasing by 40%. This is 
because the maximum camber significantly impacts the size 
and strength of the LEV, which delays vortex shedding and 
enhances lift production. The increasing camber also affects 
the mean rotating moment coefficient, resulting in a signifi-
cant increment.

In addition to camber design, the aerodynamic perfor-
mance and flow pattern of FWR are influenced by different 
wing area moments [43, 60]. The radius of the second area 
moment, which indicates the wing’s tapered ratio between 
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the tip and root chords, has a significant impact on the mean 
lift coefficient. The mean lift coefficient increases as the 
increasing tapered ratio enhances the LEV, whereas a large-
tapered ratio results in a small mean rotating moment even 
as the Re increases. Therefore, Wang et al. [43] suggested 
that a moderately tapered ratio forming a nearly rectangular 
wing is optimal for FWR.

Also, a moderate aspect ratio of 5 is recommended for 
FWR wing design at a low Re [43]. A small aspect ratio 
produces high lift but low rotation speed. In contrast, a large-
aspect ratio increases rotation speed but also considerably 
increases the effective AoA, leading to a decrease in lift.

Increasing the twist angle of the wing plane, which is the 
angle between the root and top chords of the wing, enhances 
the mean lift coefficient of FWR by strengthening and weak-
ening the LEV attached above and below the wing surface 
during downstroke and upstroke, respectively. To balance 
both lift and rotating moment production, a slight positive 
twist angle is recommended for the FWR wing [43]. This 
is in agreement with the design of selecting 10◦–15◦ initial 
AoA for FWR to improve lift at a fast rotating speed [32]. 
Overall, the above methods of optimizing wing geometric 
parameters to increase lift rely primarily on the mechanism 
of maintaining high lift production during the downstroke 
and minimizing negative lift during the upstroke.

2.4.2 � Wing Surface Hore–Hole Design for FWR

An alternative method for improving lift generation in flap-
ping wings involves creating perforations in the wing surface 
[61]. Chen et al. [45] experimentally examined the feasibility 
of this solution for FWR in hovering, namely passive flow 
control strategy. They implemented a bore-hole design on 
FWR by perforating the membrane wing and covering the 
hole with a film that opened during the upstroke to unload 

negative aerodynamic force and closed during the down-
stroke to maintain lift generation, as shown in Fig. 12a. 
The lift enhancement achieved by the perforated wing was 
dependent on initial AoA, position and size of boring holes, 
and covering film material, resulting in a 35% increase in 
average lift.

Chen et al. [62] further investigated the effect of the bore-
hole design on the aerodynamics of FWR during forward 
flight. They found that lift enhancement of the FWR with 
bore-hole design could be maintained within certain lim-
its of advance ratios and tilt angles of disk plane. The lift 
enhancement during upwind flapping cycles is considerably 
more significant than during tailwind flapping cycles. Like 
hovering flight, they observed a significant reduction in 
negative lift during the upstroke of upwind flapping cycles, 
attributed to the release of pressure difference and the forma-
tion of a low-pressure region on the wing’s upper surface, 
as shown in Fig. 12b. Increasing the effective AoA lifted 
the secondary LEV, which reduced the low-pressure region. 
However, the bore-hole design reduced the rotational torque 
during upwind flapping cycles. They suggest that a meticu-
lous material and structure design for the hinge can achieve 
appropriate passive deformation to prompt the reduction of 
negative lift during upstroke.

2.4.3 � Twistable Flexible Wing for FWR

Flexible wings, typically made of membrane material, 
are commonly used in physical FW and FWR models. As 
the wing flaps up and down, the film and spar of the wing 
undergo complex aeroelastic effects, resulting in distortion. 
The advantages and disadvantages of a flexible wing depend 
on the coupling of its strength, stiffness, and deformation 
pattern with unsteady aerodynamics. Therefore, the effective 
utilization of flexible wing deformations to improve lift and 
efficiency and to achieve a more authentic bionic structure 

Fig. 12   a A bore-hole design 
for FWR to increase lift [45]. 
b Flow structures of intact and 
perforated wings in an upwind 
flapping cycle at the end of 
upstroke [62]
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represents a crucial structural principle and design guideline 
for advancing FW and FWR design.

In fact, in most previous studies on FWR, the wings were 
modelled as rigid, and fewer studies have investigated the 
contribution of wing flexibility. Current studies [63, 64] 
developed a computationally efficient fluid–structure inter-
action model to investigate the effect of passive twisting of 
the wing on the aerodynamic performance of FWR by solv-
ing the elastic deformation of a twistable wing, as shown in 
Fig. 13. Using the verified quasi-steady aerodynamic model, 
they identified the significant role that wing-root stiffness 
plays in aerodynamic performance. Their findings showed 
that higher wing-root stiffness values allowed the twistable 
wing to generate comparable lift to a rigid wing at a higher 
efficiency. Therefore, the stiffness design of a twistable FWR 
wing should be associated with its operating wing kinemat-
ics to achieve the desired aerodynamic performance. How-
ever, the performance of twistable FWRs is more sensitive 
to changes in flapping frequency, as an increase in frequency 
can significantly increase power consumption and decrease 
efficiency. Additionally, the recent experimental tests [65] 
on flexible FWR wings quantitatively assessed the impact 
of chordwise and tip stiffness on aerodynamic performance. 
The results emphasize that by optimizing stiffness distri-
bution, the FWR’s aerodynamic lift and efficiency can be 
significantly improved.

2.4.4 � Passive Pitching Variation of FWR

Although the pitching angle variation is a kinematic param-
eter of the wing, the dynamic passive pitching manner of 
the wing is primarily due to elastic deformation. Numer-
ous studies have been conducted to investigate the effects 
of passive pitching or twist angle variation on the lift and 
efficiency of flapping wings and rotary wings, as well as 
to utilize morphing wings [66–68]. The implementation of 
twisting flapping wings has been found to enhance lift by 
over 25% and generate a higher thrust-to-drag ratio [66]. Wu 
et al. [31] analysed the flow structure around the wing of an 
FWR by the CFD method, and demonstrated that passive 
wing pitching is beneficial for FWR to augment lift. Chen 
et al. [23] built a novel sleeve-pin unit mounted on the end 
of a U-shaped flapping mechanism of the FWR (Fig. 14), 
allowing the wing to twist freely around the wing spar axis, 
and conducted measurement experiments.

The passive pitching angle variation (PPAV) of the FWR 
resulted from aerodynamic pressure and inertia force dur-
ing upstroke and downstroke and was found to significantly 
increase mean lift and power efficiency by reducing the neg-
ative aerodynamic lift generated during upstroke in compari-
son to a constant pitching angle. Notably, the mean lift and 
aerodynamic efficiency were more than 100% higher than 
the baseline FWR when the input voltage was below 6 V. 
Additionally, utilizing a lighter wing with a higher flapping 
frequency produced more lift with reduced inertia force and 
power demand than a heavier wing under the same input 
power.

2.4.5 � Asymmetrical Flapping Motion of FWR

All previous studies on FWR have utilized symmetrical 
flapping motions where the maximum and minimum stroke 
angles are identical. In contrast, the FWR model developed 
with PPAV [23] has an asymmetrical flapping motion, with 
a maximum stroke angle of −20◦ above the horizontal plane Fig. 13   Schematic diagram of wing spanwise twisting [63]

Fig. 14   a Sleeve-pin unit for PPAV and U-shaped mechanism. b Wing kinematics of motion [23]
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and a minimum stroke angle of 50◦ below it, as shown in 
Fig. 14. This asymmetry in flapping motion is another cru-
cial factor that contributes to the high lift and successful 
take-off flight of the FWR model.

The authors’ experimental measurements of an updated 
FWR model have validated the kinematic optimization 
of asymmetrical stroke amplitudes, as demonstrated in 
Fig. 15a. Case 1 employed a symmetrical flapping motion 
with a stroke angle range of −40◦ to 40◦ and a pitching angle 
variation of 0 ◦–35◦ , whereas Case 2 employed asymmetrical 
flapping motion with a stroke angle range of −30◦ to 40◦ 
and a pitching angle variation of 7 ◦ to 42◦ . As depicted in 
Fig. 15b, optimized Case 2 produced twice the total force, 
which includes both lift and inertial forces, as compared to 
Case 1. The tested FWR model with optimized motions was 
capable of producing sufficient lift and achieving a series of 
free flights, as discussed in later Sect. 3.2.

2.4.6 � Elastic Mechanism for FWR

The small size and light weight of MAVs present a signifi-
cant challenge to their flight capability and endurance due 

to the limited output and energy capacity of portable power 
sources. To address this challenge, researchers have taken 
inspiration from insects, which minimize flight energy using 
flight muscles, flight thorax, and wing hinges. Recently, elas-
tic energy storage has been implemented FW MAVs, and a 
compliant mechanism driving the flapping mechanism at 
the resonant frequency has been shown to be an effective 
power-saving technique [69–72].

The author implemented the concept of elastic energy 
storage by integrating springs into the driving mechanism of 
a mechanical FWR, as shown in Fig. 14a. The experimental 
results showed that the FWR mechanism achieved a signifi-
cant reduction in input power from the motor by utilizing 
the springs to accelerate or decelerate the wing motions, as 
compared to the baseline model without springs at the same 
flapping frequency, as shown in Fig. 16b, c. The study also 
demonstrated the resonant characteristics of the elastic FWR 
mechanism, with a 50% reduction in power consumption 
compared to the baseline model. By optimizing the stiffness, 
the study achieved a 16% increase in power efficiency (the 
ratio of lift to input power) compared to the baseline model 
while obtaining the same aerodynamic lift force.

Fig. 15   a Tested FWR model. b 
Average total force of the FWR 
model over a flapping cycle in a 
range of input voltage

Fig. 16   a Elastic mechanism for FWR. Variation of input power with flapping frequency of the FWR model with various spring stiffness: b 
without skin cases and c with skin cases
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3 � Flyable FWR MAVs Development

3.1 � Mechanical FWR and Flight Test

Typically, a physical FWR model comprises an FW mech-
anism and a driving mechanism. A DC motor rotation is 
converted to linear reciprocating motion through a pushrod 
and transformed into wing flapping motion via a U-shaped 
mechanism that permits passive wing rotation around a cen-
tral shaft. The flapping rotary mechanism is a typical four-
bar linkage mechanism, i.e., a U-shaped frame. High-speed, 
low-voltage propulsive actuators such as micro-coreless and 
brushless motors are commonly used in FWR models. Due 
to the heavy load of FWR mechanisms, a gearbox is often 
employed to reduce motor speed and increase output torque 
for driving the transmission of a crank-linkage mechanism.

Guo et al. [21] designed and manufactured the first fly-
able FWR model in 2014, which weighed only 2.6 g and was 
powered by a micromotor via fine wires. Despite its small 
size, it was able to generate sufficient lift force for a success-
ful vertical take-off and remain airborne for a short period, 
as shown in Fig. 17a. During flight, the FWR had a flapping 
frequency of 21 Hz, a rotation speed of 7.2 r/s, and a power 
consumption of 2.6 W. This achievement was a significant 
milestone in the research and development of FWR MAVs, 
demonstrating the feasibility of the unique features of the 
FWR concept in terms of flight dynamics and stability.

Subsequently, Yi et al. [73] integrated a motor with a 
lithium micro battery on the FWR platform, with a total 
weight of 21.51 g, achieving vertical take-off and upright 
flight with an onboard power supply for the first time, as 
shown in Fig. 17b. However, due to the lack of altitude and 

attitude control components and a remote or automatic sys-
tem, the model quickly became unstable and fell.

Dong et al. [22] advanced a linkage-driven three-wing 
FWR of 32 g with an onboard power and flight control 
system, as shown in Fig. 17c. The controlled FWR was 
equipped with an attitude control mechanism, including 
stabilizers and rudders driven by servos located below 
the body base. With the help of a lightweight coin-sized 
flight control board, the FWR successfully performed 
free-controlled hovering and forward flight, marking a 
significant milestone in the engineering development of 
FWR MAVs. However, this FWR primarily relied on add-
ing an extra wing to increase lift production to perform a 
free flight and did not fully highlight the aerodynamic and 
efficiency advantages of the FWR concept. They extended 
their research on a smaller-scale FWR equipped with two 
wings directly driven by two bi-directional rotating brush-
less motors [74]. This design operates at twice the flapping 
frequency and has successfully achieved controlled flight, 
as shown in Fig. 17e.

The above physical FWR models have a fixed AoA and 
cannot change their pitching angle by twisting their wings 
along the leading edge. Using the lift enhancement unit of 
passive pitching, the two-wing FWR contrasted by Chen 
et al. [23] achieved a 2-s vertical takeoff and hovering flight, 
as shown in Fig. 17d. Despite being powered by 9 V input 
voltage through wires and weighing 22.7 g (with 4 g of 
wires), this FWR model demonstrated significant potential 
for developing an enlarged magnitude of FWR MAVs due 
to its high lift coefficient.

Our recent advancements in FWR MAVs are exempli-
fied by the integration of PPAV’s lift enhancement and 

Fig. 17   a First and lightest tethered flyable FWR [21]. b First untethered flyable FWR [73]. c A linkage-driven three-wing flyable FWR [22]. d 
A flyable FWR with PPAV [23]. e A motor direct-drive two-wing flyable FWR [74]
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asymmetric flapping, as introduced in Fig. 15a. This FWR 
mechanism equipped with an uncontrolled tail, a single 
motor, battery, and remote-control device, weighs 25 g 
and has achieved a remote-controlled flight duration of 7 s 
(Fig. 18a). With an increase in vehicle weight to 60 gs, its 
dual-motor model was built, achieving airborne stability 
for 2.2 s through dual-motor transmission. Enhancements 
in weight reduction and a remote control system further 
extended the flight endurance of this dual-motor MAV to 
35 s (Fig. 18b). Comprehensive exploration of these models 
will be the focus of future studies. With our present mod-
els, a summary of flyable FWR MAV data can be found in 
Table 1.

3.2 � Free Flight Capability and Endurance Compared 
with FW MAVs

FW MAVs are typically less than 1 m in wingspan and weigh 
less than 2 kg [5], and their flight capability and endurance 
vary. Recent advances in the research and development of 
FW MAVs have been adequately summarized and discussed 
in earlier reviews [66–69, 75]; yet, only a small fraction of 

the fabricated physical models in the literature can conduct 
the flight. Phan et al. [68] surveyed 28 insect-like tailless 
motor-driven FW MAVs developed between 2005 and 2018, 
of which 70% were flyable. These flyable vehicles were cat-
egorized based on onboard or off-board power unit and level 
of flight as guided take-off, tethered flight, passively stable 
flight, wired controlled flight, and free-controlled flight. 
Currently, 60% of flyable insect-like FW MAVs can per-
form controlled flight using onboard electronics and power 
systems, representing the greatest accomplishment in the 
research of FW MAVs.

The FWR is a composite MAV wing layout that combines 
features of flapping and rotary wings. Despite its novelty, it 
has undergone rapid development in recent years, keeping 
pace with advances in FW MAVs. It took 5 years for the 
research team from the FWR concept to achieve the first 
flight of a 2.6 g prototype. It took another 5 years to increase 
the maximum take-off weight to 60 g.

In comparing flyable FW MAVs and FWR, bird-tailed 
FW MAVs are disregarded due to their incapacity for hover-
ing flight. As depicted in Fig. 19, recent advances in insect-
inspired tailless FW MAVs capable of free-controlled flight, 

Fig. 18   Free flights under the 
remote control of a a 25 g 
single-motor FWR and b a 51 g 
dual-motor FWR with the same 
pair of wings

Table 1   Data for flyable FWR models

FWR Wing 
num-
ber

Flapping mechanism Mass (g) Power supply Control Flight 
endur-
ance 
(s)

Guo’s model [21] 2 Crank-slider and linkage 2.6 Coreless motor, tethered Non –
Yi’s model [73] 2 Crank-slider and linkage 21.51 Coreless motor, onboard 

battery
Non –

Dong’s model [22] 3 Crank-slider and linkage 32 Brushless motor, onboard 
battery

Free-controlled 42.5

Dong’s direct-drive model [74] 2 Dual-motor direct drive 12.5 Brushless motors, onboard 
battery

Free-controlled –

Chen’s model [23] 2 Crank-slider, linkage and 
PPAV

22.7 Coreless motor, tethered Non 2

Single-motor tailed FWR 2 Crank-slider, linkage and 
PPAV

25 Coreless motor, onboard 
battery

Free-controlled 7

Dual-motor FWR 2 Crank-slider, linkage and 
PPAV

60 Coreless motors, onboard 
battery

Free-controlled 2.2

Dual-motor tailed FWR 2 Crank-slider, linkage and 
PPAV

51 Coreless motors, onboard 
battery

free-controlled 35
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sourced from reputable publications, reveal a two-wing con-
figuration for vehicles weighing under 25 g, while those over 
25 g require additional wings for adequate lift. The Nano 
Hummingbird weighing 19 g, with two wings, boasts the 
longest flight endurance of four minutes for a small magni-
tude (< 25 g) FW MAV [11]. In contrast, the most sophis-
ticated and representative insect-like tailless FW MAV at 
a relatively large magnitude (> 25 g), the Delfly Number, 
weighs 28.2 g and has four wings enabling a flight time of 
five minutes and quick turns [76]. Available FWR MAVs 
have been capable of free-controlled vertical takeoff and 
hovering in the weight range between 25 and 60 g, relying on 
just two wings to create adequate lift force. Despite being the 
heaviest insect-inspired tailless FW MAV at 62 g, the two-
wing robotic hummingbird can only fly for five seconds due 
to a heavy load [77], while the FWR MAV at the same mag-
nitude of take-off weight can have a longer flight. Thus, the 
superior lift production capabilities of FWR MAVs render 

them more capable of achieving high flight endurance and 
performance compared to conventional FW MAVs.

When comparing the body weight and size of two-
wing FW MAVs and two-wing FWR MAVs, it is evident 
that FW MAVs have a larger wingspan than the equiva-
lent weight category FW MAVs, as depicted in Fig. 20. 
Heavier vehicles require longer wingspans. Furthermore, 
Purdue Hummingbird (Fig. 20(4)), which has comparable 
weight and wingspan to Nano hummingbird (Fig. 20(1)) 
and KUBeetle (Fig. 20(2)), utilizes two motors but has 
a shorter flight endurance of only 20 s, compared to the 
4 min and 40  s of Nano hummingbird and KUBeetle, 
respectively. This indicates that additional motors might 
not necessarily enhance the aerodynamic performance of 
FW MAVs.

In contrast, FWR MAVs can perform flight with the 
same pair of wings, irrespective of whether they are using 
the lighter single-motor configuration (Fig. 20(11)) or the 

Fig. 19   Flight endurance of 
free-controlled hovering, insect-
inspired tailless FW MAVs (1 
[11], 2 [37], 3 [78], 4 [79], 5 
[77], 6 [76], and 7 [80]) as well 
as free VTOL FWR MAVs with 
or without control system (8 
(untethered-controlled) [22], 9 
(tethered without flight control) 
[23], 10 (untethered-controlled), 
11 (onboard power supply but 
without flight control), and 12 
(untethered-controlled))

Fig. 20   Wingspan and body 
mass of two-wing insect-
inspired tailless FW MAVs 
capable of takeoff and hovering 
(1 [11], 2 [37, 78], 4 [79], 5 
[81], 6 [82], and 7 [83]) and 
free-flight two-wing FWR 
MAVs(8 [21], 9 [73], 10 [23], 
11, and 12)
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heavier dual-motor configuration (Fig. 20(12)). Applying 
an additional motor not only dramatically enhances the 
aerodynamic lift force, but also extends the flight endur-
ance and doubles the payload capability of Nano hum-
mingbird and DelFly Nimble. Clearly, FWR has a sub-
stantial advantage in aerodynamic forces and efficiency. 
Although the flight endurance and control capability of 
FWR MAVs are not yet comparable to those of Nano hum-
mingbird and DelFly Nimble, the FWR configuration is 
highly promising for expanding the payload capacity of 
MAVs, offering a wide range of applications in the near 
future.

4 � Ongoing Research and Future 
Development

While recent advances in bio-inspired FW MAVs are note-
worthy, practical application in complex environments 
remains challenging, as they cannot fully emulate genuine 
flying insects. Literature [37, 84] proposes eight competen-
cies essential for FW MAVs to fulfil real-world application 
demands: obstacle avoidance or stable flight recovery after 
wing collisions, extended flight endurance, various loco-
motion modes (e.g., jumping, running, walking, crawling, 
swimming, and perching), autonomous flight, low-noise 
capabilities, multi-vehicle coordination, wind disturbance 
rejection, and low-density environment navigation. Current 
FW MAVs can achieve takeoff, hovering, and maneuvering, 
but lack multifunctionality. Obstacles to agile flight persist 
in two domains: improving aerodynamics and efficiency and 
overcoming limitations in micro-scale electronics and power 
supply technology.

4.1 � Research on Bionic Elastic Structure 
for Improving FWR Performance

Limited flight endurance is a prevalent issue for bio-inspired 
MAVs due to aerodynamic lift and power efficiency con-
straints. As discussed in Sect. 2.4.1–2.4.5, optimizing wing 
kinematics and geometric parameters can enhance the aero-
dynamic performance of FWR MAVs. Considering wing 
inertia and the FWR system’s power efficiency, employing 
an elastic actuator to reduce power consumption, as intro-
duced in Sect. 2.4.6, is crucial for energy-effective flight. 
This allows longer flight durations despite onboard energy 
limitations, due to efficient propulsion and power usage.

Future research should delve into biological wing struc-
tures and flexibility to improve lift production and efficiency, 
applicable to both FW and FWR vehicles. Previous research 
on twistable wings for FWR has primarily focused on ana-
lyzing twisting deformation and wing-root stiffness, with 

earlier FWR studies employing rectangular wing planes. The 
authors are currently investigating the impact of bio-inspired 
wing shapes and flexibility on FWR aerodynamic perfor-
mance, seeking to offer a comprehensive understanding of 
aerodynamic mechanisms stemming from elastic deforma-
tion and guidelines for designing biological flexible wings 
that yield enhanced aerodynamic benefits for FWR MAVs.

4.2 � Research on Flight Control and Stability System 
of FWR MAVs

A major obstacle for existing FWR MAVs is the absence 
of a well-designed attitude control mechanism specifically 
tailored to their unique combination of flapping and rotary 
wings, along with feedback controllers for attitude and alti-
tude regulation. Considering the inherent dynamic instability 
of flappers, continuous stability control and agile maneuver-
ing control are essential and challenging aspects of design-
ing an onboard control system for innovative FWR MAVs.

FWR MAVs necessitate an active control system capa-
ble of adjusting wing kinematics during flight, resulting in 
the generation of control torque for attitude changes. In the 
three-wing FWR MAV built by Dong et al. [22], the atti-
tude control mechanism incorporates stabilizers and rudders 
beneath the FWR driving mechanism, functioning as a tail. 
The attitude control mechanism incorporates stabilizers and 
rudders beneath the FWR driving mechanism, functioning as 
a tail. In their two-wing FWR MAV [74], bi-directional rota-
tion motors drive wing flapping motion, which can be regu-
lated by altering the motors’ input voltage. The kinematic 
disparity between the two wings generates control torques 
for attitude adjustments and vehicle stabilization. These con-
trol strategies resemble those employed by most insect-like 
FW MAVs, which tilt the stroke plane to transition between 
hovering and forward flight and execute maneuvers.

Building upon the established FWR platform devised by 
the authors (Fig. 18a), the project advances by incorporating 
a control method for transitioning from hovering to cruise 
flight mode. This pioneering flight scheme employs FWR 
mode for takeoff and hovering, and FW mode for forward 
flight, maximizing aerodynamic efficiency of both configura-
tions within their respective flight modes. With nearly hori-
zontal tail stabilizers and control surfaces, this FWR MAV 
more closely resembles a bird-like FW MAV while retaining 
efficient takeoff and hovering capabilities. The control sys-
tem enhances adaptability in various environmental condi-
tions and operational scenarios, thus expanding the potential 
applications of FWR MAVs. This innovative design serves 
as a foundation for future research and development, pro-
moting further advances in the field of bio-inspired aerial 
robotics.
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5 � Conclusion

This review provides a comprehensive analysis of the FWR, 
a pioneering MAV design combining bio-inspired flapping 
and rotational motions, highlighting its aerodynamic effi-
ciency. Distinct from traditional flapping wings, FWR capi-
talizes on swift passive rotation induced by active flapping, 
optimizing lift with reduced aerodynamic power. Our explo-
ration underscores FWR’s unique aerodynamic mechanisms, 
emphasizing variations in wing kinematics and performance 
in both hovering and forward flight in contrast to insect 
flight patterns. Enlightened by these insights, we delve into 
advanced lift enhancement technologies that underpin the 
modern, efficient FWR models. In comparison to established 
flapping wing models, FWR showcases potential benefits in 
power efficiency and increased payload capacity. However, 
challenges persist, rooted in weight and size constraints, 
intricate flight dynamics, and a paucity of defined control 
strategies. This review culminates in a detailed discussion 
on bio-inspired improvements in FWR MAVs, emphasizing 
flexible wing design and controls that mimic natural enti-
ties. This exploration is pivotal for harnessing FWR’s full 
potential in real-world applications.
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