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Drawing inspiration from insect flapping wings, a Flapping Wing Rotor (FWR) has been developed for Micro 
Aerial Vehicle (MAV) applications. The FWR features unique active flapping and passive rotary kinematics of 
motion to achieve a high lift coefficient and flight efficiency. This study thoroughly investigates the aerodynamic 
performance and design of a bio-inspired flexible wing for FWR-MAVs, emphasizing its novel backward-curved 
wingtip and variable spanwise stiffness resembling a dragonfly’s wing. The research departs from previous 
aerodynamic studies of FWR, which focused predominantly on rectangular and rigid wings, and delves into 
wing flexibility. Employing Computational Fluid Dynamics (CFD), Computational Structural Dynamics (CSD), 
and experimental measurements, the study demonstrates the aerodynamic benefits of the dragonfly-inspired 
FWR wingtip shape and its reinforced structure. Fluid-Structure Interaction (FSI) analysis is used to examine the 
effects of elastic deformation encompassing twist and bending on aerodynamic forces. The results underscore the 
importance of bending deformation in enhancing lift and power efficiency and propose a method for analysing 
variable stiffness along the wingspan using a vortex delay mechanism that is induced by delayed flapping motion. 
By comparing modelled and measured stiffness, the study validates the flexibility of the FWR wing, revealing 
optimal aerodynamic efficiency is achieved through moderate flexibility and spanwise stiffness variation. The 
curving leading-edge beam forming the sweep-back wingtip offers a practical approach to obtaining variable 
stiffness and aerodynamic benefits for FWR-MAVs. Using the same pair of dragonfly-like flexible wings, FWR-
MAVs have effectively exhibited VTOL and hovering flight capabilities, spanning from a 25-g single-motor drive 
model to a 51-g dual-motor drive model. This research provides valuable insights into flexible wing design for 
FWR-MAVs, leveraging biomimicry to improve flight efficiency.
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 Introduction

Biomimetic micro air vehicles inspired by the flapping flight of in-
cts have attracted a lot of attention in recent years. Many Flapping 
ing Micro Aerial Vehicles (FW-MAVs) have been extensively devel-
ed, however due to the characteristics of low Re flight, the existing 
hicles still have limitations in terms of lift generation and power ef-
iency [1–3]. To date, studies on a novel flapping wing rotor (FWR), 
hich combines active flapping and passive rotation motions of the 
ymmetrically installed wings, have grown in importance as a way of 
proving the aerodynamic performance of FW-MAVs [4,5]. The evi-
nce presented in previous research suggests that at the same level of 
wer efficiency, the lift produced by the FWR wing can be twice as 
gh as the lift produced by a rotary wing [4]; the aerodynamic effi-
ency of the FWR wing is much higher than the typical insect-inspired 
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flapping wings [6,7]. Nevertheless, when examining earlier FWR-MAV 
designs, the wings predominantly adopted a simple rectangular plate, 
rather than a bio-inspired configuration. This trend persists in recent 
flyable models, with Chen et al. [8] still employing rectangular planes. 
Dong’s FWRs from 2022 [9] used a semi-elliptical shape with a rigid 
linear leading edge beam, a departure from wings that closely mimic 
biological designs, such as those of dragonflies. Though Wang et al. 
[10] provided an analysis on geometric parameters like aspect ratio 
and the second area moment’s effects on FWR wings, their study cen-
tred around rigid plates. Recent literature still presents a noticeable gap 
in comprehensive studies addressing the influence of bionic wing shape 
and flexibility on aerodynamics within FWR-MAVs.

The insect wing, unlike the wing of a bird, lacks muscles and is 
therefore subject to passive deformation, which primarily is composed 
of transient spanwise bending, twist, and chordwise camber variation. 
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Nomenclature

MAV Micro Aerial Vehicle
FWR Flapping-Wing Rotor
FW Flapping-Wing

CFD Computational Fluid Dynamics
CSD Computational Structural Dynamics
FSI Fluid-Structure Interaction
LE-beam Leading Edge beam
𝑅, 𝑐 Semi-wingspan, root chord length
𝜆 Aspect ratio
𝑒, 𝑒𝑠 Thickness of the LE-beam and wing skin
𝑑1, 𝑑2 Diameters of the chordwise sub-beams
𝜓,𝜙,𝛼 The angle of rotation, flapping, and pitching
𝛼̇, 𝑓 , 𝑛 Pitching velocity, flapping frequency, rotation speed
𝑈 Reference flapping velocity
Φ Flapping amplitude
𝑡, 𝑡 Real time, non-dimensional time
𝛼𝑢, 𝛼𝑑 The geometric angle of attach of the wing at mid-upstroke 

and mid-downstroke respectively

Δ𝑡𝑟 Non-dimensional reversal time interval
𝑡𝑛 Non-dimensional delayed flapping time
𝐶𝑙,𝐶𝑑 ,𝐶𝑚 Lift, drag, and rotational moment coefficients
𝐶̄𝑙, 𝐶̄𝑑 , 𝐶̄𝑚 The average lift, drag, and rotational moment coeffi-

cients

𝐿 The average lift
𝑃 Power input
𝑃𝑓 Aerodynamic power efficiency
𝑆𝑝 Power efficiency
𝐸𝑘,𝐸𝑝 Kinetic energy, Potential energy
𝒒 Generalized coordinate
𝑸 Generalized external forces
𝜹𝑒 Node displacements
𝑲𝑒 Stiffness matrix of the beam element
𝜀 Strain vector of the skin
𝑣 Skin volume
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fr
r conventional flapping wings, wing deformation and flexibility have 
en extensively studied. The wing deformation is significantly de-
rmined by the elastic responses to aerodynamic and inertial forces 
1,12]. Proper deformation of the flapping wing can improve aerody-
mic performances in terms of lift-to-drag ratio [13], flight efficiency 
4], and reducing the energy costs [15]. As the flexibility of a flap-
ng wing has considerable effects on its aerodynamic characteristics 
6,17], a moderate stiffness should be adopted in order to achieve 
gh lift and propulsive efficiency [18,19]. Specifically, Heathcote et al. 
0] discovered that in a water tunnel study, a degree of spanwise flex-
ility contributed to a slight increase in thrust coefficient and a slight 
op in power requirements, resulting in greater efficiency for Strouhal 
mbers above 0.2. Similarly, Yang et al. [21] showed in their exper-
ental study that the span stiffness has a significant effect on the lift 
neration, while the chordwise stiffness has a greater impact on the 
rust generation.
The aerodynamic performance of flexible flapping wings is also af-

cted by the wing geometry, including the wing shape and aspect 
tios, as well as the wing structure. For example, an increase in as-
ct ratio and root cut-off can improve the lift production of a flexible 
pping wing during hovering flight, as found by a previous study 
4]. Nan et al. [22] found that a trapezoidal shape, a straight lead-
g edge, and an aspect ratio of 9.3 can achieve excellent performance 
r a hummingbird-sized wing. However, a comparative analysis of flap-
ng wings with different shapes has also revealed that high aspect ratio 
ings, such as those with aspect ratios of 4.5 and 6.0, provide less lift 
an rigid wings due to lower pitch angles during the mid-stroke [15]. 
ese results indicate that the findings on wing shape and aspect ratio 
ay be restricted to specific case studies and might not be universally 
plicable to all flapping models, particularly not for FWRs, which ex-
bit unique kinematics compared to traditional flappers.
Multiple studies have demonstrated that reinforced structures, such 

 a rigid leading edge, a reinforced trailing edge, a rigid triangle at 
e wing root, and diagonal battens, can be incorporated into flexi-
e wing designs [15,23,24]. However, most flapping wing structures 
e assumed to have approximately isotropic homogeneous flexibility 
5,26,15] or anisotropic flexibility but uniform torsional or bending 
iffness [27,28], and often neglect the effects of wingtip and lump mass 
 the analysis. In contrast, the current study focuses on a dragonfly-like 
xible FWR wing, which features variable stiffness along the wingspan 
d a curving leading-edge beam that reinforces the wingtip.
Recent studies have highlighted the non-trivial mechanisms gov-
2

ning the aerodynamic performance of flexible wings, including the 10
layed burst of the leading-edge vortex [24,29,30], and delayed pitch 
tation [15]. These effects have been shown to enhance lift production. 
 this study, we investigate, to our knowledge for the first time, the de-
yed flapping motion by which wing spanwise flapping deformation 
verns lift enhancement for an FWR model.
The aerodynamics and structural dynamics of the FWR wing are 

rongly coupled, resulting in a complex fluid-structure interaction (FSI) 
oblem. To overcome this challenge, a computational FSI analysis, 
hich couples a computational fluid dynamics (CFD) solver and a com-
tational structural dynamics (CSD) solver, is commonly used to pro-
de detailed information on both flow fields and structural dynamics 
0,31]. In this study, we first consider a global point of view in which 
e effect of dragonfly-like shape on the aerodynamic performance of 
e FWR model is compared with the baseline rectangular shape by 
D and experimental approaches, also taking aspect ratio into account. 
e also explore the contribution of the reinforced wingtip and inher-
t wing elastic deformation to the unsteady aerodynamics and power 
ciency of the FWR model through FSI analysis and experiments. 
rthermore, we address how wing bending deformation significantly 
ects aerodynamic performance and propose an optimization and gen-
alizable strategy to achieve efficient biomechanics for FWR-MAV by 
justing the stiffness quantity of the wing along the spanwise direc-
n. Through experimentation and flight tests, the dragonfly-inspired 
xible wings demonstrated enhanced lift production and power effi-
ency, effectively supporting the flight capabilities of the FWR model.

 Modelling and methods

1. Dragonfly-inspired FWR wing model

Several studies of bird and dragonfly wings have revealed that the 
ter section of the wing has a sweep angle or gradually shrinks along 
e spanwise direction [19], [32]. The shape of the dragonfly forewing 
d hindwing exhibits a continuous backward curvature of the wingtip 
 80% to 90% of the span [32,33]. The flexible wing for an FWR-
AV taken in this study imitates the shape of a dragonfly’s hindwing 
ympetrum sanguineum) [32], as shown in Fig. 1.
The aspect ratio 𝜆 of the wing refers to the ratio of the semi-span 
to the root chord length 𝑐 in this study, as shown in Fig. 1(b). The 
agonfly-like FWR wing shown in Fig. 1(b) has an aspect ratio of 𝜆 =
67. The structure of the FWR wing is composed of a carbon/epoxy 
ame and polyimide film. The carbon fibre beam has a density of 1.49 ×

−3 g/mm3 and elastic modulus of 230 GPa. The polyimide film has 
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Fig. 1. (a) Wings of Dragonfly (Sympetrum sanguineum) [32]; (b) Structural layout and dimensions of the dragonfly-like FWR wing.
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Fig. 2. A flyable FWR-MAV.

e following material properties: thickness 0.015 mm, density 1.42 ×
−3 g/mm3, and elastic modulus 2.5 GPa. Inspired by the membrane 
d veins of a dragonfly, which vary along the wingspan and chordwise 
rection, the thickness 𝑒 of the Leading Edge beam (LE-beam) of the 
R wing gradually changes from 3.5 mm at the wing root to 1.5 mm 

 the wingtip. The chordwise sub-beams choose two carbon fibre rods 
ith diameters 𝑑1 = 1 mm and 𝑑2 = 0.6 mm, respectively.

2. An FWR-MAV model and the kinematics of motion

A flyable FWR-MAV test model with a pair of dragonfly-like wings is 
own in Fig. 2, driven by a DC motor. The main body of the test model 
s a total height of 103 mm, while the wing’s semi-span measures 160 
m. The test model, including a 5 g motor, has a total weight of 16.25 
 The FWR performs a vertical flapping motion (𝜙) through a gear-
ank transmission mechanism. A sleeve-pin unit is mounted at the free 
d of the U-shape flapping mechanism that connects to the wing root, 
3

lowing the wing to perform a passive pitching motion (𝛼) within a cy

g. 3. (a) Coordinate system definition for the single FWR wing; (b) Time courses of the
 the colours in the figure(s), the reader is referred to the web version of this article.)
nge of angular variation. The flapping wings would produce lift and 
ially symmetric thrust that would result in a passive rotation motion 
).

Fig. 3(a) shows the coordinate system that can be used to describe 
e kinematics of the FWR wing. The rigid-body rotations involve four 
ames: the inertial frame oxyz based on the horizontal plane, two 
termediate frames 𝑜𝑥′𝑦′𝑧′ and 𝑜𝑥′′𝑦′′𝑧′′, and the wing-fixed frame 
𝑤𝑦𝑤𝑧𝑤. The wing would undergo elastic deformation due to the aero-
namic and inertial forces produced by the rigid-body rotations.
For the wing going downstroke at the initial time, the flapping angle 

 given as

= 0.5Φcos
(
2𝜋𝑡

)
(1)

here Φ is the flapping amplitude; 𝑡 = 𝑓𝑡 is the dimensionless time 
nging from 0 to 1 in a flapping cycle, with the flapping frequency 𝑓
d physical time 𝑡.
When the FWR wing performs passive pitching motion, its angle of 
tack changes abruptly during the flapping stroke reversal, then re-
ains constant in the rest of downstroke and upstroke [8]. According 
 the reference [4,34], the pitching angle velocity of the wing in the 
versal phase at the end of each stroke can be described as

=
2𝑓 (𝛼𝑢 − 𝛼𝑑 )

Δ𝑡𝑟

[
(−1)

(
2𝑡+0.5

)
− cos( 4𝜋𝑡

Δ𝑡𝑟
− (2𝑡− 0.5)𝜋)

]
(2)

here Δ𝑡𝑟 indicates the dimensionless pitching time with respect to the 
pping period.
In this study, the FWR kinematics of motion is set as follows. The 
tive flapping motion is sinusoidal and symmetric, ranging from -30◦
 30◦, as shown in Fig. 3(b). The pitching axis 𝑥𝑤 of the FWR wing 
 aligned with the leading edge. The passive wing pitching angle has a 
inimum -10◦ during downstroke, i.e., 𝛼𝑑 = −10◦, and a maximum 30◦
ring the upstroke, i.e., 𝛼𝑢 = 30◦. In the numerical analysis, the rota-
n speed denoted by 𝑛 is assumed to remain constant over a flapping 

cle.

 sinusoidal flapping, passive pitching and rotation motions. (For interpretation 
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Fig. 4. Diagram of the CFD model.

3. Aerodynamic analysis

The aerodynamic analysis for the whole FWR wing is performed us-
g the computational fluid dynamics (CFD) method, which is governed 
 the three-dimensional unsteady Navier-Stokes equations. A turbulent 
odel of k-𝜔 SST within the commercial software Fluent is employed 
 this study. The three-dimensional CFD model, which is a structured 
d boundary-fitted O-H type mesh, combines a far field, spherical in-
rfaces, and the FWR wing as shown in Fig. 4. Thus, the fluid field 
 divided into an outer and an inner fluid field. The inner fluid field 
oves with the wing rigid rotations by using the dynamic mesh method, 
d it is compiled with a user-defined functions script that specifies the 
edefined wing kinematics of motion, as illustrated in Fig. 3(b). The 
ing is analysed as a rigid body in the CFD simulations. The CFD model 
 validated by comparing an initial example to experimental data. This 
ill be detailed in the forthcoming Section 3.1.1 and Fig. 9.
The aerodynamic forces produced by the wing in the inertia co-
dinate system are obtained by integrating the pressure and velocity 
mponents in the flow field around the wing at each physic time [35]. 
e lift, drag, and rotational moment coefficients of the FWR wing are 
fined as follows:

𝑙 =
𝑙

0.5𝜌𝑈̄2𝑆
, 𝐶𝑑 =

𝑑

0.5𝜌𝑈̄2𝑆
, 𝐶𝑚 = 𝑚

0.5𝜌𝑈̄2𝑆𝑐
(3)

here 𝑙 is the vertical lift force, 𝑑 is the horizontal drag force, and 𝑚 is 
e rotational moment along the 𝑧-axis in the inertial system; 𝜌 is the 
id density; 𝑆 is the wing area; 𝑏𝑎𝑟𝑐 is the mean chord length of the 
ing. The time averaged values of lift, drag, and moment coefficients 
e donated by 𝐶̄𝑙 , 𝐶̄𝑑 , and 𝐶̄𝑚. The reference velocity 𝑈̄ is defined by 
e average flapping velocity at the wingtip, 𝑈̄ = 2𝑓Φ𝑅, where 𝑅 is the 
anwise length of the wing.
In the previous study [34], the aerodynamic power efficiency of the 
R wing was denoted by a dimensionless power factor 𝑃𝑓 that was 
e ratio of the mean lift coefficient to the mean aerodynamic power 
ciency. As the mean aerodynamic power was calculated by the total 
wer required for the wing to produce forces, the aerodynamic power 
ciency 𝑃𝑓 is determined by the following equation in this study:

𝐶̄𝑙
4

=
𝐶̄𝑙 − 𝐶̄𝑑

(4) tio

Fig. 5. 2D views of bending and twisting def
Aerospace Science and Technology 148 (2024) 109090

In experiments, the power efficiency of the FWR model 𝑆𝑃 is evalu-
ed by the ratio of the average lift force generated by the wings 𝐿 (N) 
er a flapping cycle to the power input 𝑃 (W) from the motor, i.e.,

𝑃 = 𝐿

𝑃
(5)

4. Structural analysis of the flexible FWR wing

In addition to the rigid body motion of the FWR as described above, 
e structural dynamic equation of the flexible FWR wing can be de-
ved from Lagrange’s equation as follows:

𝑡

(
𝜕𝐸𝑘

𝜕𝒒̇

)
−
𝜕𝐸𝑘

𝜕𝒒
+
𝜕𝐸𝑝

𝜕𝒒
=𝑸 (6)

here 𝐸𝑘 and 𝐸𝑝 are the wing’s kinetic and potential energy, respec-
ely, and 𝑸 denotes the generalized external forces including the drive 
rque and aerodynamic forces. The generalized coordinate 𝒒 that de-
ribes the wing kinematics is expressed by,

=
[[
𝒒𝑟𝑜𝑡

]𝑇
,
[
𝒒𝑒𝑙𝑎
𝑡𝑤𝑖𝑠𝑡

]𝑇
,
[
𝒒𝑒𝑙𝑎
𝑏𝑒𝑛𝑑

]𝑇 ]𝑇
(7)

here 𝒒𝑟𝑜𝑡 denotes the generalized coordinates of rigid-body rotations 
ferring to rotating, flapping and pitching angles respectively; 𝒒𝑒𝑙𝑎

𝑡𝑤𝑖𝑠𝑡

d 𝒒𝑒𝑙𝑎
𝑏𝑒𝑛𝑑

represent the generalized coordinates of the wing elastic 
formation including twisting angle (𝛼𝑡𝑤𝑖𝑠𝑡) and bending angle (𝜃) re-
ectively.

For a general point 𝑃0 on the wing, its position vectors in the in-
tial frame and the wing-fixed frame are respectively expressed as 
= [𝑥𝑖 𝑦𝑖 𝑧𝑖]𝑇 and 𝒓𝑤 = [𝑥𝑤 𝑦𝑤 𝑧𝑤]𝑇 , as shown in Fig. 2 and Fig. 5. 
e transformation matrix from the wing-fixed frame to the inertial 
ame is given as 𝑹𝑤→𝑖 =𝑹𝜓𝑹𝜙𝑹𝛼 [4]. The kinetic energy of the wing 
 obtained by,

𝑘 =
1
2∬

𝑠

𝑒𝑠𝜌𝒓̇
𝑇
𝑖
𝒓̇𝑖𝑑𝑠 ≜ 1

2
𝒒̇𝑇𝑴𝑤𝒒̇ (8)

here 𝑒𝑠 is the wing skin thickness; s is the area of the undeformed 
ing; 𝑴𝑤 is the wing’s mass matrix.
The potential energy 𝐸𝑝 is yielded by the elastic energy storage in 
e deformations of wing skin and the beams, i.e., 𝐸𝑝 = 𝐸𝑠𝑘𝑖𝑛

𝑝
+𝐸𝑏𝑒𝑎𝑚

𝑝
. 

e potential energy of wing skin is calculated by the nonlinear strain-
splacement relations for plate with a moderate deformation [28],

𝑠𝑘𝑖𝑛
𝑝

= 1
2 ∭ 𝜺𝑇𝑪𝜺𝑑𝑣 (9)

here 𝑣 is the skin volume; 𝜀 is the strain vector of the skin. According 
 the finite element model, the strain energy for a beam element is 
ven by,

𝑏𝑒𝑎𝑚
𝑝

)
𝑒
= 1

2
(𝜹𝑒)𝑇𝑲𝑒𝜹𝑒 (10)

here 𝜹𝑒 represents the node displacements; 𝑲𝑒 is the stiffness matrix 
 the beam element. With the stiffness matrix and the boundary condi-

ns, which involve the node displacements at both the wing root and 

ormation of the flexible FWR wing.
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Fig. 6. 2D views of bending and twisting deflections of the flexible FWR wing.

Fig. 7. Wing Structure and dimensions for the FWR model: (a) Wing DW-A and (b) Wing RW-A (𝜆 = 2.67); (c) Wing DW-B and (d) Wing RW-B (𝜆 = 1.78).
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, as governed by the generalized coordinates 𝒒𝑒𝑙𝑎
𝑡𝑤𝑖𝑠𝑡

and 𝒒𝑒𝑙𝑎
𝑏𝑒𝑛𝑑

, the 
erall potential energy of the LE-beam 𝐸𝑏𝑒𝑎𝑚

𝑝
can be derived.

Therefore, the structural dynamic equation (Eq. (6)) can be rewrit-
n in a discrete form based on the Newmark method for transient 
ructural analysis as follows:

𝑤𝒒̈(𝑡) + (𝑲𝑣(𝑡) +𝑲)𝒒(𝑡) =𝑸𝑎𝑒𝑟𝑜(𝑡) (11)

here 𝑲 and 𝑲𝑣 are overall static stiffness matrix and dynamic stiffness 
atrix respectively; 𝑸𝑎𝑒𝑟𝑜 is composed of aerodynamic forces and the 
itial forces related to the accelerations of wing motions.
The FWR wing kinematics of motion introduced in Section 2.2 are 
plied to the wing base as boundary conditions in the transient struc-
ral analysis, which is completed by the CSD solver Transient Struc-
ral. Therefore, the numerical simulation for FSI is conducted as fol-
ws: Initially, the unsteady aerodynamic forces produced by the wing 
otion at the instant 𝑡 are computed in CFD. Secondly, the aerodynamic 
rces are transferred from the aerodynamic grid to the structural grid, 
d the wing deformation is calculated by solving the structural dy-
mic equation at the instant 𝑡 in CSD. After the deformation value 
nverges, the displacement of the structural grid is then translated to 
e aerodynamic grid to update the shape of the flexible wing, which 
turns to the aerodynamic calculation at the next time step, and so on 
ratively.

5. Experiment of the FWR-MAV test model

An experimental platform comprising the devices depicted in Fig. 6
as constructed to measure the instantaneous force produced by the 
R wings. The FWR was operated by a DC motor supplied by a DC 
pply and placed on a load cell (with a capacity of 200 g and an 
curacy of 0.05 percent F.S.). The voltage signal from the load cell 
as transmitted to the data acquisition device through a 1K-gain signal 
5

plifier (NI USB-6009). The data were then transmitted to the Lab- th
Table 1

Dimensions and weight of wings.
Wing Name Wing DW-A Wing DW-B Wing RW-A Wing RW-B

Dimension (mm) 160×60 160×90 160×60 160×90
𝜆 2.67 1.78 2.67 1.78

Weight (g) 1.21 1.35 0.81 0.96

EW programme on the PC to quantify the lift force, filtered using 
e 2nd-order low-pass Chebyshev algorithm with the low-pass cut-off 
equency set to five times the flapping frequency of the FWR model 
6,37]. This force measurement method was utilised and validated in 
evious works [8,38].

 Results and discussion

1. Effect of wingtip shape

1.1. Aerodynamic forces and power efficiency
The most remarkable characteristic of a dragonfly’s wing is the grad-
l backward curvature of the LE near the wingtip. We first investigate 
e aerodynamic forces and power efficiency of the dragonfly-like wings 
d the baseline rectangular wings with the same aspect ratio. The two 
pes of physical wings are installed on the FWR-MAV model, as shown 
 Fig. 7, and their dimensions and weights are listed in Table 1. The 
st group of test is the dragonfly-like wing DW-A and its baseline rect-
gular wing RW-A with the same aspect ratio of 𝜆 = 2.67. In the second 
oup containing the dragonfly-like wing DW-B and its base wing RW-B, 
e chord length is extended and the aspect ratio is 𝜆 = 1.78.
The experimental findings demonstrated that aerodynamic perfor-
ance is greatly enhanced when the FWR wing adopts the sweep-back 
ape of the wingtip. In general, for the same input power and flapping 
equency, the DW wings consistently produced a higher lift force than 

eir corresponding base wings (Fig. 8(a)(b)), which can be attributed 
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Fig. 8. The measured average lift force, input power, flapping frequency, rotation speed, and power efficiency of the FWR model with dragonfly-like wings and base 
wings: (a) the average lift against input power; (b) the average lift against flapping frequency; (c) rotation speed against flapping frequency; (d) power efficiency 
against flapping frequency.

Table 2

Measured and CFD results of Wing DW-A and Wing RW-A.
Model 𝑃 (W) 𝐿 (N) 𝑆𝑃 (N/W) 𝑓 (Hz) 𝑛 (rad/s) 𝐶̄𝑙 (test) 𝐶̄𝑙 (CFD)

Wing DW-A 2.3 0.088 0.038 10.47 69 0.61 0.58

Wing RW-A 2.1 0.058 0.028 10.42 45 0.40 0.43
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 a faster rotation speed (Fig. 8(c)). As the rotation speed of the DW 
ings rose significantly with flapping frequency to enhance lift genera-
n, the power efficiency of the DW wings generally increased, whereas 
e power efficiency of the RW wings decreased with increasing flap-
ng frequency (Fig. 8(d)).
Specifically, the cases of DW-A and RW-A wings at a frequency of 
proximately 10.5 Hz are detailed in Table 2. There are slight dif-
rences between the CFD model and experimental measurements: the 
D simulation value of the average lift coefficient has a difference of 
99% compared to the measured difference in the Wing DW-A case and 
difference of 6.65% in the Wing RW-A case. In the above results, us-
g the Wing DW can increase the average lift by 50% and power by 
% when compared to the Wing RW-A. Furthermore, the faster rota-
nal speed of Wing DW-A compared to Wing RW-A corresponds to an 
crease in the incoming flow velocity. Thus, the aerodynamic forces in-
ease, and the effective angle of attack shifts. This is highlighted more 
ominently in the CFD results, as shown in Fig. 9, where the peak pos-
ve lift generates during the downstroke of Wing DW-A increases and 
e negative lift during the upstroke decreases. The peak rotation mo-
ent during the downstroke also increases significantly. The 𝐶̄𝑚 values 
 Wing DW-A and Wing RW-A are 0.062 and 0.0577, respectively.

1.2. Flow analysis
The shape of the wing has a direct effect on the flow around the 
6

ing, i.e., the aerodynamic mechanism of the FWR wing, which consists m
 an attached leading edge vortex (LEV), added mass, wake capture, 
d rotational circulation. Given that the quasi-steady model utilized in 
evious investigations did not incorporate the effects of spanwise flow 
d wingtip vortex, the CFD method is a suitable and precise method for 
ucidating the aerodynamic mechanism of dragonfly-like FWR wings 
rough the visualization of flow fields around the wing.
The LEV has been identified as a major contributing factor to the 
gh lift production for the insect flights [39–41]. The DW wing can 
nerate high lift and have great aerodynamic efficiency, which is 
ainly because the LEV develops and extends to the wingtip along the 
rvature of the LE-beam and remains stably attached to the wing sur-
ce. This can be obviously seen in Fig. 10: when the spanwise velocity 
creases, the LEV core transports vorticity towards the wingtip, and 
e wingtip curvature of Wing DW-A allows the vorticity to smoothly 
tend to the tailing edge. The resulting vortex ring connects the leading 
ge and tailing edge (at 𝑡 = 1.3 in Fig. 10(a)). In contrast, the spanwise 
V of Wing RW-A sheds at the wingtip (at 𝑡 = 1.245 in Fig. 10(b)). 
oreover, the greatest LEV development occurs on Wing DW-A when 
e lift coefficient reaches its maximum value at 𝑡 = 1.3, and the vor-
x formation is later than on Wing RW-A. For Wing RW-A, the vortex 
rms fully at 𝑡 = 1.245. The maximum vortex formation of Wing DW-A 
 also delayed in terms of the peak value of flapping velocity emerging 
 𝑡 = 1.25, which is beneficial for enhancing lift production. Therefore, 
is sweep-back wingtip shape makes effective use of the stable attach-

ent of the LEV and delayed stall mechanism.
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Fig. 9. Time course of lift and moment coefficients of (a) Wing DW-A and (b) Wing RW-A.
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g. 10. Wing vorticity distribution of 10.5 Hz flapping examples with colour 
dication of velocity variation over a flapping cycle: (a) Wing DW-A and (b) 
ing RW-A.

2. Effect of aspect ratio

Fig. 8 presents the experimental results of the DW and RW wings, 
hich demonstrate the effect of aspect ratio on aerodynamic forces and 
wer efficiency. Specifically, when comparing Wing DW-A (𝜆 = 2.67) 
d Wing DW-B (𝜆 = 1.78) at the same flapping frequency, the lower 
tation speed of Wing DW-A compared to Wing DW-B with a small 
pect ratio leads to a lift-to-drag ratio, hence a lower power efficiency.
Similar conclusions are drawn when comparing their rectangular 
selines, Wing RW-A (𝜆 = 2.67) and Wing RW-B (𝜆 = 1.78), indicat-
g that decreasing aspect ratio increases the wing’s area and weight, 
ading to changes in passive pitching motion due to inertial forces 
d altering the direction of the effective angle of attack, resulting in 
creased lift and increased thrust. Overall, the power efficiency dete-
7

orates. lif
Fig. 11. Structure and dimensions of Wing RW-C.

Table 3

Dimensions and weight of Wing 
RW-C.

Parameters Wing RW-C

Dimension (mm) 160×60
𝜆 2.67

Weight (𝑔) 0.85

3. Effect of wingtip chordwise stiffness

3.1. Aerodynamic forces and power efficiency
The above Section 3.1 demonstrates that DW wings can generate 
eater lift than RW wings. This is not only due to the aerodynamic 
anges caused by the shape but also due to the factor of reinforced 
ingtip stiffness. The LE-beam of the DW wing encloses the wingtip, 
hancing its chordwise stiffness. To analyse and verify the effect of this 
int, a sub-beam was added at the wingtip of Wing RW-A, as shown in 
g. 11. Wing RW-A is compared with the reinforced Wing RW-C under 
e same shape conditions. See Table 3.
The measured results of Wing RW-C in comparison to Wing RW-A 
e shown in Fig. 12. When compared under the same input power 
 frequency conditions, the reinforced Wing RW-C has greater lift 
an the original Wing RW-A (Fig. 12(a)(b)). The two wings have ap-
oximately the same rotational speed at the same flapping frequency 
ig. 12(c)). It can be inferred from the curves plotted in Fig. 12 that 
hen the FWR model with Wing RW-C flaps at a frequency of 10.5 Hz, 
generates a total average lift of 0.09 N, which is 1.55 times higher 
an that generated by Wing RW-A. Moreover, its input power is 2.9 W, 
d its power efficiency is 0.031 N/W, which is 1.11 times that of Wing 
-A (Fig. 12(d)). The above results imply that the presence of a rein-

rced wingtip in the FWR wing has a positive impact on lift generation 
hancement, as opposed to thrust, at the specified flapping frequency.

3.2. Dynamic responses
The reinforcement of the wingtip affects the deformation of the flex-
le wings in terms of twist and bend, which has a positive impact on 

t production. Fig. 13 presents the results from the aerodynamic and 
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Fig. 12. The measured results of the FWR model with Wing RW-C compared with Wing RW-A: (a) the average lift against input power; (b) the average lift against 
flapping frequency; (c) rotation speed against flapping frequency; (d) power efficiency against flapping frequency.

Fig. 13. Wing deflections and aerodynamic forces of Wing RW-A and reinforced Wing RW-C under the CFD/CSD simulations: (a) pitching and twisting angles of 
wing root and tip, flapping and bending angles of wingtip at the LE-beam; (b) time courses of lift and moment coefficients.
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ructural coupling simulations, showcasing the lift and moment coeffi-
ents, as well as the elastic deformations at the wing root and wingtip 
r both Wing RW-A and Wing RW-C, flapping at 10.5 Hz with a rota-
nal speed of 45 rad/s. The twisting angle of Wing RW-C is greater 
an that of Wing RW-A due to the former’s lump mass at the wingtip, 
hich results in a higher passive twisting moment around the spanwise 
is of the LE-beam. The centre of mass of Wing RW-C in the chord-
ise direction is located at 0.37 𝑐, while that of Wing RW-A is located 
 0.34 𝑐, contributing to the difference in twisting angle. Moreover, 
e wingtip stiffness of Wing RW-C leads to a smaller peak twisting 
8

formation at the wingtip compared to that at the wing root, which up
 not observed in Wing RW-A. The lump mass also increases the span-
ise bending of Wing RW-C, causing higher lift and rotation coefficients 
ith 𝐶̄𝑙 = 0.74 and 𝐶̄𝑚 = 0.048 at larger flapping and pitching angles, 
hile the flexible Wing RW-A model has lower values of 𝐶̄𝑙 = 0.45 
d 𝐶̄𝑚 = -0.024, requiring more power. The above results indicate 
at the wing inertia plays a significant role in wing deformation and 
rodynamic performance.
Fig. 14 further presents the initial effect of the wings during the 
wnstroke and upstroke that result in rapid pitching and flapping vari-
ions in the flexible wing. During the initial state (𝑡 from 1.02 to 1.20), 

ward bending deformation allows Wing RW-C to exhibit large flap-
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Fig. 14. Transient deformations in z-direction of flexible (a) Wing RW-A and (b) Wing RW-C (unit m).

Fig. 15. Transient deformations in z-direction of flexible (a) Wing RW-A and (b) Wing RW-C.

pi

ex

th

in

pi

ri

ge

dr

to

ca

th

of

D

m

be

Th

th

3.

w

ne

m

st

w

th

ae

ib

3.

la

ca

ab

fle

th

fo

as

sp

w

gi

by

th

th

70

sh

pi
ng angles with a peak value of lift (seen in Fig. 13(b)). The wing 
periences serious deformations during the period between the end of 
e downstroke and the beginning of the upstroke (𝑡 from 1.43 to 1.65), 
cluding reverse flapping and pitching angles. This induces a delayed 
tching angle variation at the wingtip compared to the wing root and 
gid model, ultimately reducing thrust production.
Prior research of a pitching-flapping-perturbed revolving wing sug-
sts that advanced pitching can enhance the reduction of external 
iving torque, while delayed pitching can decrease both the driving 
rque and lift production [42]. Furthermore, the lift of a flapping wing 
n increase from rapid pitch rotation about the spanwise axis prior to 
e end of the stroke, but if the wing rotates after approaching the end 
 the stroke as delayed pitching rotation, the lift is reduced [43,44]. 
espite the decrease in thrust production caused by the elastic defor-
ation of the wing during this flapping reversed period, the upward 
nding deflection during the upstroke can maintain lift generation. 
is demonstrates the significance of bending deflection in affecting 
e aerodynamic performance of the flexible wing.

4. Effect of spanwise stiffness and deformation

The thickness variation in dragonfly wings is a result of venation, 
here veins surround the membrane and gradually decrease in thick-
ss from the wing root to the wingtip. This allows dragonflies to 
aintain unsteady flight with high efficiency. Therefore, the spanwise 
9

iffness of the wings is particularly important for effectively controlling no
ing deformation during flapping. This study focuses on investigating 
e mechanism of the spanwise deformation effect of the wings on the 
rodynamic forces of FWR, with the aim of finding the best use of flex-
le wings for optimal performance inspired by the dragonfly wings.

4.1. Aerodynamic mechanism of spanwise wing deformation
Similar to the advanced pitching rotation, it can be inferred that de-

ying the acceleration of flapping at the beginning or end of the stroke 
n improve lift and thrust generation. As demonstrated in Section 3.3.2
ove, during the initial state of flapping downstroke and upstroke, a 
xible wing undergoes a bending deformation, causing it to lag behind 
e rigid rotation during the stroke. Hence, the effect of spanwise de-
rmation of the flexible wing on the aerodynamics can be considered 
 an effect of the delayed vortex formation resulting from the corre-
onding delay in flapping motion.
The flapping delay process is modelled as a time interval during 

hich the flapping wing maintains a constant flapping angle at the be-
nning of the downstroke and upstroke. This time interval is denoted 
 a dimensionless flapping delay time (𝑡𝑛), and its value divided by 
e flapping frequency yields the physical time of flapping delay. In 
is study, the wing motion is simulated with flapping amplitudes of 
◦, pitching amplitudes of 40◦, and a rotation speed of 8.2 rad/s, as 
own in Fig. 15(a). At a flapping frequency of 10 Hz, different flap-
ng delay time (𝑡𝑛) cases are considered. The 𝑡𝑛 = 0 case represents 

n-delayed flapping with rigid rotation. Increasing 𝑡𝑛 causes a back-
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Table 4

Cases for modelling the FWR wing with flexibility along the spanwise.
Cases Node (r/R) 0 0.2 0.4 0.6 0.8 1 Flexibility

Rigid 𝑡𝑛 0 0 0 0 0 0 stiff

FW-A 𝑡𝑛 0 0 0 0.005 0.02 0.05

FW-B 𝑡𝑛 0 0 0.005 0.02 0.05 0.1

FW-C 𝑡𝑛 0 0.005 0.02 0.05 0.1 0.15

FW-D 𝑡𝑛 0 0.02 0.05 0.1 0.15 0.2

FW-E 𝑡𝑛 0 0.05 0.1 0.15 0.2 0.25 flexible
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Fig. 16. The simplified wing model of Wing DW-A.

g. 17. Vorticity variation of the wing model during the downstroke in differ-
t delayed flapping cases at a flapping frequency of 10 Hz.

ard delay in the occurrence of the peak of acceleration, as shown in 
g. 15(b).

To streamline the calculations, a simplified rigid wing model based 
 the shape of the Wing DW-A was taken in CFD simulations, as de-
cted in Fig. 16. This model exhibits consistent flow characteristics 
ith the Wing DW-A. The sweep-back wingtip shape can promote the 
tension of the leading-edge vortex and the formation of a vortex ring 
tached to the wing surface, which is conducive to high lift produc-
n, as shown in Fig. 17. It is also demonstrated that delayed flapping 
otion affects vortex formation during the downstroke. The formation 
 vortices in cases 𝑡𝑛 = 0.1 and 𝑡𝑛 = 0.2 occurs at 𝑡 = 0.2 and 𝑡 = 0.3 re-
ectively, corresponding to the wing’s downward motion with a high 
pping velocity. The maximum lift generated occurs when a stable 
d complete vortex ring attaches to the wing surface. However, for 
= 0.25, the extremely rapid flapping rotation at the end of stroke, 
upled with poor synchronization between flapping and pitching mo-
ns, results in the vortex detaching from the wing surface during a 
pping cycle, leading to undesirable aerodynamic performance. Fur-
er details on the aerodynamic forces are presented in the following 
g. 18.

Fig. 18(a) shows the instantaneous lift coefficient of the wing model 
 10 Hz with the same delay flapping 𝑡𝑛 from the wing root to the 
ingtip. The peak of lift coefficient increases significantly around the 
id-stroke with an increase of 𝑡𝑛 from 0 to 0.25, owing to the corre-
onding increase in flapping velocity and acceleration. Therefore, the 
10

ing model benefits from delayed flapping time, exhibiting a higher ca
ean lift coefficient than the non-delayed case 𝑡𝑛 = 0. Fig. 18(b) re-
als that the maximum lift coefficient generated by delayed flapping 
= 0.2 increases by 71%, 69%, 91%, and 96% at 5 Hz, 10 Hz, 15 Hz, 
d 20 Hz, respectively, compared to the non-delayed case. However, 
hen the flapping motion is significantly delayed to 𝑡𝑛 = 0.25, the lift 
efficient experiences a sharp decline due to the negative lift force 
nerated during the upstroke.
The effect of delayed flapping on thrust (negative drag) is shown in 
g. 18(c), where a decrease followed by a gradual increase in thrust is 
served at low frequencies of 5 Hz and 10 Hz. During this frequency 
nge, high lift production leads to a corresponding increase in aero-
namic power efficiency 𝑃𝑓 , as demonstrated in Fig. 18(d), compared 
 the non-delayed case. In contrast, thrust continues to increase with 
e flapping frequency beyond 15 Hz. However, when the delayed time 
exceeds 0.2, although thrust reaches high values, the aerodynamic 
wer efficiency drops dramatically below zero due to the negative av-
age lift. Overall, the above results indicate that the wing loses its 
nction if it is too flexible to cause a large delay in flapping, i.e., 
> 0.2.

4.2. Effect of wing flexibility
According to the above analysis, the spanwise deformation of the 
pping wing affects the aerodynamic forces through the vortex delay 
echanism. The wing deformation can be modelled as the bending of 
cantilever beam, with varying flapping delay time 𝑡𝑛 along the span-
ise direction. The nodes along the spanwise direction are denoted by 
 with 𝑡𝑛 increasing gradually from the wing root to the wingtip, as 
bulated in Table 4. In this analysis, the wing model without delayed 
pping serves as a rigid baseline. The cases FW-A to FW-E represent 
e increasing flexibility of the wing. A node represents a chordwise 
ing strip, and the segment’s aerodynamic forces are determined by the 
ing’s rotational speed at that location and the corresponding aerody-
mic coefficients obtained for each delayed flapping time. These forces 
e then integrated along the entire wing to obtain the total force.
The aerodynamic performance of the wings from FW-A to FW-E, 

 presented in Fig. 19. Except for the FW-E, which has the greatest 
xibility in deforming from the wing root, all other wings can achieve 
tter aerodynamic performance than the rigid baseline wing.
It is also interesting to find that FW-E produces the highest thrust but 
gative average lift. Among the these wing models, FW-D exhibits the 
ghest performance, with a lift enhancement of 58% to 68% compared 
 the rigid wing flapping at a frequency between 10 Hz and 20 Hz. 
owever, its power efficiency diminishes and becomes lower than the 
gid wing after 15 Hz. FW-C also exhibits lower power efficiency than 
at of the rigid wing at 15 Hz. In contrast, FW-B increases the lift by 
% to 47% at a frequency range between 10 Hz and 20 Hz, with the 
aximum power efficiency at 10 Hz and keeping it higher than the 
gid wing until 15 Hz. According to the study, the deformation pattern 
 FW-B is most suitable in general performance for the FWR, flapping 
equencies.

4.3. Variable spanwise stiffness
By disregarding the twisting deformation, the deflection of the wing 

 the spanwise direction is calculated through the utilization of the 

ntilever beam equation, expressed as follows:



Y.
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g. 18. (a) Time course of lift coefficient of the wing model at the flapping frequency of 10 Hz; Variations of (b) the mean lift coefficient, (c) the mean thrust 
efficient, and (d) the aerodynamic power efficiency (d) against the different flapping delay times at the flapping frequencies of 5 Hz, 10 Hz, 15 Hz, and 20 Hz.
11

Fig. 19. (a) Average lift, (b) average thrust, and (c) power efficiency of the modelled flexible wing (from FW-A to FW-E) in a flapping cycle.
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Fig. 20. Schematic of wingspan stiffness static measurement.

𝐼 ⋅ 𝑧𝑤(𝑟) =

𝑅

∫
𝑟=0

⎡⎢⎢⎣
𝑅

∫
𝑟=0

−𝑀𝑦(𝑟)𝑑𝑟
⎤⎥⎥⎦𝑑𝑟 (12)

here the vertical deflection 𝑧𝑤 (𝑟) is determined based on the reference 
pping velocity at 𝑟 and the physical delayed time (𝑡𝑛∕𝑓 ), i.e., 𝑧𝑤 (𝑟) =
𝑟𝑒𝑓 (𝑟) ∙ 𝑡𝑛∕𝑓 ; 𝐸𝐼 indicates the spanwise stiffness of the flexible wing 
odel; the bending moment endured by the wing 𝑀𝑦 is computed by 
tegrating the sectional lift force along the span.
The 𝐸𝐼 of a physical FWR wing is measured by placing a lumped 
ass on the LE-beam along various spanwise positions (LP1 to LP5), 
 illustrated in Fig. 20. By measuring the vertical displacement of the 
ing at each loading point and applying the cantilever beam deflection 
uation (12), the 𝐸𝐼 of the wing cross-section is determined.
Fig. 21(a) illustrates that under the 10 Hz flapping motion condition, 
e most flexible FW-D model produces the largest deflection at the 
ingtip (0.077 m) with a flapping delay of 𝑡𝑛 = 0.2. On the other hand, 
e relatively stiffer FW-A exhibits the smallest deflection (0.019 m) 
ith a flapping delay of 𝑡𝑛 = 0.05. The 𝐸𝐼 values obtained from these 
flection calculations are compared with the measured stiffness of the 
ing test models (DW-A, RW-A, and RW-C) in Fig. 21(b).
Among the test models, the Wing RW-A has the smallest stiffness, 

milar to FW-D. As a result, the delayed mechanism cannot be fully 
ilized, leading to poor aerodynamic efficiency. After wingtip rein-
rcement, the spanwise stiffness of the Wing RW-C is between FW-C 
d FW-D, resulting in improved lift and power efficiency. In contrast, 
e stiffness of the Wing DW-A varies along the spanwise direction in 
pattern between FW-B and FW-A, exhibiting significant delayed vor-
x generation effects. Therefore, the Wing DW-A exhibits the highest 
rodynamic efficiency among the other test wing models.
These results indicate that excessive flexibility can lead to increased 

astic deformation, impeding vortex formation and stability, and de-
easing aerodynamic efficiency. Within the range of stiffness evaluated 
 this study, i.e., from FW-A to FW-D, moderate flexibility with span-
ise stiffness variation resulting in elastic deformation that delays wing 
pping motion from the wing’s middle to the wingtip (flapping delay 
 𝑡𝑛 = 0.1) can achieve the greatest aerodynamic efficiency for flexible 
12

ings. Additionally, the dragonfly-like wing model presented in this fo

g. 21. (a) Average deflection over a flapping cycle along the wingspan at 10 Hz flapp
odels (FW-A to FW-D) and the measured stiffness of the wing test models (DW-A, RW
Aerospace Science and Technology 148 (2024) 109090

udy can be easily constructed by adjusting the thickness of the curv-
g LE-beam, enabling the FWR-MAV to obtain aerodynamic benefits 
om a flexible structure.

5. Flight test of the FWR-MAV with dragonfly-like wings

The FWR model (Fig. 2) driven by a DC motor was built with a 
tal weight of 25 g, including a 3.7 V lithium battery and flight con-
ol board. Experimental measurements in Fig. 8(a) demonstrated that 
ith a 3.5 V DC supply input, the FWR model using the Wing DW-A 
nerated sufficient lift (38 g at 7.88 W) to take-off, while the rect-
gular wing model (Wing RW-A) produced only 17.6 g (8.2 W) of 
t. Consequently, the FWR model equipped with Wing DW-A success-
lly achieved vertical take-off and hovering in both indoor and outdoor 
sts by remote control, as illustrated in Fig. 22(a)(b)(c). The FWR-MAV 
odel was able to take 2 s to take off at the maximum throttle and 
pt hovering in the air for 3 s. The remote control adjusts motor input 
wer to alter flapping frequency without attitude control, showcasing 
e FWR-MAV model’s self-stabilization capability during free flights.
Furthermore, owing to the high lift production and power efficiency 

 dragonfly-like wings, the FWR model, employing the same pair of 
ings and driven by two motors, increased the take-off weight to 51 g 
d successfully completed flights, as shown in Fig. 22(d). Due to the 
gnificantly higher lift coefficient, the FWR has a clearly larger take-off 
eight-to-wingspan ratio than most conventional insect-like flapping 
ing MAVs. For example, using a single motor configuration, the 19 g 
ano Hummingbird [45] has a wingspan of 165 mm, while the 22 g 
libri [46] has a wingspan of 210 mm. The dual-motor butterfly-type 
nithopter has a weight of 38.6 g and extends the wingspan to 648 
m [47]. In future research, the flight control system, encompassing 
titude mechanisms, will be explored to achieve stable VTOL, hover-
g, and forward flights for practical FWR-MAV applications.

 Conclusion

This study examined the aerodynamic performance of a flexible 
ing for flapping wing rotors, focusing on the beneficial effects of 
ing stiffness and a sweep-back wingtip shape on high lift and power 
ciency. The investigation involved a multi-faceted approach, encom-
ssing design, numerical analysis, manufacturing, and experimenta-
n of FWR wing models to compare with baseline rectangular wings. 
D analysis revealed the significant benefit of the sweep-back wingtip 
ape and the underlying aerodynamic mechanism, particularly the for-
ation of the LE/TE vortex ring and vortex delay. Experimental results 
 the wing models validate the numerical models and analysis. By 
apting a backward-curved wingtip, the lift can be increased by 50%.
The FSI analysis was employed to evaluate the effect of the rein-

rced wingtip structure. By comparing the baseline rectangular wings 

ing frequency and (b) comparison of the equivalent stiffness of flexible wing 
-A and RW-C).
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Fig. 22. Single-motor FWR-MAV model with dragonfly-like wings: (a) free launch from hand; (b) vertical take-off in indoor test; (c) outdoor test; (d) Dual-motor 
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ith and without enhanced stiffness at the wingtip, the results of 
merical simulations and experiments showed that the reinforced 
ingtip is beneficial for lift enhancement due to the enlarged pitch-
g and flapping angles.
The investigation further revealed that the mechanism of bending 
formation enhances lift and power efficiency in FWR wings. The vor-
x delay mechanism was found to be associated with wing bending de-
rmation through delayed flapping motion. The analysis was validated 
 comparing spanwise stiffness to the measured stiffness of the FWR 
ings. The study found that a certain spanwise flexibility can cause a 
all delayed flapping motion and improve aerodynamic performance. 
e present results show that the lift can be increased by 58% to 68%. 
e curving LE-beam forming the sweep-back wingtip, which can be 
nveniently adjusted for thickness, provides a way to achieve variable 
iffness and aerodynamic advantages for FWR-MAVs. By employing the 
signed dragonfly-like wings, the FWR model demonstrated high lift 
oduction and power efficiency across multiple flight tests. These find-
gs contribute valuable insights for developing more efficient and agile 
xible wings for FWR-MAVs.
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