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Abstract. A multi-mode flapping wing micro air vehicle (FWMAV) that uses a figure eight wingtip motion
trajectory with wing flapping, rotation, and swing motion is presented in this paper. The flapping wing vehicle
achieves three active degrees of freedom (DOF) wing movements only with one driving micromotor which has
a good balance in the mechanism design (that is inspired by natural fliers) and total weight. Owing to these
characteristics being integrated into the simple mechanism design, the aerodynamic force is improved. The
aerodynamic performance of the thrust force is improved by 64.3 % compared to one that could only flap up and
down with one active DOF under the condition of routine flapping frequency.

1 Introduction

A flapping wing micro aerial vehicle (FWMAV), inspired
by birds and flying insects, has advantages over fixed wing
and rotary wing aerial vehicles in maneuverability, con-
cealment, microminiaturization, and effectiveness under low
Reynolds number circumstances; thus, it has attracted many
researchers devoting themselves to aerodynamics, high lift
mechanism, mechanical design, etc. (Ramasamy et al., 2007;
Shyy et al., 2010; Nguyen et al., 2010). Besides, the unique
advantage of visual deception for the flapping wing air vehi-
cle is very suitable for low-altitude reconnaissance, inspec-
tion, and anti-terrorist application (Keennon and Grasmeyer,
2003). In order to develop a high aerodynamic performance
FWMAV, insect flight mechanisms have been well studied.
In nature, insects can fly flexibly and stably because of ade-
quate lift and thrust provided by muscles applying a variety
of different flapping patterns in hovering and forward flight
(Bolsman, 2010; Conn et al., 2006). It is no doubt that a com-
plex and changeable flapping motion is the key element en-
abling insects to have flexible flight.

According to previous research about the wingtip paths
of insects, the larger the wingspan and flapping amplitude
are, the simpler the wingtip trajectory is (Shyy et al., 2008).

This means that complex flapping wing motion patterns have
close relationships with small wing size and high flapping
frequency. Without considering the new smart material as
the driving power associating with the field of stress, tem-
perature, concentration, electric field, and magnetic field, de-
signing a micro flapping wing aircraft with composite move-
ments by applying traditional, reliable components is a very
difficult task. While there are various attempts in the multi-
DOF FWMAV design, researchers confirmed that a flapping
wing with torsional motion shows higher aerodynamic effi-
ciency than that with only a flapping motion (Young et al.,
2009). Many flapping wing aircraft which could finish com-
posite flapping motions with classical mechanisms were de-
veloped. Banala and Agrawal (2005) designed a compound
flapping mechanism that had a five bar combined with a four-
bar linkage, mimicking an insect’s figure eight wingtip path
motion. The test results of the prototype verified the good
performance of the figure eight motion and the feasibility of
the practical design (Banala and Agrawal, 2005). McIntosh
et al. (2006) designed a spring-loaded cam follower system
to realize hovering flight, which was driven by a four-bar
mechanism. The prototype was feasible for hovering flight
by adopting a biaxial wing rotation (McIntosh et al., 2006).
Fenelon and Furukawa (2010) presented an active flapping
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wing aircraft, whose patterns were modeled on dragonflies,
demonstrating the effectiveness of the modified slider crank
mechanism and the capability of constrained hovering and
forward flight (Fenelon and Furukawa, 2010). These aircraft
were beyond the definition of micro aircraft due to their large
total size and weight. It is obvious that imitation-level im-
provement at the expense of adding more mechanism com-
ponents in the design could improve aerodynamic perfor-
mance, while the increase in total weight would conversely
have an adverse effect on the aerodynamics, microminiatur-
ization, flexibility, and maneuverability (Peters et al., 2016).
Thus, it is of vital importance to balance the weight and the
mechanism complexity caused by multi-mode motion in the
FWMAV design process. As a result, we began the micro
flapping wing aircraft design work with traditional mech-
anisms. Generally, these existing different flapping, twist-
ing, and swinging compound motions could be expressed
by the wingtip trajectory. With different combinations of the
three basic motions, distinct wingtip trajectories would be
obtained. Though different natural flying creatures have dif-
ferent and complicated wingtip paths, they could be roughly
classified into two categories, i.e., figure eight and elliptical
trajectories. An elliptical wingtip trajectory flapping wing
aircraft with two active DOF movements of flapping and
swinging were develop by the team of Liu et al. (2019). With
the 29 cm wingspan and 23 g total weight, the aerodynamic
force of the elliptical wingtip trajectory flapping wing aircraft
was somewhat improved.

To better explore the composite movements on aerody-
namic force, an innovative FWMAV with a figure eight
wingtip trajectory, by applying a simple and compact driv-
ing mechanism, was designed in this paper. The wing can
twist and swing around the wing root during flapping, which
could improve the aerodynamic performance. A series of ex-
periments were conducted to test the flapping wing aircraft
under different conditions vs. flapping frequency. The details
of the design, simulation, manufacturing process, and exper-
iment of the innovative aircraft can be found in the following
sections.

2 The aircraft mechanical design and flapping
motion analysis

2.1 Description of flapping motion parameters

The FWMAV developed in this paper can generate three
DOF motions, namely wing flapping, rotation, and sweep-
ing passively, forming the figure eight wingtip trajectory. The
wing motion parameters, including rotation angle α, flapping
angle β, sweeping angle γ , and stroke angle δ, are shown in
Fig. 1. The flapping angle β and sweeping angle γ are de-
fined in the stroke plane, and the rotation angle α is defined
in flight plane. Besides, the inclination angle of the body λ
is the angle between the fuselage axis and the flow direction,
depending on the flight altitude.

Figure 1. Schematic diagram of coordinate systems and wing kine-
matics.

Table 1. The flight parameters of flapping vehicles.

Rotation angle α Flapping angle β Ratio of up–down
stroke i

15–35◦ 20–40◦ 0.61

With the purpose of improving aerodynamic efficiency, the
flight patterns of dragonflies and hoverflies were analyzed
and optimized, and a set of suitable wing motion parame-
ters which guided the figure eight wingtip trajectory design
were obtained (Wang, 2004). The key motion parameters are
shown in Table 1. Based on existing research on insect flight
in nature (Young et al., 2009; Tian et al., 2013; Pelletier and
Mueller, 2000; Dickinson et al., 1999), the duration of in-
sects’ upstroke is usually shorter than that of downstroke, so
the flapping up and down ratio of the designed craft was set
as 0.61.

2.2 Description and modeling of the mechanical
structure

The 3D model of the innovative aircraft shown in Fig. 2 con-
sists of a motor, a two-stage gear reducer, an eccentric ball
mechanism, and an auxiliary crank rocker mechanism. A tra-
ditional, reliable commercial brushless motor (AP02; 3.1 g;
3.7 V; Xiphorix) was selected as the power source. The motor
power is passed to two dynamic transmission routes. Part of
the motor power is transmitted to an eccentric ball, forming
the circular motion of the eccentric ball around the last stage
gear shaft, by a two-stage gear reducer mechanism. The other
part of motor power is responsible for driving the crank, cou-
pler, and rocker, forming the swing motion of rocker around
the same last stage gear shaft. The square frame, as the key
component designed in the whole driving system, which in-
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Figure 2. A 3D model of the flapping mechanism of SolidWorks.

tegrates these two kinds of motion, is mounted on the rocker
by the rotational joint structure, guaranteeing its swinging
back and forth motion along with the rocker. Besides, the ec-
centric ball is equipped in the square frame. When rotates,
the eccentric ball would drive the square frame swing up and
down around the axis of rotational joint structure. The flap-
ping wing would be installed on the square frame, with a
simple chute structure (shown in Fig. 2). The back and forth
and up and down swinging of the square frame could power
the wing’s twisting, swinging, and flapping motion, respec-
tively. Thus, when the motor is activated, the wingtip forms
a figure eight wingtip trajectory due to the two mechanical
composite movements of the wing.

To better illustrate the FWMAV motion pattern, a kine-
matic mechanism is modeled in Fig. 3a. The motor is fixed
to the body frame (not shown in this illustration). Shaft ML
and AB obtain the same rotation speed transmitted by gears
due to the same gear ratio. The sphere center of the eccentric
ball, whose motion is limited by the square frame, is fixed on
the point B, which connects to the output shaft AB directly.
The square frame swings around the axis F1F2. When shaft
AB rotates round the axis, the wing can flap from upstroke
to downstroke with the square frame. The motor shaft (ML),
crank (LJ), coupler (KI), and rocker (GC) make up a classic
crank rocker mechanism, which provides the power to drive
the wing’s twisting movement with the square frame. Based
on the coupling of above two kinds of mechanisms, the wing
flaps and rotates around the axis F1F2 and AB, respectively,
at the same time. Besides, due to the motion enlargement
in the wingspan direction, the wingtip has the capability of
sweeping back and forth and accomplishing the figure eight
wingtip path.

2.2.1 Design calculation of the mechanical structure

As shown in Fig. 3b, the flapping angle β is 30◦, which
means that 6 DF1B = 30◦. The angle between the initial
position and horizon is set at about 40◦, so the angle be-
tween the wing connection and the edge of frame is 10◦

( 6 QPR= 10◦). Considering the restrictions of the mecha-
nism size and motion relationship, the radius of the ball RDE
is set as 3.6 mm (RDE = 3.6mm), and the eccentricity DB is
set as 2.4 mm (DB= 2.4mm). The relationship of eccentric-
ity length (DB) and the eccentric ball radius RDE determines
the flapping amplitude, which is, more exactly, the flapping
angle β. Other parameters could be obtained according to ba-
sic geometric relationships. The size of the square frame can
be defined according to the existing size settings.

PT= 2×RDE (1)
PS= 2× (RDE+DB), (2)

where PT, PS are the height and length of the square frame,
respectively.

Concerning the wing twist motion induced by the crank
rocker mechanism, the mathematical model is established at
a random position in Fig. 3c. Where L is the original point,
α′ is the counterclockwise angle between LC and LJ, and α
is the angle between IH and the horizon direction. The hori-
zontal and vertical distance between points L and C is set as
x and y, respectively. Then, the relationship between αand
α′ can be established as follows:

α = arccos
CJ2
+CL2

− JL2

2×CJ×CL
× (−1)Ceiling(α′/π )

+ arccos
CI2
+CJ2

− IJ2

2×CI×CJ
− arctan

y

x
(3)

CJ=
√

JL2+CL2
− 2× JL×CL× cosα′. (4)

According to the Eq. (3), several equations are established
as the wings reach the upper and lower limit position. Then,
the expressions of the upper limit torsion angle αU, the limit
torsion angle α1, and the crank angle α′Lim, when the rocker
rotates from the upper limit to the lower limit, are as shown
as follows:

αU = arctan
y

x
− arccos

CL2
+CI2

− (IJ− JL)2

2×CI×CL
(5)

α1 = arccos
CL2
+CI2

− (IJ+ JL)2

2×CI×CL

− arccos
CL2
+CI2

− (IJ− JL)2

2×CI×CL
(6)
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Figure 3. The mechanical diagram of two coupling motions. (a) The axonometric drawing of crank rocker mechanism and eccentric ball
mechanism. (b) The lateral view of eccentric ball mechanical sketch. (c) The front view of crank rocker mechanical sketch.

α′Lim = π + arccos

[
CL2
+ (IJ− JL)2

−CI2

2×CL× (IJ− JL)

]

− arccos

[
CL2
+ (IJ+ JL)2

−CI2

2×CL× (IJ+ JL)

]
. (7)

According to the parameters in Table 1, the upper limit tor-
sion angle αU is 15◦, and the lower limit torsion angle α1
is 50◦. When the wing flaps the rotating angle of the ec-
centric ball, αLim is 224◦. The motion model is calculated
by MATLAB (shown in Fig. 4a). Under this condition, the
wing twists in another direction before moving to the upper
or lower limit position during each stroke. This mode makes
a positive lift peak at the end of each half-stroke, but it has
a negative drag that adversely affects forward flight. There-
fore, properly adjusting the wing rotation time by changing
the rocker position relative to the wing is necessary to obtain
better aerodynamic force. The optimized kinematic charac-
teristic curve of flapping angle and rotation angle is shown in
Fig. 4b. This mode has a positive peak drag, which enhances

the propulsive efficiency in some ways. In addition, Fig. 4b
could also show the initial parameters of the designed air-
craft. As the symmetrical mode is selected, the ratio of the
up–down stroke i is 0.57 according to Eqs. (4) and (7), and
the lengths of JL, IJ, and CI are 10.5, 24.0, and 33 mm, re-
spectively.

2.2.2 Motion parameters optimization

According to the statistical study of flying creatures (Ryan
and Su, 2012; Rayner, 1979), the physical features of insects
conform to the following ecologic geometry rule: wingspan
and wing area are generally proportional to 1.17m0.39 and
0.16m0.72, respectively, where m is the body mass. With the
increase in wing beat frequency, the size of the flapping wing
creatures will decrease, scaling as 3.87m−0.33. According
to existing selected components, the total mass of the FW-
MAV in this paper is assumed to be 25 g. Then some relevant
parameters of the designed flapping wing aircraft could be
obtained by referring to natural scale principle. Wingspan,
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Figure 4. Kinematic characteristic curve of flapping angle and rotation angle. (a) Pre-optimization simulation and (b) optimized simulation.

wings area, and maximum flapping frequency are 27.8 cm,
113 cm2, and 13 Hz, respectively, according to the scale law
principle. However, the relationship between the wing area
and the mass of FWMAV is usually not completely consis-
tent with the scale law principle. If designed according to the
scale law, the wing area produces a small lift force. Thus, it
is necessary to adjust the wingspan and wing area to 28 cm
and 139 cm2 in the following design process. Considering the
motion parameter of a flapping wing, the risk of wing frame
structure failure induced by high flapping frequency should
not be overlooked. Therefore, maximum flapping frequency
is a very important reference when selecting the motor power
and wing frame stiffness.

2.2.3 Fabrication and assembly of the mechanical
structure

The assembly drawing of FWMAV, named Type I, is shown
in Fig. 5. In order decrease the aircraft’s mass and increase
the total stability, carbon fiber material was chosen to fab-
ricate the fuselage and empennage with computer numer-
ical control (CNC) machining (JingYan Instrument Com-
pany; CNC4030). Considering the unique size and shape
and strength and stiffness requirement, the key parts of the
flapping mechanism, eccentric ball, and square frame were
fabricated by 3D ABS (acrylonitrile butadiene styrene) pho-
topolymer digital printing. Friction is always a tough prob-
lem for moving components, especially because the FW-
MAV’s battery life is restricted by the aircraft weight limita-
tion. To reduce the friction between movement components,
strengthening treatment was applied to the movement com-
ponent surface of the eccentric ball and the square frame.
Carbon fiber material was adopted as the wing vein mate-
rial to withstand high flapping frequency oscillation with-
out breakdown. The wing was fixed on the upper surface of
square frame with a simple chute structure and three screws.

Table 2. The detail mass of FWMAV components.

Total mass Brushless motor Battery Transmission mechanism

24.83 g 3.1 g 3.4 g 4.9 g

Wings Empennage Fuselage Electronic module

1.5 g 1.2 g 6.3 g 4.43 g

Figure 5. Photograph of assembled FWMAV of Type I.

The 60 µm thick polyester film was selected as the wing skin
due to the characteristic of appropriate flexibility. The mass
of the aircraft and key parts are shown in Table 2.

Figure 6a describes the wingtip trace of the designed flap-
ping wing aircraft by SolidWorks, and Fig. 6b is a cross sec-
tion of the wing of the whole flapping cycle. Obviously, the
wingtip trajectory is a figure eight, and the wing can realize
rotation and sweep motion in the flapping process. Figure 7
shows the whole front view flapping cycle of the FWMAV in
this paper.
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Figure 6. Simulating diagram of FWMAV movement. (a) Wingtip path of figure eight with SolidWorks. (b) Wing cross section in a lateral
view at various instances.

Figure 7. Whole flapping cycle front view.

3 Experimental tests and result analysis

The aerodynamic forces obtained in the experiment are the
most convincing data to reflect an aircraft’s aerodynamic per-
formance. In this paper, the horizontal and vertical forces
acquired by the data acquisition system could be viewed as
being the total thrust and lift, respectively, without consid-
ering the inertia and vibration force effect generated by the
mechanism motion during flight test (Lobontiu and Garcia,
2003; Syaifuddin et al., 2006). The horizontal force and ver-

tical forces of the aircraft were directly measured by a self-
developed force balance, which was designed based on linear
deformation theory (shown in Fig. 8).

3.1 Experiment equipment introduction

The testing system consists of a control and display sys-
tem, data acquisition system, and data processing system
(shown in Fig. 8). The FWMAV is fixed on the force mea-
suring device when tested in the wind tunnel, and the flap-
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Table 3. System parameters of self-developed force balance.

Natural Measurement Measuring
frequency range error

105 Hz 0–0.2 N 0.5 %

ping frequency controlled by the motor is recorded by the
frequency indicator. According to existing research (Pérez-
Arancibia et al., 2011), the total lift force for a FWMAV has
directly close relationship with the wing flapping frequency
and stroke amplitude. As a result, the flapping frequency is
a very important variable in the aerodynamic force measure-
ment experiment. The cross section dimension of the wind
tunnel test section is 0.4m×0.4m, and the wind speed range
is 0–13 ms−1 as measured by an anemometer. The experi-
ment in the paper was conducted on the condition that the air-
craft was faced with a low upwind wind velocity so that the
small wind tunnel could meet the present test requirements.
The force measuring device to test the FWMAV gentle forces
relies on the designed flexure hinge structure which would be
equipped with two force sensors (Kistler; type 9211B) dur-
ing the experiment. The force signal was recorded through
a programmable multi-axis controller (PMAC) and stored in
the host computer. More details about the system parameters
are shown in Table 3.

3.2 Wing design and aerodynamic tests

Except for the certain flapping mechanical structure and
driven actuator, the wing is the also a very vital component
that affects the aerodynamic forces for the whole aircraft.
Apart from the wing shape and size, the stiffness would also
determine the aerodynamic forces characteristic to some de-
gree. Flapping insects obviously have flexible wing defor-
mation during flight, which increases their flight stability
and saves energy consumption (Wootton, 1992; Wei et al.,
1999). For an artificial flapping wing aircraft, wing flexibil-
ity would also improve aerodynamic forces characteristics
(Pornsin-Sirirak et al., 2001). Actually, the wing has limited
flexibility induced by the material characteristic of wing skin
film and wing vein material. These factors have little effect
on the whole wing flexibility compared to that of wing vein
layout and wingspan length, and it is hard to obtain quantita-
tive relationships and the desired wing flexibility. By adjust-
ing the wing vein size, it could change the wing flexibility
according to classical calculating formula of the moment of
inertia of the beam structure. A series of aerodynamic forces
experiment were conducted with flexible wings.

3.2.1 Wing bending stiffness design

Carbon fiber was selected and designed as the supporting
part of the wings. The bending stiffness of the wing can be
changed by adjusting the width and thickness of the carbon

Figure 8. Procedure chart of the flapping test. (a) The data acquisi-
tion system consists of a wind tunnel, a force measuring device, and
the charge amplifiers. (b) The control and display system consists
of a motor controller and the frequency indicator. (c) The data pro-
cessing system consists of a PMAC controller and a host computer.

fiber frame. In order to select a suitable wing for the new
aircraft, five wings with different vein thickness and width
sizes were designed and marked as wing A, wing B, wing C,
wing D, and wing E, respectively. These wings had the same
vein layout and overall size design (shown in Fig. 9) inspired
by the fruit fly wing (Hassanalian et al., 2017; Meng and
Sun, 2016). The flapping wing can be simplistically viewed
as a cantilever beam vibration. The bending stiffness is deter-
mined by the moment of inertia of the frame, which is more
sensitive to the wing thickness than the wing width, accord-
ing to the classical calculating formula for the moment of in-
ertia of beam structure. Modal analysis was adopted by An-
sys to analyze the rationality of the wing stiffness division.
The structure parameters of five different wings are shown in
Table 4. It could be seen that the value of natural frequency of
wings A and E were very similar, and the natural frequency
increased gradually from wings A to D, which was mainly
due to the gradual increase in the wings’ thickness. The width
of the wing frame had less of an effect on the stiffness of the
wing compared with thickness.
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Table 4. The different size parameters of wing stiffness.

Wing A Wing B Wing C Wing D Wing E

Wing thickness (mm) 0.5 0.6 0.7 0.8 0.5

Wing width Vein A (mm) 1.3 1.2 1.05 0.95 1.1
Vein B (mm) 1.2 1.1 0.9 0.75 1.0
Vein C (mm) 1.1 0.85 0.7 0.6 0.9
Vein D (mm) 1.0 0.7 0.6 0.5 0.8
Vein E (mm) 0.555 0.553 0.555 0.557 0.471

Single wing (g) 0.5 0.6 0.7 0.8 0.5

Natural frequency (Hz) 73.329 88.346 103.28 118.09 73.679

Figure 9. Photograph of wing A with the carbon fiber board thick-
ness of 0.5 mm.

3.2.2 Aerodynamic test of different types of wing

In this paper, the aircraft is designed with the maximum flap-
ping frequency of 13 Hz. In order to select the matched stiff-
ness of the wing which could produce the best aerodynamic
effect, the maximum flutter frequency was adjusted to 17 Hz
by adopting a larger actuator voltage within a short time.
In this experiment, the average aerodynamic force of five
groups of different wing stiffness vs. flapping frequency was
tested when the wind speed was 3 ms−1 and the range of the
flapping frequency was 0 to 16 Hz.

Figure 10 shows the test results of the average vertical
force and average horizontal force of the five different types
of wing. It could be seen that the vertical force and the hor-
izontal force have the same variation trend with the increase
in flapping frequency. There were some obvious similarities
between wing A and wing E in the maximum average ver-
tical force, maximum average horizontal force, and the vari-
ation trend. When flapping frequency exceeded the specific
value, the aerodynamic forces had the trend of decreasing.
This was because the wing cannot finish the effective flut-
ter deformation in the flapping cycle at a high flapping fre-
quency. Through the comparison of wings B, C, and D of
the vertical force, it was found that wings B and C had the
average force peak at 14 and 15 Hz, respectively, and the ver-

tical force of wing D always increased within the flapping
frequency range. The horizontal force of these types of wings
showed the same trend with the frequency variation. The rea-
son for this phenomenon was that with the increase in wing
stiffness, the wing needed a higher flutter frequency to match
the maximum effective deformation for higher lift. When the
flapping frequency was low, the variation in lift and thrust
vs. flapping frequency had a similar trend and value, which
meant that the stiffness of the wings was not the key fac-
tor in affecting the aerodynamic forces in the low-frequency
phase. According to the test results, for a certain wing, it
has the maximum effective wing deformation during flapping
which can generate maximum lift according to the flapping
frequency. This flapping frequency could be named the best
flutter frequency (BFF), which has close relationship with
wing stiffness. Under BFF, the smaller wing stiffness is, the
higher the lift that would be obtained. Therefore, a wing with
suitable bending stiffness should be carefully designed for a
FWMAV. In this paper, wing B was the most suitable wing
because it had the best aerodynamic forces among several
types of wings, which meant a 28 g vertical average force and
a 23 g horizontal average force at 13 Hz flapping frequency.

3.3 Aerodynamic test of FWMAV with different motion
pattern

More experiments were carried out to test the aerodynamic
performance of the FWMAV with wing B. In order to study
the effect of wing twisting and swinging motion on aerody-
namic forces, the flapping wing aircraft which only had the
up and down flapping pattern was needed to conduct a com-
parative experiment. Generally speaking, this one DOF flap-
ping wing aircraft of the control group should keep the same
parameters as that of a multi-DOF aircraft as much as possi-
ble, except for the motion pattern. Along this line of thinking,
it is the best choice to select the experimental aircraft itself as
the control group target. Under this condition, the influencing
factors of fuselage weight, center of gravity position, wing at-
titude, and others which could change the aerodynamic force
value would not exist in the experiment. Considering that

Mech. Sci., 12, 603–613, 2021 https://doi.org/10.5194/ms-12-603-2021



S. Jiang et al.: Design and analysis of an innovative flapping wing micro aerial vehicle 611

Figure 10. Aerodynamic forces of different wings vs. flapping frequency.

Figure 11. Comparison tests of different mechanisms.

the aircraft’s driving system’s mechanical structure drove the
wing’s twisting and swinging motions with the square frame
powered by the crank Ã, rocker Ä, and rocker Å shown in
Fig. 2, it did offer an opportunity to modify the multi-DOF
mechanism to a single-DOF one by breaking these links in
power transmission without any effect on the flapping wing
motion. In the experiment preparation phase, the coupler Ä
was removed, and the rocker Å was fixed on the fuselage
where rocker Å has a 15◦ angle with a horizontal direction,
so there was a 15◦ attack angle for the single-DOF flapping
wing aircraft. The aircraft that could only flap up and down,
without a twisting and swinging motion, was named Type II,
and the aircraft with a wing twisting and swinging motion
was named Type I.

Figure 11 shows the aerodynamic forces of two different
types vs. the flapping frequency obtained in a series of exper-
iments. In Fig. 11a, it was obvious that the average vertical
force of Type I was somewhat smaller than that of Type II
when the flapping frequency was below the critical frequency
(10 Hz). As the frequency increased to 11 Hz, the average

lift of Type I exceeded that of Type II at a rapid rate. The
maximum average vertical forces of Type I and Type II were
27 and 22 g, respectively, when the flapping frequency was
about 13 Hz. In fact, the total average vertical force or lift
consisted of a static lift and a kinematic lift. The static lift
was the vertical force induced by wind speed, and it is a com-
plex function of the wing area, wing flexibility, attack angle,
etc. The kinematic lift was caused by flapping kinematics and
wing deformation, which both have positive correlations with
the flapping frequency. Combining the experimental result, it
could be found that the static lift had a predominant role in
vertical force generation in the low flapping frequency phase.
When the flapping frequency increased, the kinematic lift
was induced by the wing’s twisting and swinging motions,
and the deformation was passively strengthened, resulting in
the average lift of the Type II aircraft exceeding Type I when
the flapping frequency was large enough.

The average horizontal force or thrust of these two types
of aircraft had a similar variation trend in that both the av-
erage thrust increased with the incremental increase in flap-
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Figure 12. The maximum force of wing B of Type I vs. the flapping
frequency.

ping frequency. When the flapping frequency increased to the
specific value (13 Hz), the average thrust stopped increasing
gradually. Once the frequency exceeded the specific value,
the average thrust began to decrease slowly. It should be men-
tioned that the average thrust of the Type II aircraft was al-
ways larger than that of Type I at the same frequency con-
dition. By analyzing the experimental result, it is seen that
the wing with the twisting and swinging motion obviously
did have a thrust improving effect. The maximum average
thrust force of Type I and Type II could be up to 23 and 14 g,
approximately, and the average thrust force of Type II was
improved by 64.3 % compared to that of Type I. When the
flapping frequency was too large, the wing could not finish
the desired deformation in a rapid flapping cycle, which ad-
versely affected the interaction between the wing foil and air
flow. Thus, the average thrust and lift both began a decreas-
ing trend.

Figure 12 shows the maximum aerodynamic forces vs. the
flapping frequency. The maximum vertical force could be up
to 115 g at 13 Hz, and the horizontal aerodynamic peak value
is about 80 g. The thrust–weight ratio, which is defined as the
ratio of the maximum thrust vs. gravity generated during the
flight, is an important indicator for measuring the maneuver-
ability of an aircraft. Normally, civil airplanes have a thrust–
weight ratio of 0.2, approximately, in the takeoff stage, while
the flapping wing aircraft designed in this paper has a propul-
sion ratio of 0.926, which means good maneuverability per-
formance.

4 Conclusions

An innovative flapping wing micro aerial vehicle which
could achieve complex composite motions of flapping, twist-
ing, and swinging motions, forming figure eight wingtip tra-
jectory, was presented in this paper. Along with the design
concept of reducing any possible weight and size, the to-
tal mass and wingspan of the aircraft was about 25 g and
28 cm, respectively, with classical and reliable mechanical

components. Through a series of aerodynamic force exper-
iments, it was found that the average lift and thrust of the de-
signed aircraft was 27 and 23 g at a 13 Hz operating flapping
frequency, which was sufficient to drive the flapping wing
vehicle in theory. Normally, the aerodynamic characteristics
would be improved with the increase in flapping frequency,
but the improvement induced by the flapping frequency in-
crease had a limit due to the critical frequency determined by
the wing stiffness. Besides, by analyzing the data obtained
from the measuring system, it was found that the FWMAV,
with a complex figure eight wingtip trajectory, did have a
better aerodynamic efficiency than an up-and-down flapping
FWMAV, due to the aerodynamic enhancement induced by
the wing’s twisting and swinging motion, while the weight
increase induced by more mechanical components applied
to enhance the bionic level adversely impacted on the aero-
dynamic performance. It was still heavy for the FWMAV
in this paper, and the carbon fiber material used in massive
quantities for airframe structure should have better substi-
tutes. For traditional mechanism structure flapping wing ve-
hicles, the overall aerodynamic performance is very sensi-
tive to weight, let alone the flying endurance ability. As a
result, an increase in unit mass would make the quantitative
improvement in the aerodynamic forces very hard to identify.
The cost-effectiveness ratio between the weight increase and
aerodynamic efficiency improvement needs further studies,
and it may be a new reference in the process of micro aircraft
design.
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