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Micro flapping-wing air vehicles (FWAYV) are highly appreciated by scientists and scholars around the world due to their small
size, high flexibility, and better manoeuvrability. There are huge potential applications of flapping-wing robots in rescue, survey,
and search, as they can enter more dangerous and narrow spaces to accomplish tasks that were previously impossible for people. In
this paper, we first analyze the flapping motion of birds by reviewing a large amount of information and literature and identifying
the sources of lift and thrust during flight. Then, the double crank and double rocker mechanisms are optimized as the flapping
mechanism. Proper flapping-wing size is further determined by analyzing the relative position between the driving mechanism
and the flapping mechanism. Moreover, a pitch mechanism consisting of ball hinges is designed to realize the wing’s pitching
motion for additional thrust. The fuselage and landing gear of the flapping-wing robot are designed for low air resistance and
lightweight, and the tail mechanism are designed to have both roll and pitch freedoms, offering excellent manoeuvrability during
flight. Simulation results show positive lift force is generated based on the novel pitching design for the small wing. The research in
this paper is an important resource for novice researchers to design and study the advanced and complex problems of flapping-

wing air vehicles.

1. Introduction

A micro air vehicle (MAV) is a mechanical device with the
ability to fly and can be divided into three types according to the
way it generates lift: a fixed-wing flying robot like a jet-propelled
aircraft, a rotor-wing vehicle like a helicopter, and a flapping-
wing robot that mimics birds or insects [1, 2]. Micro flapping-
wing air vehicles have many advantages over the first two types
of flight, including their ultra-small size, high flexibility, better
manoeuvrability, and excellent hovering ability [3]. These ad-
vantages provide MEWAYV with the ability of obstacle avoid-
ance and navigation control in tight spaces. The use of MFWAV
can perform many tasks that were previously difficult for people
to accomplish [4, 5], for example, search and reconnaissance,
communication, transportation.

The microbat, a representative bat-like micro flying robot
developed by Caltech, is battery-powered and has a titanium

alloy skeleton with a polymer film covering the wings [6-8]. The
rotation of the micromotor is transformed into an up-and-
down flapping motion of both wings through a transmission
mechanism, which generates sufficient lift and thrust. The di-
rection and flight attitude are controlled by a tail composed of a
flat tail and a drooping tail. The vehicle has been successfully
tested flown [9, 10].

Scientists at Festo in Germany have developed a miniature
wing-flapping robot called “Smart Bird”, which can imitate the
flight of birds and flap its wings in an extremely realistic manner
[11]. There are two rotating wheels to control the wings’ up-and-
down motion. The angle of the wings can also be adjusted by the
installed torque motor, so it has very good aerodynamic per-
formance and high sensitivity. The Smart Bird’s flight is con-
trolled via a radio control unit, and it is also possible to operate
on automatic mode so that the Smart Bird can soar through the
air on its own [12].
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Michelson, an engineer at the Georgia Institute of
Technology, developed the “Entomopter”, a miniature
insect-like wing-flapping robot based on the flight
principles of insects [13, 14]. This flying machine is
designed with a special structure and materials to imitate
the butterfly’s flapping motion, powered by the chemical
muscle drive. The drive can be highly eflicient in recip-
rocating motion for the wings to flap up and down to
generate sufficient lift [15]. At present, many scholars
believe that when the size of micro flying robots is further
reduced to near insect size, the use of conventional
components such as rotary motors, bearings, and con-
necting rods will make the whole machine ineflicient [16].
Therefore, a group of biomimetic wing-flapping robots
with efficient reciprocating drives are born, represented
by Entomopter. It adopts a front-to-back cross-flapping
layout, giving it hovering capability, balance, and
controllability.

The research team led by Prof. Haisong Ang of
Nanjing University of Aeronautics and Astronautics has
been conducting research on flutter flight since 2004 [17].
In the process of observing and recording the flight of
birds, many mysteries of fluttering flight were discovered,
and a bionic fluttering aircraft bird with the autonomous
flight was successfully developed in 2011. The miniature
wing-flapping robotic bird has a wingspan of about
60 cm, weighs about 50 g, and resembles a common large
bird [18-20]. The bird is powered by a 15-gram battery
and a miniature motor, and the motor’s power is
transferred to the wings, which mimic the flap of a bird’s
wings, and the flutter has been successfully tested [21, 22].

Aiming at structural simplicity, motion symmetry,
and flapping efficiency, this paper proposes an optimized
double crank and double rocker mechanism as the
flapping mechanism. Proper flapping-wing size is de-
termined by analyzing the relative position between the
driving mechanism and the flapping mechanism.
Moreover, a novel pitch mechanism consisting of ball
hinges is designed to realize the small wing’s pitching
motion for additional thrust. The fuselage and landing
gear of the flapping-wing robot are designed for low air
resistance and lightweight, and the tail mechanism is
designed to have both roll and pitch freedoms, offering
advanced manoeuvrability during flight. Simulation re-
sults show faster flapping motion with larger wingspan
area during the downstroke than upstroke, for positive
aerodynamic lift. Additionally, the novel pitching design
for the small wing further improves the lift forces during
flight. The research in this paper is an important resource
for novice researchers to design and study the advanced
and complex problems of flapping-wing air vehicles.

The rest of the paper is presented below. In Section 2,
bionic flight mechanisms and design requirements are
described in detail. In Section 3, the flap wing structure
design is discussed and analyzed. In Section 4, the overall
design of the flapping-wing robot is illustrated, and
simulation is run for the flapping motion, which shows
positive lift force during flight. Section 5 gives the main
conclusions of the paper.
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2. Bionic Flight Mechanisms and
Design Requirements

This paper focuses on the design of a micro flapping-wing
robot based on the study of the flapping mechanism of birds
and the application of bionic design principles.

2.1. Bionic Flight Mechanisms. Birds usually have stream-
lined bodies to reduce the drag caused during flight. The
source of both lift and thrust is from the up-and-down
flapping motion of the wings. During the flight, the folding
of the wings can change the wingspan area and thus control
the interaction forces with the air. Also, the wings can make
a pitching motion about the leading edge of the wings, thus
changing the direction of the force and creating the thrust
component. During the flight of birds, the typical state of
flapping action is illustrated as shown in Figure 1.

By analysis, the 14 decomposed movements during the
above flutter can be classified into four parts (strokes).

(1) Down stroke (Figure 1, 1-5): The large wing and
small wing move together from the highest point of
the small wing downward until they reach the lowest
point of the large wing. During this stroke, the large
and small wings are in the same line, and the
wingspan is at its maximum.

(2) Folding stroke (Figure 1, 6-10): The large wing re-
mains basically motionless, and the small wing
continues to move downward from the end state of
the previous stroke until it reaches the lowest point.
In this process, the large and the small wing go
through a process from collinear to folding.

(3) Lift stroke (Figure 1, 11-13): In this process, the
angle between the large wing and the small wing is
basically kept constant, and the whole wing moves
upward until it reaches the highest point of the large
wing. The large wing and small wing remain folded.

(4) Unfolding stroke (Figure 1, 14): In this process, the
large wing remains basically unchanged, and the
small wing continues to move upward until it reaches
the highest point. During this stroke, the wing
changes from folded to collinear.

The above analysis, however, only demonstrates the
principle of birds’ flapping in an intuitive manner. In fact,
the four strokes are not completely independent. From the
above analysis, it can be seen that during the flight of the
bird, the wings do not simply flap up and down, but are
accompanied by the associated angular change between the
two subwings.

Along with the up-and-down flapping motion, the wings
also make a pitching motion around the wing’s leading edge.
During the downward stroke, the wings rotate upward,
causing the back part of the wings to be slightly higher than
the front part of the wings against the body. This interaction
with the air is perpendicular to the lower surface of the wing,
that is, diagonally upward, creating a thrust component.
Similarly, during the upward lift, the wings rotate slightly
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Ficure 1: Bird flapping cycle.

downward, generating both forward and downward forces
[23]. When we designed the micro flapping prototype,
specific mechanisms are needed to achieve this bionic
flapping movement.

In addition to flapping, the role of the bird’s tail in the
flight process is crucial. The tail of a micro flapping-wing air
vehicle is equivalent to the tail of a modern aircraft. The
MFWAV’s agility is created by the synergy of the wings and
the tail [24]. These two work together to allow MFWAV:s to
change their flight attitude in the air whenever needed, for a
variety of movements, such as, turns, dives, flips.

2.2. Design Requirements. After the above analysis of the
bionic flight mechanism of birds, the requirements for the
design of micro flapping-wing robotics are as follows:

(1) The size of all parts of the MFWAYV is reasonable,
and the structure is hollow.

(2) The shape of the fuselage follows the streamlined
design, minimizing the drag during flight.

(3) There is only one pair of symmetrical wings, which
can be folded. Rhythmic fluttering motion should
achieve in flight. The wings unfold as much as
possible during downward flight and fold as much as
possible during upward stroke, for maximized lift
and thrust.

(4) The small wing can pitch around the leading edge of
the large wing and provide thrust during the cor-
responding flapping process.

(5) The tail wing has two degrees of freedom, including
pitch and roll, for attitude control of the MFWAV.

3. Structure Design of Flap Wing

3.1. Selection of Flapping-wing Mechanism. In order to
transform the rotating action of the rotary motor into the
function of upward and downward fluttering, the design in
this paper uses a linkage mechanism, for structural sim-
plicity and energy efficiency. At the same time, during
normal flight, it is necessary to ensure that both wings are in

synchronization. Combining the above requirements, this
paper gives the following three options [25].

(1) Single crank slider mechanism, as shown in
Figure 2(a) below. This mechanism can ensure the
synchronization of the two wings, and it is conve-
nient to adjust the angle and speed of the flap.
However, the slider mechanism will lead to higher
friction and energy consumption.

(2) Single crank and double rocker mechanism, as
shown in Figure 2(b) below. Compared with the first
mechanism above, this flapping mechanism has high
efficiency of energy conversion. But it is difficult to
ensure movement synchronization of two wings on
each side of the air vehicle.

(3) Double crank and double rocker mechanism, as
shown in Figure 2(c) below. This mechanism is an
improved solution based on the second one. While
inheriting the high efficiency of energy transmission
of the second mechanism, the use of synchronized
double cranks can ensure the synchronization of the
two wings during the flapping flight.

The third mechanism integrates the advantages of the
first two mechanisms with only a small increase in the energy
consumption between the gears. Therefore, the design in this
paper selects the third mechanism as the flapping-wing
linkage mechanism, which will be further optimized in the
following sections.

3.2. Linkage Size Calculation for Flapping Wing. Figure 3
below shows the flapping-wing configuration of the right
half (since the two flaps are symmetrical, the results of the
analysis here still apply to the left half). The design requires
the upward and downward flapping motion of the large wing
(CD) as crank (a) rotates at a constant speed. In addition, the
change of angle between the large and small wings is also
desired to generate variable wingspan during the up-and-
down strokes, so that a lift force can be generated [26, 27].
Therefore, it is necessary to determine the length of each
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FiGure 2: Flapping-wing mechanisms. (a) Single crank slider. (b) Single crank double rocker. (c) Double crank double rocker.

connecting rod to ensure the variation of angle  and angle y
as shown in Figure 3.

Assume that the coordinate is (m, n) for point C and
(a* cos a,a = sin «,) for point A. Then, in AABC, we have

v+ -d
= (1)
cos y e
In addition, the followings hold:
d = (m - acosa)’ + (n — asina)?, (2)

,lbz +c% = (m-acosa)’ - (n—-asina)
,

y = cos

2bc
(3)
B+ £ACB+ £ACy = g, (4)
b d

sinZACB siny

where angle y=2EBC in the parallelogram EBDF, which
represents the relative angle between small wing (DG) and
large wing (DB).

Combining equations (1)-(5), the angle of large wing f3
can be obtained by

Vi1 _ym — acosa b
B =—-—-tan

- —sin?
2 n - asina \/(m — acosa)?
(6)

In the above equation, the rotation angle of the crank « is
the independent variable, and the y and 8 are the function
values. Now, it is necessary to determine the values of the five
linkage parameters a, b, ¢, d, and e. Linkage A is actually a
simplified gear, so the size of the gear should be roughly
determined before determining the length of the rod. In this
paper, the number of teeth of gear A is 40, and the modulus
is 0.5, so the diameter of the gear is 20 mm. Here, the length
of crank (a) is 7.5 mm. For crank (a) to rotate continuously,
the following inequality must hold:

siny |.
+(n- usinoc)2

b+c—a>\/m2+n2. (7)

Taking b=c=15, the MATLAB calculation shows that
when m=6.5 and n=13, an optimal flutter curve can be
obtained, which is illustrated in Figure 4 below. Here, the
angle of large wing [ varies within the range of —36° to +34°,
generating a near symmetrical flapping movement up and
down during flight. Moreover, the upward stroke of the large
wing takes a longer time than the down stroke (as shown by
the slope difference), which is helpful for producing lift
force. To design the small wing mechanism for efficient
flapping, £FDG needs to be optimized, so that the angle
between the large and small wings (ie, ¢=y—-2FDG)
follows a coordinated motion. By trial and error, it is found
that when £FDG =30" approximately, the flapping motion
of the mechanism is very close to the bird’s bionic wing
movements as shown in Figure 1. During the down stroke,
the angle of the small wing 0 is almost the same as the large
wing f, which represents the collinear flapping movement.
During the folding stroke, the angle between the small wing
and large wing (ie, ¢=f-0 in Figure 4(b)) increases,
generating the folding effect. During lift stroke, the angle
difference ¢ stays almost constant (i.e., the small wing and
large wing flap almost together), while the angle of large
wing f3 keeps increasing. During the unfolding stroke, the
angle of large wing f3 stays almost unchanged, while the angle
of small wing 6 keeps increasing until it reaches the large
wing. The four flapping strokes form a complete flapping
cycle of the flight, which corresponds to one full revolution
of the crank, as shown in Figure 4.

3.3. Mechanism Design

3.3.1. Wing Skeleton Design. The wing cross section of the
micro flapping-wing robot should be similar to that of a bird.
In order to reduce the mass of the whole air vehicle, this
paper designs the skeleton structure of the large and small
wings by using wing skeletons arranged at intervals and
covering the outside with a lightweight film. The large wing
is not designed for pitching motion because of its close
proximity to the fuselage, so the large wing is designed to
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flutter horizontally at all times. As the structure of the large
wing skeleton is shown in Figure 5 below, only a small
amount of thrust can be generated during the upward
fluttering process, which is almost negligible. The basic
structure of the small wing skeleton is similar to that of the
large wing, but in order to generate pitching motion, its
connection with the connecting rod needs to be designed
with a circular hole. The big wing needs to consider the
movement of rod e (i.e., the longer side of the parallelogram
that drives the small wing to generate the angle in Figure 3)
in the vertical axis. Furthermore, the skeleton of the big wing
needs to be designed wider so that there is enough space
inside for the rod e to move up and down. In order to
strengthen the whole skeleton, some net-like connection
parts are created inside the skeleton to make it less de-
formable and stiffer. The design of the wing skeletons is
shown in Figures 5 and 6 below.

3.3.2. Pitch Mechanism Design. To achieve the ability to fly, a
micro flapping-wing robot requires not only lift but also
thrust. The main source of thrust for a bird in flight is the
ability of the wings to pitch with the airflow. Therefore, we
need the small wing to be able to rotate around the leading
edge of the wing during the fluttering process.

In this paper, the pitching motion is designed from the
mechanism itself. In the upward stroke, if the wing can tilt
slightly around the leading edge toward the ground, the air
force on the wing will have a forward component, which
generates the thrust. Moreover, the upward stroke is also
accompanied by the decreasing of the relative angle between
the big wing and small wing, and in the downward stroke,
the angle between the big wing and small wing will return to
the maximum value. The pitching mechanism used in this
design is shown in Figure 6 below. When the angle of the
small wing and the large wing is close to 180°, point G is
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FIGURE 5: Large wing skeleton.

,

FIGURE 6: Small wing skeleton.

closest to point H, and the bar parallel to the plane of the
skeleton is kept straight, or slightly upward. When the angle
of the big wing and small wing becomes smaller (i.e., during
the upward stroke), the distance between point G and point
H will become larger, resulting in a tension between point I
and point J. Here, point I is almost kept at the same level as
point G. As the ball hinge pulls the rod g downward, rod g is
tilted around the rod f in the direction of the ground to
achieve the desired pitching. A detail of the pitching
mechanism is shown in Figure 7, and the corresponding
pitching effect during up-and-down strokes is shown in
Figure 8 below.

3.3.3. Fuselage and Tail Mechanism Design. In order to
ensure that the weight of the whole aircraft is as low as
possible, the fuselage designed in this paper is hollow in the
middle and skinned in the outer layer. To ensure the con-
nection between the wing skeleton and the pitch mechanism
on the fuselage, the fuselage is connected with a thick carbon
fibre rod in the central axle to ensure the relative position of
each fuselage skeleton. The fuselage design is shown in
Figure 9, with a circular basic shape and pentagonal support
bars.

The tail plays an important role in stabilizing and
steering the flapping-wing air vehicle. The pitch, yaw, and
roll motions of birds are achieved by differential wing
flapping, coupled with the control of the tail. However, the
flapping mechanism designed above has difficulty in
achieving differential flapping of the wings (as the flapping
motion on both sides is in strict synchronization), so
controlling the direction and changing the flight attitude are
only achieved by the tail. Inspired by the tail shape of a bird,
the tail of the flapping-wing robot is designed to be fan-
shaped, truncated at the bottom, and has three mounting
holes to fit the fuselage, as shown in Figure 10 below. The
structure is skeletonized and skinned on the outside to
reduce mass and improve flight efficiency.

During the flight, aerodynamic forces are applied on the
tail, which generates a moment around the center of gravity
due to the tail force arm. The moment generated by the tail
can make the whole flapping-wing robot reach the moment
balance. With proper control of the tail, the aerodynamic
effect of the whole flapping-wing air vehicle can always be
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shifted to the center of gravity, which contributes to flight
stability. The deflection of the tailplane will generate a
maneuvering moment that will allow the flapping-wing
robot to change its attitude or to maintain balance in dif-
ferent flight attitudes, as illustrated in Figure 11.

4. Overall Design and Motion Analysis

4.1. Overall Design. The bionic design and 3D rendering of
the flapping-wing air vehicle are shown in Figure 12 below.
Figure 12(a) shows the FWAV with the structural elements,
including batteries, gears, and servos. Figure 12(b) illustrates
the FWAYV with thin-film skin wrapped around its fuselage,
wings, and tail, for aerodynamic performance. Geometri-
cally, the distance between the furthest points of the wings is
318 mm with the wings extended, and the fuselage length is
192 mm. Most of the structural parts are made of carbon
fibre, and some noncritical materials are made of ABS plastic
to further reduce the weight of the whole air vehicle. The
connecting rods are connected to each other by bearings,
and the two rods are connected by the interference fit of the
bearing caps. To reduce the stress on the connecting rod, a
support rod is added at the rear of the skeleton.

4.2. Analysis of Flapping Motion. Based on the kinematic
analysis of the flapping mechanism, the curves for flapping
motion can be obtained. Figure 13 below shows the dis-
placement curve of the small wing tip in the vertical di-
rection, and Figure 14 shows that in the horizontal
wingspan direction. From these two figures, it can be seen
that the flutter period is 2s. This period is set for the
convenience of simulation and animation, which is not the
flapping period of the micro flapping-wing robot in real-
world operation. Since the actual speed of the flapping
motion is much faster than that in simulation, the simu-
lation results in Figures 13 to 18 are the slowed-down
versions. As we can see from the figure below, the tip of the
small wing moves up to the highest point and down to the
lowest point in one cycle. The upward stroke takes a longer
time (Ty=1.25s), and the downward stroke takes a shorter
time (Tp=0.8s). The time ratio of upward and downward
is 3:2, which produces a positive lift force in each flapping
cycle.

The displacement in the horizontal wingspan direction at
the end of the flap is largely equal to the change in the
wingspan area during the flap [28, 29]. As can be seen in
Figure 14, the tip of the small wing undergoes a folding to
unfolding during both the up-and-down strokes. In each
stroke, when the wing is in the horizontal position, the
wingspan area attains the largest value in the whole stroke.

By plotting the vertical and horizontal displacements in
the XY plane, the small wing tip trajectory is obtained, as
shown in Figure 15. The wing tip trajectory contains both the
down stroke and up stroke portion, where the associated
flapping direction is indicated by the arrow. Comparing the
wingspan (in X-direction) of the up-and-down strokes, it
can be seen that the wingspan during down stroke is always
larger than up stroke. Such behaviour also contributes to
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FiGure 10: Tail structure with both pitch and roll freedom.

positive aerodynamic lift during the flapping flight of the air
vehicle [30].

The formula for air resistance shows that the resistance
of an object in motion is proportional to the windward area
of the object and proportional to the square of the velocity

[31, 32]. The windward area of the wing is related to the
displacement of the horizontal wingspan at the end of the
flap in Figure 14, and the velocity is related to the velocity of
the flap end point. The velocity curves of the small wing tip
are shown in Figures 16 and 17 below.

4.3. Pitch Motion Analysis. Through the kinematic simula-
tion, it can be seen that the flapping-wing air robot will make
a pitching motion around the leading edge during the lifting
stroke. To illustrate the pitching motion quantitatively, it can
be represented by the angle change between the pitching
motion lever and the upper plane of the armlet linkage. The
time history of the pitch angle for the small wing is shown in
Figure 18 below.

From Figure 18, it is seen that the small wing performs
the pitching motion with an amplitude of about 10 degrees
(pk—pk), in addition to flapping movement during the
flight. Combining Figures 18 with 13, 19 is obtained to
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FIGURE 11: Aerodynamic moment generated by tail control.
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FIGURE 12: 3D rendering of the overall structure of the FWAV. (a) FWAV with skeleton shown. (b) FWAV with skin covered.
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demonstrate the coordinated pitching movement with the
flapping motion, where the blue curve is the displacement of
the small wing tip in the vertical direction during the flap,
and the red curve is its pitch angle. It can be seen that during

the lift stroke, the tip of the small wing moves upward (blue
curve), and the pitch angle of the small wing increases (red
curve) for lift generation. During the downstroke, the pitch
angle stays around 7°, with only very small fluctuations of
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+0.5°. Namely, the pitch motion rod and the upper plane of
the boom linkage are almost at the same level, to minimize
the pitch and maximize effective wingspan area for down
stroke [33].

5. Conclusion

Aiming at structural simplicity, motion symmetry, and
flapping efficiency, this paper proposes an optimized double
crank and double rocker mechanism as the flapping
mechanism. Proper flapping-wing size is determined by
analyzing the relative position between the driving mech-
anism and the flapping mechanism. Moreover, a novel pitch
mechanism consisting of ball hinges is designed to realize the
small wing’s pitching motion for additional thrust. The
fuselage and landing gear of the flapping-wing robot are
designed for low air resistance and lightweight, and the tail
mechanisms are designed to have both roll and pitch
freedoms, offering advanced manoeuvrability during flight.
Simulation results show faster flapping motion with larger
wingspan area during the downstroke than upstroke, for
positive aerodynamic lift. Additionally, the novel pitching
design for the small wing further improves the lift forces
during flight. The research in this paper is an important
resource for novice researchers to design and study the
advanced and complex problems of flapping-wing air
vehicles.
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