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Abstract— The bio-inspired robot is such a topic that has received growing attention. The ornithopter micro aerial vehicle (MAV) is a
challenging topic for bio-inspired robots. This topic combines the research disciplines of Biology, robotics, and aeronautics. Energy
efficiency is one of the advantages offered by a flapping robot. Such a flapping robot can glide to perform locomotion to reduce power
consumption. We investigated and developed a flapping robot with tail control to maintain the robot's attitude during locomotion/flight,
especially gliding. The proposed tail structure mimics an airplane elevator. Lightweight materials and design are considered in this
study. The system is designed to allow the robot to have long-range wireless control. The robot can be wirelessly controlled from a base
station via a Wi-Fi connection. This study compares a small wing with good stiffness and a large wing with less stiffness. The small wing
with good stiffness is better and could generate thrust 1.56 times higher than the large wing. A large wing's leading and trailing edges
bending during flapping can be a possible source of induced drag. Gliding performance was also evaluated. The robot could glide up to
8 meters in 2 seconds at 0.9 meters altitude. The developed robot demonstrated an aggressive flight that reached close to S m/s. The
developed tail mechanism and controller were confirmed that helps the robot maintain its attitude and recover from a stall within a
few milliseconds.
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scouting behavior by being able to perch on a branch. Those
I. INTRODUCTION capabilities provide enormous potential for application in
outdoor environments. Applying an ornithopter to inspect and
observe disaster areas is a potential future use. The Fukushima
disaster in Japan provides an example situation in which it
was dangerous to enter an area. Because these aerial
capabilities have been recognized by robotics researchers,
they have become a popular topic of study.
One of challenging parts in the development of flapping-
wing MAVs is the aerodynamics. Some researchers have

Bio-inspired robots are a growing topic of study. Among
bio-inspired robots, the ornithopter micro aerial vehicle
(MAV) is one of the more challenging designs. The biology,
robotics, and aeronautics disciplines must be blended to
achieve an ornithopter due to its complexity and aecrodynamic
problems. However, flapping robots offer an energy
efficiency advantage compared with constantly rotating

blades, such as those on drones. To reduce the power ducted the simulati ith ional fluid d .
consumption, a flapping robot can stop its flapping motion to conducted the simulations with computational fluid dynamics

glide during flight under some circumstances, allowing the (CFD) [6]-[9]. San“k@ and Fujikawa [m] analyzed the impact
wind to flow and push the MAV. An ornithopter produces lift of neutral and flapping angles that influence the attitude
and thrust by flapping its wings, and also uses its main and during flight. These cause differences in the generated lift and

tail wings to maintain the ornithopter's altitude and attitude. pltcfh momen;. glng. [11] b lnveztlgated d thle dynam}c
Some researchers have introduced interesting locomotion performance of a flapping robot under randomly uncertain

methods that mimic real birds. Some previous studies [1]-[3] disturbances. An interesting open-source dynamic simulation

proposed takeoff locomotion that can be a good solution for was deyeloped bY Fei el al. [12]..Th.ey presented a lincar
achieving autonomous flight. Paranjape et al. [4] and Nekoo cascgdlng proponlqnal-1ntegra1-der1v.a tive (PID) control and
et al. [5] demonstrated perching locomotion on an ornithopter. learning control (reinforcement learning) [13]. OpenAl Gym

That locomotion can be used to save energy and facilitate is also compatible with that simulation.
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In general, flapping robots are divided into those for
forward flight and hovering [ 14]. Developing micro- or small-
sized hovering robots is possible because the lift vector is the
same as the force generated from the flapping motion. Some
interesting hovering flapping robots have been extensively
studied. Chukewad ef al. proposed an insect-size flapping
robot that can perform locomotion on the water [15]. Ren et
al. [16] developed a micro-size flapping-wings robot. Tu et
al. [17] also studied a hummingbird robot that succeeded in
carrying a payload weighing more than 60% of its weight.
Fuller [18] introduced a four-wing hovering robot that has
steering and payload capacity for autonomy. It can actuate in
the yaw axis by moving its wings farther from the center of
mass.

Medium- to large-size forward-flight ornithopters are also
being developed. Song ef al. [19] investigated the effects of
flapping, twisting, and stretching angles on the wing
mechanism. Zhong and Xu [20] studied the power modeling
of a large flapping-wing robot. Zuffery et al. [21] developed
an ornithopter that can carry a payload weighing up to 500
grams. Xu et al. [22] proposed a 650 grams ornithopter with
a 2.3m wingspan. Their robot, which uses the FreeRTOS
system, is capable of autonomous, semi-autonomous, and
manually controlled flight.

Sharifzadeh and Aukes [23] experimented with analyzing
the buckling of a flapping wing. The results showed that, with
the buckling mechanism, the drag could be minimized during
the up-stroke. Fan et al. [24] suppressed the negative lift and
thrust in the upstroke by folding and twisting the wing.

Our first-generation flapping robot, OrnibiBot, could
perform takeoff from the ground [3]. In this work, we propose
a flapping robot with tail control to stabilize the robot's
attitude during gliding and flapping. The tail control also
helps the robot to avoid and recover from the stalls. The robot
structure easily breaks on impact, so it was built and
optimized to simplify assembly and disassembly.
Furthermore, we also investigated a small wing with good
stiffness and a large wing with less stiffness by conducting
force measurement experiments. The result was used to select
the main wing structure. Gliding and flight experiments were
also conducted to clarify the robot's performance.

This article is organized as follows. Section II introduces
the force acting on a flying object, the elevator airplane
concept (a tail mechanism), and the developed robot's
mechanical structure and control system. Section III reports
and discusses the experimental results. The experimental
results include force measurement, gliding, aggressive flight,
and tail control experiments. The conclusion of the study is
given in Section I'V.

II. MATERIALS AND METHOD

The aerodynamics, tail mechanism, robot structure, and
control system are discussed in this section.

A. Overview of Force Acting on a Flying Object.

In the state-of-the-art development ornithopter, several
forces shown in Fig. 1, act on the object's forward flight.
Flying animals flap their wings to generate thrust 7" and lift L
to balance the object weight W, which is the mass of the object
times the gravitational acceleration. When a flying animal
glides, its wings do not produce thrust. Thrust can be
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produced while the animal descends [25]. Increasing the angle
of attack will produce a higher lift, but the angle of attack is
limited for flapping robots and other flying objects. A stall
may occur if the angle of attack exceeds the limit shown in
Fig. 2. To perform a sustainable flight, the following equation
must be held.

L=w (1)

For unaccelerated flight, the generated thrust 7" from the
propulsive mechanism and drag D that is parallel to the
relative wind velocity are equal.

T=D )

L and W tend to be larger than 7 and D for conventional flight
situations [26].

Fig. 1 Force component on a flying object
The center of gravity (COG) can influence the center of
aerodynamics (COA) position. The tail will have a greater

impact on flight control if the COG is located behind COA.
The trade-off is that the flying stability will decrease [27].

Stall
/

Lift

Force

Drag

Angle of stall
/ i

Angle of attack

Fig. 2 Lift and drag versus angle of attack

Lightweight designs must be considered to increase the lift-
to-weight ratio. The main wing structure, tail wing structure,
and COG location also should be considered because they
have an enormous impact on robot flight characteristics.

B. Tail Mechanism Based on an Airplane Elevator

The tail mechanism was designed to imitate an airplane
elevator, as shown in Fig. 3. Perez-Sanchez et al. [28]
investigated a morphing tail that uses macro fiber composites.
Several tail mechanisms were also compared [29]. The tail is
an important component to be studied or optimized because it
greatly impacts the behavior of a flapping robot. It helps the
robot to increase the generated lift because the attitude of the
tail mechanism attitude can change the angle of attack of the
robot. A pitch moment is needed for the flapping robot to have
a nose-up attitude, which helps the robot to reach higher
altitudes. It also helps the robot to perform rolling and
pitching motions during flight.

Fig. 3 (a) shows that a pitch moment will be generated
when both elevators are in the same position (upward or



downward). Fig. 3 (b) shows that the opposing elevator
positions will generate a roll moment, which helps the robot
turn left or right. This happens because each tail elevator
generates a lift in the opposite direction.

nt.

(b) Generating roll moment.

Fig. 3 Tail wing effect according to the tail elevator position

C. Mechanical Structure

The OrnibiBot structure shown in Fig. 4 is divided into
three parts: the driving mechanism, wing structure, and tail
mechanism. Table I shows the robot specifications. The
driving mechanism part modifies the previous robot
configuration [3]. It is also closer to and lower concerning the
COA. The robot has reduced the drag during flight by making
the driving mechanism thinner in the forward-flight axis. The
whole robot structure is fabricated to be easy to assemble and
disassemble. This is important to be considered because the
flapping robot tends to break easily when it falls. To achieve
a lightweight structure, fiberglass was selected as the material
for the driving system. We have evaluated several materials
such as fiberglass, acrylic, and PLA (3D printed part). Acrylic
and PLA are lighter weight than fiberglass material, but
fiberglass has a good stiffness compared to acrylic and PLA.
Since the driving mechanism vibrates a lot, fiberglass is
appropriate for the driving mechanism. The wing structure
comprises some 3D-printed objects, carbon rods, and ripstop
fabric.

Fig. 4 Second-generation OrnibiBot

TABLEI
ROBOT SPECIFICATION
Wingspan 800mm
Input Power LiPo 3 cells 180mAh
Weight 186 g with battery
Flapping Frequency 8-9Hz
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Fig. 5 shows the implemented driving system, where a
three-stage gear reduction increases the generated torque.
That gear reduction is needed because the brushless DC
(BLDC) motor has less torque. The gear ratio of the driving
mechanism can be calculated using Eq. (3).

_ 222425 __ 37X37X70
T Ziz3ze | BX10x10

~ 119.8 3)
where z;, z,, z3, Z,, Z5, and zg are the number of gear
teeth. z; is the input shaft gear, which is connected to the
BLDC shaft. z, is the final gear that transmits the output gear
reduction to the output shaft. The wing structure is linked to
the output shaft using linkage-rods with ball joints. It converts
the rotation in the y-axis to the x-axis, which is the rotation
point of the wing hub. Flapping frequency f of the robot can
be determined using Eq. (4).

f:

where w is the rotation speed of the BLDC motor.

Z123Z¢

® _ 46812rpm

60i  60sx119.8

~ 9.76 [Hz] (4)

Fig. 6 Tail mechanism

The tail mechanism is illustrated in Fig. 6. Because the tail
wing is divided into two pieces, two servo motors are used to
actuate the tail wing structure. A crank rocker mechanism
inspired this. The output angle 8o, can be calculated using
Eq.(5) when the links are parallel.

0, =26, 5)
2

where 8; denotes the input angle from the servo motor, I,
denotes the length of the servo link (12mm), and [, is the

length of the tail support which (22.5mm).

D. Control Systems

Fig 7 shows an overview of the control system. The
OrnibiBot is connected to the base station wirelessly. A low-
power single-board computer (Raspberry Pi Zero) and a
microcontroller (Arduino Nano 33 BLE Sense) are attached
to the robot. The Robotics Operating System (ROS)[30]
supports the developed system to govern the robot system and
enhance system robustness. A wireless system with a Wi-Fi
access point was selected to enable the robot to perform a



long-distance flight. The robot information exchange with the
base station is facilitated by using the Raspberry Pi Zero.

Fig. 7 System Overview

The system also sends commands to the microcontroller to
move the actuator via Inter-Integrated Circuit (I2C). The
attitude information in roll, pitch, and yaw are gathered from
BNOO055, which is connected to the single board computer via
12C. The latency of communication via I12C is fast enough to
facilitate our system. According to the datasheet of Raspberry
Pi Zero and Arduino Nano 33, those allow us to use 12C
standard frequency at 100 KHz. The robot transmits those
attitude data to the base station during locomotion.

III. RESULTS AND DISCUSSION

Several experiments were conducted, as discussed in this
section. The first step was to ensure the capability of the
flapping robot to fly, and thus a force measurement
experiment was conducted.

A. Force Measurement Experiment

The robot was attached to a testing platform. A six-degree-
of-freedom force/moment sensor was used to measure the
force and moment generated by wing flapping. It is shown in
Fig. 8. Fig. 9 shows the manufactured wing structure of the
small and the large size.

Fig. 8 Testing Platform

The robot flapped for several seconds and recorded the
generated force information. Fig. 10 shows the force
generated by the small and large flapping-wing structures at a
frequency of 8 Hz. Fig. 10 (a) shows the result of the small
wing, and (b) shows the result of the large wing. The plots
show that the region of the thrust and lift generated by the
large-size flapping wing is smaller than the small-size
flapping wing.
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(a) Small size flapping-wing.

530mm

200mm

v

(b) La'rge size flapping-wing.

Fig. 9 Proposed wing structures
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Fig. 10 Measured three-axis force information
TABLE II
AVERAGE AND STANDARD DEVIATION OF FORCES (;1 + 0’)
Force Large Wing Structure  Small Wing Structure
F, [N] 1.22+291 1.914297
E, [N] -0.02 +2.00 0.02+0.99
F, [N] -0.01 +2.55 0.05 + 4.69

Fig. 10 shows the measurement results of the three-axis
forces. The measurement details are shown in Table II, which
indicates the average and standard deviation of the generated
force in three axes. The generated thrust F, of the small wing,
structure is 1.56 times higher than the large wing structure.
The average lateral force F,, and lift F, are nearly equal to zero
in both wings. Because the flapping motion originally
generates a large deviation, considering the standard
deviation can help to determine which wing structure is better.
Table II shows that the average lateral force and lift are much
smaller than the standard deviation. It can be confirmed that
lateral force and lift for both wings are almost zero.



Fig. 11 (a) and (b) show the respective small and large wing
bending observed during flapping. The red and blue lines
indicate the neutral position of the leading and trailing edges,
respectively, and the green line indicates the bending angle of
the trailing edge. The results show that the large wing's
leading-edge and trailing edge bends easily. The bending
angle of the large wing is larger than the small wing. It may
induce drag during flapping, so the thrust generated is lower
compared to the small wing. It is possible because the large
wing structure lacks stiffness. These results indicate that the
smaller wing structure with higher stiffness is better than the
larger one with less stiffness. Thus, stiffness becomes an
important parameter to be considered during designing the
flapping wing. Bending will reduce the generated thrust for
the FMAVs and induces drag.

(a) Small wing with good stiffness wing.

(b) Large wing with a lack of stiffness wing.

Fig. 11 Observation of wing bending

A flat wing structure was selected in the present study, but
the NACA airfoil should be considered for gliding efficiency.
It may be helpful during the modeling or simulation of the
ornithopter. As mentioned in Lang et al. [31]most studies
utilize S1223 or modified NACA airfoils as the wing
structure. It contrasts with the real bird wing structure. The
case of an inclined angle/angle of attack of 0° is not an ideal
flapping static force measurement experiment. Several
inclined angles are also needed to analyze the coefficient of
lift (C;) and coefficient of thrust according to the inclined
angles and flapping frequency.

B. Gliding Experiment

A large area was selected for this experiment, shown in Fig.
12. Fig. 13 shows the gliding experiment, which lasted 1
second. It shows that the robot could glide 5.4 meters at 0.9
meters altitude after launching it by hand. The COG becomes
an important property in improving gliding distance. Also, the
generation of thrust is needed for gliding. It can be solved by
moving the COG forward or descending the angle of attack
by setting the tail wing to generate a positive pitch moment.
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Fig. 12 Gliding experiment area. (a) The size of a square tiles and (b) the
travel distance for the gliding experiment
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Fig. 13 Gliding Experiment

C. Flying Experiment.

The flying experiment area is shown in Fig. 14. An
investigation of the robot’s capability to fly was conducted,
as shown in Fig. 15 . It shows that the robot can reached close
to 10.2 meters in 2 seconds by setting the actuator rotation
speed to 80%. It can be mentioned that the robot achieved =
5.1 m/s for the average velocity assuming the straight-line
flight although the robot did not perform a straight-line flight.
It becomes a good topic to be developed in the future to
control high-speed flight flapping robots. An improved tail
structure and mechanism will be considered for the further
development to improve navigation robustness. Controlling
the position of each wing independently also can be solution
to improve navigation, and had been proposed by several
researchers [32]-[34].



Fig. 15 High speed flapping experiment

D. Tail Control Experiment

Gliding is a unique flight mode that needs to be improved;
the robot can stop flapping its wings and reduce energy
consumption when the robot glides. However, extending the
gliding distance and preventing the robot from stalling is
challenging. Thus, we propose that tail control is
implemented to help maintain the robot's attitude during
gliding. Eq. (6) is the PID controller that is used to control the
position of the tail wing according to the attitude information
feedback.

de(t)
dt

(6)

where, u(t) is the command to the tail servo, e(t) is the error
of the pitch or roll robot angle against the set point. K, K,
and K4 are the proportional, integral, and derivative gains,
respectively [35].

To clarify the effect of tail control, gliding experiment with
and without tail control was conducted.

Fig. 16(a) shows the robot’s performance without tail
control, and (b) shows the performance after tail control was
implemented.

Fig. 16 (b) shows that the robot goes through a stall before
2.5 seconds. The rapidly decreasing pitch angle indicates it.
The pitch information shows that the robot can recover from

u(t) = Kye(®) + K, [ e(t)dr + Kq
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the stall in a few milliseconds as the flight time approaches 3
seconds. This good gliding performance is important for the
future development of a forward-flight flapping robot. At
present, the stability of the robot attitude is not guaranteed
because aerodynamics, which greatly affects the stability, is
very complex. However, using attitude information in roll and
pitch axes to the robot's tail position as feedback information
effectively maintained the robot's stability.
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(b) with tail control.

Fig. 16 Robot attitude and stall response during gliding

IV.CONCLUSION

This study focused on maintaining attitude while gliding
towards a flapping robot's development. The COG and COA
position were considered to improve the performance. A
lightweight structure and less drag are also important
considerations for improving performance. Evaluations of
small and large wing structures showed that a small wing
generated a thrust 1.56 times higher than a large wing. The
large wing generates a larger bending angle than the small
wing on the leading and trailing edges during flapping
because it is comparatively less stiff. This bending may
induce drag. To evaluate the performance of the robot, a
gliding experiment was conducted. The robot could glide 5.4
meters in 1 second. The robot showed aggressive flight. It
could reach an average velocity close to 5.1 m/s. The
implementation of tail control by using a PID controller has



succeeded in maintaining the robot's attitude and recovering
from a stall.
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