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Abstract—In order to develop a flapping wing robot, the
principles of flapping behavior must be understood. In this
study, a robot with four flapping wings was investigated to
determine the aerodynamic flight parameters and power
conversion under three conditions. These are 1) the flapping
test on a fixed base to investigate the relationship between the
electrical power, the velocity profile of the air jet behind the
wings, and the thrust, 2) the hovering test to determine the
power requirement that generates the hovering thrust, and 3)
the vertical flight test to investigate the power conversion
between the input electrical power and the output
aerodynamic power. The result of the air velocity profile
shows that the maximum jet velocity occurred at 22.5 degrees
relative to the body orientation. The flapping wing robot
hovered with an average thrust of 0.118 N, with the thrust
oscillated around the body weight of 0.123 N. The hovering
aerodynamic power-to-weight ratio was 0.020 W/g. The
experiments on the different flight modes show the specific
conversion of electric power to aerodynamic power of the
four-wing robot, which could be used as a guiding parameter
for the design of the actuator, flapping mechanism, or wing
geometry for further development of four-wing robots.

Index Terms—Flapping wing robot, aerodynamic
parameters, hovering flight, flight test, thrust, power
conversion

. INTRODUCTION

Flapping wing micro aerial vehicles (FWMAVS) have
long been a fascinating topic for inventors and researchers.
FWMAVs could be used in many applications, such as
exploring airspace with an animal-like stealth flying
vehicle. It is a challenge to learn and invent a new type of
flapping wing system [1]. Therefore, there are many types
of FWMAVs nowadays, for example, beetle robots [2], [3],
bee robots [4], [5], butterfly robots [6]-[8], dragonfly
robots [9], and other animal-like flying robots [5], [10],
[11]. Flapping wing robots can be divided into three
groups according to the number of wings. They are robots
with two wings [12], [13], robots with four wings or X-
wings [14], and robots with eight or more wings [15].
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The main investigation of these robots has focused on 4
parts: the power source, the actuator, the wing mechanism,
and the wing [16], [17]. The first part is the power source
which provides the input power to drive the actuator. The
second part is the actuator that converts the electrical
energy or elastic potential energy into mechanical energy
[18], [19], such as an electric motor and an elastic rubber
band [7], [20]. The third part is the flapping wing
mechanism which converts the actuator motion into the
desired wing motion. Finally, the fourth part is the wings.
The wing parameters include the geometry, the structural
material, and the number of wings. The flapping
mechanism and wing parameters affect the aerodynamic
jet flow and thrust generation. For example, a two-winged
robot generates thrust through vortex capture and clap-
and-fling motion [21], and a four-winged robot generates
thrust through clap-and-peel motion [22].

In four-winged robots, the clap-and-peel motion occurs
on the side of the body where the upper and lower wings
are clapping [23]. Tay et al, [23] has studied the flapping
pattern of four-winged robots and reported the CFD results
of aerodynamic effects. It has higher aerodynamic
efficiency than the two-winged robot because the two-
winged flapping motion generates power only in the
downstroke and uses the upstroke for recovery. Therefore,
this study analyzes the aerodynamic parameters and power
conversion characteristics of a four-winged robot under
different flight conditions to provide guideline values for
selecting actuators for other four-winged robots.

Many studies have investigated robots with four
flapping wings in terms of aerodynamic parameters such
as wing size and shape, flapping frequency, aerodynamic
flow, thrust force, thrust coefficient, power consumption,
and body velocity [24]-[28]. Most studies have reported
either hover tests [29] or forward flight tests [30], [31].
However, none of the studies compared the aerodynamic
parameters of the same flying robot in different flight
modes, i.e., fixed-base flutter, hover and forward flight
modes. Therefore, the objective of this study is to



International Journal of Mechanical Engineering and Robotics Research Vol. 11, No. 12, December 2022

understand the relationship between the power
consumption and aerodynamic power generation of the
four-winged robot in different flight modes. The
aerodynamic parameters are flapping frequency, air jet
velocity, thrust coefficient, thrust and power conversion
characteristics. The three test modes are fixed-base flutter,
hover, and vertical forward flight. The experimental results
show the performance of the robot in converting input
power to aerodynamic power in different flight modes. The
findings obtained in this study provide an indication of the
system-specific performance, power conversion, and
actuator requirements to select an actuator and design a
flapping mechanism and wings suitable for different flight
modes.

Il. THE POWER FLOW OF THE FLAPPING WING ROBOT
SYSTEM

The block diagram of the energy flow of a flapping wing
robot system is shown in Fig. 1. A lithium polymer battery
was chosen as the energy source for the flying robot
because it has a high specific power-to-weight ratio. The
supplied  electrical energy flows through the
electromechanical subsystem, which includes the motor,
flapping mechanism and wings, to generate the thrust
(aerodynamic force) that propels the robot body in the air.
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Figure 1. The system block diagram of the FWMAV.

The flapping wing robot is started by adjusting a throttle
button on the remote control. The remote control transmits
the RF control signal to the RF receiver on the electronic
circuit board of the robot. The electronic circuit controls
the supplied voltage, according to the received throttle
control signal, in the form of pulse width modulation
(PWM) to drive the motor. The effective driven voltage
depends on the average value of the % duty cycle. The
electrical input power (Pinput) is calculated according to [32]

Pinput = |avg Vavg (1)

where layg is the average current and Vayg is the average
voltage across the motor. The supplied current layg is
determined by measuring the average voltage across a
small resistor, which is explained later in the experimental
setup.

The motor converts electrical power into mechanical
power in the form of rotational speed (®) and torque (1).
The motor shaft drives gears and links that cause the
leading edge of the wing to flap.
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Figure 2. The geometry of the robot with four flapping wings.

When the wings beat at a flapping frequency (f), the air
in front of the wing is sucked into the wing and expelled
on the back side like a jet stream. The geometry of the
robot, the air inlet and outlet are shown in Fig. 2. The
flapping of the wings generates the propulsion. The
flapping motion of the four wings that generates the main
jet is called the clap-and-peel motion [33]. The reaction to
the propulsion, called thrust (T), drives the robot body in
the forward direction. The thrust can be described as
follows

T = pAvjzetAoCT 2

where p is the air density, Av,, is the relative jet velocity,
A, is the area of the air outlet, Cr is the thrust coefficient
which depends on the wing aspect ratio (AR) [1], air
velocity and flapping frequency. The thrust coefficient can
be experimentally determined.

In the case of a robot flying forward in a vertical
direction, thrust is the force that moves the robot body. It
can be derived by Newton’s second law as

T = ma+mg+D 3)

where m is the total mass of the system, g is gravity, a is
the body acceleration which can be determined by using
the image tracking method, and D is the drag force which
can be expressed as follows

D = pAvéir,impact A; Cp 4)

where Avair impact 1S the relative impact velocity of the air.
The robot velocity can also be observed by image tracking,
A\ is the cross-sectional area of the object including the air
inlet, and Cp is the drag coefficient. When the velocity of
the robot body is zero, the system provides only the power
of the jet, i.e., the aerodynamic power (Paero). It can be
written as [34]

Paero = T Vjet (5)

However, there are some power losses in the system
such as the power loss at the motor due to friction, back
EMF and Joule power in the motor winding, and the power
loss at the mechanical components due to friction, heat,
damping effect, and structural deformation, including the
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inertial power (Piner) that makes the wing move. The
efficiency of the system is defined as

_ Poutput

= (6)

p input

Flight efficiency and power conversion depend on flight
modes. The experimental setup and flight test conditions
for studying aerodynamic parameters and performances in
different flight modes are explained below.

I1l. EXPERIMENTAL SETUP AND TEST CONDITIONS

The components of the robotic system are labeled in Fig.

3. The robot with four wings consists of an electrical
subsystem and a mechanical subsystem.

The electrical subsystem includes a battery and
electronic circuitry. The battery is a 1-cell lithium polymer
with a capacity of 70 mAh, 0.3 Wh. The weight of the
battery is 2.10 g. The battery can power the robot for 10-
15 minutes. The electronic circuit has an integrated RF
receiver and motor drive circuit. The drive is a DC brushed
motor. The DC motor has an idle speed of 40,000 rpm at
3.7 V. It is the only actuator that causes all four wings to
flap via the mechanical subsystem. The mechanical
subsystem consists of the body structure, the mechanism,
and the wings. The gears and linkages convert the rotation
of the motor shaft into the flapping motion of the wings,
which generates the aerodynamic force. The body
geometry of the flapping wing robot has already been
described in Fig. 2. The system specifications of the four-
wing robot are listed in Table I.
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Figure 3. The components of the four-flapping-wing robot.

TABLE I. THE FOUR-FLAPPING-WING ROBOT SPECIFICATION

Specification
Wingspan (b) 27.5¢cm
Wing area (S) 212.5 cm?
Body length (L) 23.0cm
Maximum flapping angle (6) 80 deg.
Air outlet area behind the wing (A,) 300 cm?
Air inlet area (A) 264 cm?
Weight 1254 ¢
Battery 3.7v
Charging time 15— 20 min
Radio controlled frequency 2.4 GHz
RF communication range 30-50m
Operation time 10— 15 min
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Three experiments are conducted to study the power
flow and power conversion under different flight
conditions. These are 1) the fixed base flapping test, in
which the robot is attached with a force sensor to maintain
its position on the ground and measure the generated force
and the velocity of the air jet, 2) the hovering test, in which
the robot hovers in the air, by adjusting the throttle to
measure the velocity of the air jet and the percentage of
throttle, and 3) the vertical flight test, in which the robot
flies forward in the vertical direction along the guide wire.
In this case, the thrust force lifts the robot into the air. Each
test setup is explained in detail next.

A. The Fixed Base Flapping Test

The fixed base flapping test was developed to
investigate the relationship between electrical input power
and robot responses. The electrical input power driving the
motor is measured using the circuit shown in Fig. 4. The
motor is connected to the gearbox and flapping mechanism.
A resistor of 1 Q is inserted into the circuit to determine
the current indirectly by measuring the voltage (Vr) across
the resistor (R). When the throttle control signal is set to a
certain value, the wing leading edges oscillate at a certain
frequency corresponding to the motor speed. The voltage
across the resistor Vg is very small compared to the voltage
across the motor V. It is also assumed that the power loss
in the resistor R is very small. Therefore, the driven voltage
of the drive circuit is approximately equal to the voltage
driving the motor. The current, I, is calculated by the
voltage across the resistor,

1=k @
4‘: (V)— — ”’Rj
1
r DC motor
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Figure 4. The measurement of the electric power.

The setup of the fixed base flapping test is shown in Fig.
5. The airflow through the fixed base flapping wing can be
investigated using the smoke wire method, similar a
previous report [21]. The thrust is measured with a force
sensor under the fixed base. The flapping frequency is
measured by image tracking with a high-speed video
camera. The robot is mounted on the sensor bracket in a
room without ventilation. The air velocity in front of the
wing is about 0 m/s. The air velocity behind the wing is
measured with an anemometer. The objective of this test is
to investigate the relationship between jet velocity, thrust, %
throttle and input power. Consequently, the average jet
velocity and thrust are used in (2) to determine the thrust
coefficient. In this experiment, the jet velocity resulting
from all aerodynamic effects is measured.
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Figure 5. The thrust measurement of the fixed base flapping test.

The force sensor (ATI Industrial Automation, Gamma
F/T sensor) is installed under the fixed base and records
the generated thrust in the x-direction. The resolution of
the force sensor is 0.0125 N in the x- and y- directions, and
0.025 N in the z-direction. The aerodynamic thrust is
recorded at a sampling rate of 8 ms. The equipment and
body weight in the vertical direction are excluded from the
recorded data. The average value of thrust is recorded
when the percent throttle control signal is increased from
0% to 100% throttle in 10% increments every 15 seconds.
The flapping frequency is examined by tracking the
flapping period of the wing motion. A digital camera
(Sony Cyber-Shot DSC-RX100 V) is set to a high shutter
speed to record the wing motion at 250 fps.

The jet velocity behind the wing is measured with a mini
vane anemometer (DIGICON, DA-45) with a sampling
rate of 16 ms. The jet velocity is recorded at different
locations behind the wing (i.e., 0°, 22.5°, 45°, 67.5° and
90° relative to the body orientation) as shown in Fig. 6.
The guidelines were drawn on the robot wing then the
anemometer was held 1-cm away and perpendicular to the
wing where the maximum air velocity is found. The air
velocity is studied at different flapping frequencies
according to the throttle control signal by recording the
steady air velocity for five repetitions.

Il cm
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Anemometer 22.5°
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Figure 6. The measurement of the jet velocity behind the wing.

B. The Hovering Test

The goal of the hovering test is to determine the thrust
and jet velocity that will allow the flapping robot to hover
in the air. The test setup is shown in Fig. 7. During the test,
the percentage of control throttle is increased until the
robot begins to fly and can maintain its position in the air.
Then, the jet velocity is measured in this hovering
condition, similar to the fixed base flapping test.

Hovering is a form of free flight in which the
measurement equipment cannot be attached to the robot.
Consequently, the thrust cannot be measured directly. In
this case, the thrust is calculated based on the relationship
between power input and thrust coefficient from the fixed
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base flapping test. The generated hovering thrust is
estimated by substituting the measured air velocity and the
thrust coefficient in (2).
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Figure 7. The measurement of jet velocity in the hovering test.

C. The Vertical Flight Test and Drag Measurement

The robot is constrained to move vertically to study the
relationship between flight thrust and aerodynamic power.
The vertical flight test is set up as shown in Fig. 8. The
travel distance is one meter. The guide wire is made of
nylon with a smooth surface and a diameter of 0.6 mm. A
plastic tube is connected to the robot body to restrict the
motion in the vertical direction along the guide wire. The
contact friction between the nylon wire and the surface of
the plastic tube is very low and negligible. The thrust is
only generated by the flapping of the wings. The battery is
installed inside the robot body. The flapping robot starts
with an initial speed of zero at the lower end of the guide
wire.

|l
[

Figure 8. The vertical flight test setup.

In the thrust measurement, the robot is first started with
different percentage throttle signals. The robot can take off
with the minimum throttle of 70 %. Later, the percentage
throttle is varied in 10 % increments until it reaches the
maximum throttle of 100 %. The motion of the flying robot
was recorded with the digital camera (Sony Cyber-Shot
DSC-RX100V) at 50 frames per second (fps) and later
interpreted as the velocity and acceleration of the body.

When the robot is moving in the air, there is an air
resistance, called drag, which is related to the impact
velocity of the air, as described in (4). The drag on the
robot body must be determined to estimate the actual
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power output and system efficiency. The experimental
setup for measuring the air resistance is shown in Fig. 9.
The robot was installed on the fixed base with the force
sensor. A fan generated the wind speed blowing toward the
robot. The wind speed was set according to the travel speed
of the robot in the vertical flight test. The effective drag
cross-sectional area includes the cross-sectional area of the
robot body and the air inlet area, because the flapping of
the wings also affects the drag.

Wind speed .
Four-wingrobot
Fan
—_—
—
—
—
7. LS

Distance Force sensor

Figure 9. The setup of the drag experiment.

IV. RESULTS

The three flapping tests were performed according to
the experimental setups. The flight parameters and
associated performance variables were determined as
follows,

A. The Results of The Fixed Base Flapping Test

The electrical input power was measured during the
fixed base flapping test. The percent duty cycle of the
supplied voltage was measured when the percent throttle
of the remote control was increased from 0-100 %,
corresponding to a PWM duty cycle of 20.1-96.8 %. The
corresponding average voltage was 1.18-3.79 V and the
corresponding current was 0.20-0.66 A. Consequently, the
electrical power driving the motor ranged from 0.24-2.50
W. The electrical input power that drove the system
according to the percent throttle is shown in Table I1.

TABLE Il. THE INPUT POWER IN THE FIXED BASE FLAPPING TEST

% throttle % duty cycle Vavg lavg Pinput
0 0 0 0 0
10 20.1 1.18 0.20 0.24
20 24.2 1.85 0.21 0.39
30 319 211 0.24 | 051
40 36.5 251 0.31 0.78
50 42.3 2.55 0.34 0.87
60 54.3 2.69 039 | 1.05
70 59.6 3.07 049 | 150
80 72.3 3.26 051 | 1.66
90 83.7 3.57 052 | 1.86
100 96.8 3.79 0.66 | 2.50

The wing flapping period was recorded when the %
throttle control signal changed by image tracking with an
error of #0.05 s. Consequently, the flapping frequency can
be related to the power demand as shown in Fig. 10. It can
be seen that the wing mechanism beats in a frequency
range of 8.9-19.2 Hz and the robot requires more power as
the flapping frequency increases.
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Figure 10. The relationship between input power and flapping
frequency.

When the wings moved up and down rapidly, air was
sucked in front of the wing and released at the back of the
wing with increased air velocity, propelling the robot
forward. The jet velocity was measured at different
locations to record the velocity profile, as shown in Fig. 11.
The air velocity component in the x-direction produced the
forward thrust. The magnitude of the lateral air velocity
components in the y-direction of the left and right wings
were approximately the same, but in opposite directions.
Therefore, the net lateral force was approximately zero.

The effect of the clap-peel-fling motion creates the air
velocity profile on the back side of the wing. The lowest
velocity occurred at the wing tip (90° relative to body
orientation). The maximum velocity was found at the 22.5°
position relative to the body orientation because this is
where the largest moving wing area is. The local jet
velocity at different input powers was measured as shown
in Fig. 12. It clearly shows that the jet velocity profile
maintains its shape, and the velocity increases with
increasing input power. This phenomenon is consistent
with other studies [35], [36].

Figure 11. The air velocity profile of the robot with four flapping wings.
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Figure 12. The relationship between the air velocity profile and input
power.
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The fixed base flapping test shows that the average jet
velocity increased from 0.942-2.290 m/s when the
percentage throttling was increased from 10-100 %. The
relationship between the input power, average jet velocity
and Reynolds number (Re) is shown in Fig. 13. The
Reynolds number is a relative parameter representing the
flow and viscosity effects of air [1].
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Figure 13. The relationship between the input power, average jet
velocity and Reynolds number.

When the throttle was increased from 10-100%, the
wings flapped and air was released at the back, resulting in
the forward reaction thrust in the x-direction measured by
the force sensor. The relationship between the flapping
thrust and input power is shown in Fig. 14. The result
shows that the average thrust increases with increasing
input power. For a given input power, the thrust varies due
to the flapping characteristics of the wing. For example, at
a given input power of 1.05 W (60 % throttle), the robot
produced forward thrust in the range of 0.06-0.115 N. The
oscillating thrust occurred because the flapping wings
created an unsteady air jet and vortex [21]. This
aerodynamic thrust oscillation was caused by the air vortex
at the leading and trailing edges [7].
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Figure 14. The relationship between the input power and flapping thrust.

To understand the thrust behavior, the thrust oscillation
in flapping cycles was studied and analyzed as shown in
Fig. 15. It can be seen that the thrust oscillation repeats
every three flapping cycles. This confirms that the thrust
does not have to repeat in every cycle, but it can repeat
once every few flapping cycles due to the air vortex
formation, as it was the case in the robot with two flapping
wings [21]. It should be noted that the thrust variation
depends on the flapping pattern and frequency.
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Figure 15. The generated thrust in the flapping gait at an input power of
1.05W.

The thrust coefficient is calculated based on (2) by
substituting the measured average jet velocity and thrust.
The air density at room temperature (25 °C) is 1.18 kg/m?®
and A, is 300 cm? in this case. The relationship between
the average jet velocity and thrust coefficient is shown in
Fig. 16.
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Figure 16. The relationship between the average jet velocity and thrust
coefficient.

At low flapping frequency and low jet velocity, the
generated thrust is not enough to lift the robot and fly.
However, the thrust in the slow flapping condition is still
useful for gliding flight when the robot is already in the air.
The robot uses the low velocity of the air jet and the high
thrust coefficient to generate additional thrust in
combination with the lift force generated by body and wing
shapes. The same gliding behavior with slow wing beats is
naturally performed by flying animals. Fig. 17 shows the
relationship between the average flapping thrust and thrust
coefficient. When jet velocity cannot be directly observed
in free flapping flight, the thrust and corresponding thrust
coefficient can be used to estimate the jet velocity. The
obtained thrust coefficient is the average thrust coefficient
which indicates the performance of the wing system in
converting jet velocity to thrust. However, thrust, jet
velocity, and thrust coefficient vary within a wing stroke
cycle (Fig.15).
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Figure 17. The relationship between the average thrust and thrust
coefficient.
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The relationship between the input power, aerodynamic
power, and percent throttle is shown in Fig. 18. The
electrical input power was in the range of 0.23-2.20 W.
According to (5), the corresponding aerodynamic power
was in a range of 0.027-0.369 W. The ratio between the
aerodynamic output power and the electrical input power
implies the conversion efficiency of the robot system
during the flapping on the fixed base.

3.07

| I=*=Electrical Input Power

25] ~*~ Aerodynamic Power
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o

Power [W]
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Figure 18. The relationship between the percent throttle, electrical input
power, and aerodynamic power of the fixed base flapping test.

B. The Result of the Hovering Flight Test

The aerodynamic hovering performance and related
parameters are summarized in Table I11.

TABLE Ill. THE HOVERING FLIGHT PARAMETERS

Parameters Value

Throttle 50-70 %

Input power (Pinpu) 1.140 W

Local average jet speed

0° | 1.45m/s

22.5° | 3.75m/s

45° | 270 m/s

67.5° | 1.86 m/s

90° | 0.76 m/s

Avg | 2.10m/s

Average thrust (T) 0.118 N
Thrust coefficient (Cy) 0.485

Average aerodynamic power (Paero) | 0.249 W

In order to hover the robot, the throttle must be regularly
adjusted in a range of 50-70 %. The system requires an
input power of 0.872-1.495 W or an average input power
of 1.140 W. If the percentage throttle is less than 50%
(0.872 W), the robot will not be able to take off and hover.
While the robot is hovering, the height of the robot
fluctuates in a range of 1-5 cm with a measured average jet
velocity of 2.10 m/s. This average jet velocity is just
sufficient to generate the hovering thrust. From the
previous test in Fig. 16, the corresponding Cr is 0.485.
According to (2), an average hovering thrust of 0.118 N is
calculated, which is close to the body weight of 0.123 N.
However, the hovering thrust constantly fluctuates due to
the fluttering airflow.

C. The Results of the Vertical Flight Test

The robot flew in the vertical direction when the throttle
was set to at least 70%. When the throttle was set to 70 %,
the robot took off and flew slowly at 0.06 m/s. At full
throttle, the robot took off quickly and flew at 1.45 m/s
because the corresponding thrust of 0.163 N is greater than
the body weight (0.123 N). Using the recorded VDO, the
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vertical velocity of the robot was determined and plotted
against the travel distance, as shown in Fig. 19. The flight
velocity depends on the input power that associated with
the % throttle. The robot velocity increased from the initial
start position until it reached the maximum velocity within
0.3 m. After that, the robot was able to maintain the
velocity. The relationship between the vertical flight
velocity and corresponding % throttle is shown in Fig. 19.
However, there were some cases where the travel velocity
suddenly changed because the robot body rotated during
the flight. The robot rotation may occur due to the induced
vortex force around the robot, for example, when the travel
distance is 0.45 m and the throttle is 90 % in Fig. 19.
However, when the throttle is 100 %, the body rotation
does not occur because the induced vortex is far away from
the robot. At 70 % and 80 % throttling, the induced vortex
force is not strong enough to rotate the robot. The highest
flight speed was achieved at 100 % throttling. The result
shows that the robot consumes the electrical input power
in a range of 1.5-2.5 W (70-100% throttling), resulting in
an average vertical body velocity of 0.06-1.45 m/s.
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Figure 19. The relationship between the travel distance and vertical
flight velocity.

The constant final flight velocity implies that the robot
moves with zero acceleration. This means that air drag
affects the robot dynamics by counteracting the thrust
effort. For a given robot model, air drag can be
experimentally determined, as mentioned earlier. The drag
was measured with the force sensor when the robot faced
the impact airflow with the same relative airspeed. The test
setup is shown in Fig. 20. The magnitude of the drag is
proportional to the square of the relative velocity of the
impact air, as described in (4).

0.10

Drag [N]

0 02 04 06 08 10 12 14 16 18 20 22 24
Relative Impact Air Velocity [m/s]

Figure 20. The relationship between the air impact velocity and drag.

Even though the net driving force approaches zero due
to the counteracting effect of the drag causing the constant
final velocity (Fig. 19), the thrust is still generated to
propel the robot upward. The thrust can be determined by
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(3) when the acceleration in the constant velocity condition
is approximately zero. Therefore, the generated thrust
corresponding to the input power can be determined as
shown in Fig. 21.
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Figure 21. The relationship between the input power and thrust.

Based on the result of the fixed base test (Fig. 17), the
thrust and corresponding thrust coefficient are used to
calculate the jet velocity. Hence, the relationship between
the jet velocity and input power can be estimated by (2), as
shown in Fig. 22. It can be seen that the jet velocity and
Reynolds number increase as the input power increases
because an increase in flapping frequency produces a
higher jet velocity.
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Figure 22. The relationship between the input power, jet velocity and
Reynolds number.

D. The Flapping Flight Characteristics and Power

Conversion

In this section, the aerodynamic parameters and input
power of all flapping tests are compared. The comparison
of the average jet velocity in different flight modes is
shown Fig. 23. The average hovering jet velocity is
maintained at 2.10 m/s, while the required power varies in
a range of 0.9-1.6 W or the average power of 1.14 W. It is
noted that the average hovering jet velocity is higher than
that of the fixed base flapping jet velocity at the same input
power. This is because, in the fixed base system, energy
can be lost through the support. Thus, there is less energy
left to generate the jet velocity. When the input power
increases above 1.50 W, the flight behavior of the robot
changes from hovering to flying in the vertical direction
with a slightly higher jet velocity. In the vertical flight
mode, the jet velocity slightly increases as the input power
increases from 1.5-25 W. This implies that the

aerodynamic power increases slightly with the jet velocity.

That is, the increased portion of the input power is
converted into the aerodynamic power that drives the robot
body.
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Figure 23. The comparison of average jet velocity in different flight
modes.

The fixed base flapping test gives an ideal indication of
how much aerodynamic power or thrust can generate with
respect to the jet velocity. Fig. 24 compares the generated
thrust in different flight modes. The fixed base flutter
produced thrust less than the hover mode for the same
input power, due to the loss of energy at the support, as
mentioned earlier. In the vertical flight mode, the thrust is
greater than the fixed base flapping thrust for the same
reason.
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Figure 24. The comparison of thrust in different flight modes.

The electrical input power and aerodynamic power of
all tests are compared as shown in Fig. 25. The power
conversion efficiency can be determined by considering
the ratio between the generated power and input power in
each flight condition. The result shows that the efficiency
of converting the electrical input power to the hovering
aerodynamic power is 21.8 %. Although, the thrust was
generated, the work done by the thrust is zero since no
flight distance is covered. The generated hovering thrust
was used to lift the robot’s body weight and maintain its
position in the air with little fluctuation due to flapping.
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Figure 25. The comparison of the input and generated powers of all
flapping tests.
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In addition, the ability of the robot structure and
flapping mechanism to convert aerodynamic power can be
evaluated by the fixed base flapping test. That is, the input
power is converted to the aerodynamic power without
moving the body over the entire range of the throttle
control signal, by accepting some energy loss at the
support.
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When the robot flies in the vertical direction, some
power losses occur due to air resistance and low friction
on the guide wire. All tested flight performance and
aerodynamic parameters are summarized in Table IV.
Compared to the hover condition, the vertically flying
robot consumes higher input power to generate the higher
thrust that propels it into the air. The consumed power
increases as the speed of the robot increases. Therefore,
the ratio of average jet velocity to weight is an important
parameter for the development of a flying robot. The result
shows that the four-wing mechanism can generate a jet
velocity to weight ratio of more than 0.167 m/(s-g).

TABLE IV. FLIGHT PERFORMANCE AND AERODYNAMIC PARAMETERS
OF THE FOUR-FLAPPING-WING ROBOT

Parameter Hovering mode Vertical flight mode
f 12.5-15.6 Hz 15.6-19.2 Hz
Pinput/ W 0.091 Wig 0.120-0.199 W/g
Poutput/ W 0.020 Wig 0.023-0.030 W/g
n 21.84% 19.49-14.91%
Vet W 0.167 m/(s-g) 0.177-0.182 m/(s-g)
Cr 0.485 0.488-0.565

The power-to-weight ratio of the robot is also a crucial
parameter for assessing hovering and flight capabilities. In
this case, the hover power per body weight is 0.020 W/g
and the vertical flight power per body weight is 0.025 W/g.
These specific power requirements are the same for all
types of actuators. However, the efficiency of the system
depends on the wing shape and flapping mechanism,
which affect the generated aerodynamic power.

V. CONCLUSION

The experimental investigation of the robot with four
flapping wings was conducted in three different flapping
tests to study the aerodynamic parameters and power
conversion characteristics. The three tests were fixed base
flapping, hovering, and vertical flight. The results showed
that the robotic system generated an average jet velocity of
0.94-2.29 m/s by consuming an input power of 0.23-2.50
W. The presented wing design produced the local
maximum air velocity at 22.5° relative to the body
orientation. Later, the hover test showed that the robot
hovered at a throttle control signal of 50-70%,
corresponding to an average input power of 1.14 W or an
average specific power consumption of 0.091 Wi/g.
Accordingly, the estimated hover thrust fluctuated around
0.118 N, which was just enough to lift the body weight of
0.123 N and maintain the altitude in the air, with the
oscillation caused by the wing beat. The flapping
frequency in hover was 12.5-15.6 Hz with an average jet
velocity of 2.10 m/s. The robotic system had an efficiency
of 21.84 % in converting the electrical input power to
hovering aerodynamic power. In the vertical flight test, the
robot required a higher power of 1.50-2.50 W or a specific
power consumption of 0.120-0.199 W/g to fly upward. The
flapping frequency in vertical flight was 15.6-19.2 Hz. The
efficiency of input power conversion to aerodynamic
power was 19.49-14.91 %. In this study, the aerodynamic

© 2022 Int. J. Mech. Eng. Rob. Res

parameters of the four-flapping wing, specific power
consumption of the robot, efficiency of power conversion
between electrical input power and aerodynamic power in
different flight modes were experimentally investigated.
These can be used as a guide for the design of a robot with
four flapping wings and the selection of any type flapping
actuator.
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