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Abstract— In the current situation, environmental monitoring
and disaster mitigation become a concern. There are many
developed robot in different type for enviromental issue, but
some robot has limitation on coverage area. To solve that
problem, several researcher also developed FWAV that has
potential on environment monitoring application. This study
aims to enhance the potential of Flapping Wing Aerial Vehicles
(FWAVs) for wider implementation in these fields. While most
FWAVs traditionally use a single actuator, leading to manufac-
turing and design complexity, recent trends show a shift towards
servo-driven mechanisms due to their enhanced capabilities.
We achieve modularity through a design that allows for easy
assembly and disassembly of main wings, tail, and hardware
components. Performance enhancements are realized through
the implementation of a square wave pattern as the input signal
for flapping motion, which outperforms the common sinusoidal
wave pattern as input signal. By adjusting the center of gravity
and flapping parameters, we demonstrate the FWAV’s potential
to carry payloads of up to 100 grams which is almost 28% of
its weight, suitable for small-scale environmental monitoring
missions. Additionally, we implement a collision avoidance
system to enhance the FWAV’s ability to navigate safely in
complex environments.

I. INTRODUCTION

In the current situation, environmental monitoring and
disaster mitigation become a concern. Implementation of
aerial vehicles to monitor the environment have been stud-
ied. There are many developed robot in different type for
enviromental issues, such as: legged robot [1], [2], mobile
robot [3]. However, this type of robot has limitation on
the coverage area. Therefore flying robot become on of the
solution to coverage larger area [4]. A study demonstrated
implementation of quadcopter in Antarctic environmental
research [5].

There are several researcher developed FWAV that has
potential on environment monitoring application [6], [7], [8].
FWAV has advantages in low surrounding effect such as
noise, wind, and shape. Zufferey et al. has proposed Eagle-
inspired Flapping-wing robot E-Flap, a 510 g novel design
capable of a 100% of payload [6]. They use single actuator
for driving the flapping wing. In other hand, Dove et al., pro-
posed flexible wing design, the flapping mechanism design,
and the on-board avionics development. The proposed robot
has a mass of 220 g and a wingspan of 50 cm [7].

In the recent studies, most of FWAV designs have relied
on a single actuator for driving the flapping motion of
the wings. In our previous FWAV design, we used single
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actuator with gear compliant [9]. However, this structure may
cause manufacturing and design complexity [10] implied the
increasing of weight and size. Recent research explored a hy-
brid actuation mechanism between fast-rotating propeller and
flapping mechanism have been demonstrated[11]. It enables
wide implementation. Despite these innovations, structural
fragility remains a challenge for FWAVs, as they are more
prone to damage compared to other aerial vehicles, especially
as size increases.

Currently, there is a growing trend toward servo-driven
FWAVs due to their modularity and improved wing control.
The servo-driven design allows more flexible and adaptive
wing motions to achive the better performance. The modu-
larity of servo-driven mechanisms, as demonstrated by[12],
offers versatility in design and function. Huang et al. have
further shown that servo-driven mechanisms substantially
enhance the performance of flapping wing robots by allowing
for more nuanced and responsive wing movements[13]. A
servo-driven structure offers the advantage of modularity, but
this design choice can potentially give an indirect impact on
its performance due to the additional mass of servo com-
ponents contributing to the robot’s overall weight. Choosing
the best servo motor to meet the desired performance can
also be challenging on this structure.

Another fascinating performance mimicking a real bird
locomotion are also demonstrated in the study of FMAV.
An ornithopter that can perch on a branch autonomously
represents remarkable progress [14]. This capability not only
conserves energy but also opens up possibilities for extended
environmental monitoring and mapping. To improve FMAV
agility, a study on a servo-driven flapping with jumping
takeoff has been conducted [15]. While several FMAVs have
demonstrated the ability to carry payloads of up to 500
grams, there is a current gap in research regarding servo-
driven FWAVs specifically designed for payload capacity.
This presents an opportunity for future studies to explore the
development of servo-driven FWAVs optimized for carrying
payloads, potentially expanding their practical applications.

During performing a mission, FWAVs should have safety
mechanism to reduce the possibility of crashes. A study
using event based camera shows robust dynamic sensing
and avoidance[16]. Another obstacle avoidance that is quite
lightweight and low-cost sensor are utilized [17]. Since
the robot is a hovering type, the challenge of minimum
robot velocity to fly is not an issue. For forward-flight
FWAV, it is quite challenging because the robot needs to
achieve certain speed to produce enough thrust. Our previous
study shows that a payload presents a significant challenge
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Fig. 1: OrnibiBot 3.0.

for FWAVs. An observation was conducted to identify the
optimal parameters required for FWAV performance [18].
This study contributes to :

• Modular and durable design to make it easy to carry
and reduces the maintenance complexity .

• Fly with payload.
• A low-cost and lightweight obstacle avoidance.
The paper is organized as follows. Section II presents the

proposed robot structure and system. Then, Section III shows
experimental results including static force measurement, free
flight, carrying payload and collision avoidance. Finally,
Section IV shows the conclusion of the proposed model.

II. DEVELOPED ROBOT

A. Mechanical Design

Figure 1 shows the whole robot structure. The inner wing
is design to have good rigidness and the outer wing is
more flexible to improve the efficiency and force generated.
Table.I show the detail information developed robot. To
generate a flapping motion, Futaba CT-700 servo motors are
utilized to enable robust performance. By finding the proper
wing geometry and weight, it allows the robot to perform
a good flight. The mass of the wing significantly impacts
the efficiency and effectiveness of flapping flight due to the
maximum inertia that can be handled by servo motor.

The previous mechanism was not able to fly due to center
of gravity, weight and wing structure. To reduce the weight
of robot on the rear side, the way of robot to turn left and
right is enabled by changing flapping offset for each wing
to generate yaw torque as studied on [13]. Since the goal is
to carry a payload, its center of gravity is located in a half-
of wing chord length so it is expected to help the robot to
generate negative pitch moment or nose up. It will increase
the potential of robot to generate larger lift. Drag acts to
the front side of robot can be a problem. To minimize that
problem, a shaped-sponge is attached on the front side. It
can help the robot to flight better.

B. System

In the first scenario, to control the FWAV with a minimum
hardware requirement that is easy to find, an XIAO ESP32S3
is utilized. It allows to control the robot via WiFi over

TABLE I: Robot specifications

Wingspan 1.5m
Chord Length 0.3m

Flapping Frequency 5−7Hz
Input voltage 8.4 V

Weight 350 grams

TABLE II: Average thurst Fx and lift Fz of sinusoidal and
square patterns.

Pattern (Frequency) Fx Fz

Sinusoidal (4Hz) 3.13N −0.122N
Square (4Hz) 2.97N −0.11N

Sinusoidal (5Hz) 2.69N −0.01N
Square (5hz) 2.68N 0.14N

Sinusoidal (6Hz) 2.53N −0.007N
Square (6hz) 2.39N 0.27N

UDP communication. The target position of the robot’s wing
θ(t) is governed by Equations (1) and (2), which define
sinusoidal and square wave motion patterns. The calculated
θ(t) in degrees is converted to actuator units through linear
mapping and transmitted via serial SBUS protocol to the
actuator. A, β , T, t denote the flapping amplitude, offset,
period, time for each period. When the robot can fly well,
the second scenario of system is proposed to support collision
avoidance. Enhancing the performance is also proposed by
implementing collision avoidance. An 8x8 time of flight
(ToF) sensor, VL53L5CX, is selected to observe the obstacle
on the flight path. It requires more computational resources
on microcontroller level.

θ(t) = A · sin
(

2πt
T

)
+β (1)

θ(t) = A · sgn
(

sin
(

2πt
T

))
+β (2)

Figure 2 shows how the system is constructed to achieve
the goal of this study to perform collision avoidance by
utilizing 2 microcontrollers. To handle that task, a Teensy
4.0 which is a small size microcontroller with high clock
speed around 600Hz is utilized. Input signal to the actuator
is interpolated and sent by a Teensy 4.0. It also handles the
visual information and processing the approach to avoid the
obstacle. The visual information from ToF will control the
maneuver of the robot to avoid the collison. IMU BNO055
and BMP280 are also utilized to provide some information
on the performance while performing collision avoidance and
sending the data to the PC over UDP.

III. EXPERIMENTAL RESULTS

To show the effectiveness of the proposed model, we have
conducted following experiments: A) Static force measure-
ment B) Flight experiments C) Carrying payload experiments
D) Collision avoidance experiments.

A. Static Force measurement

To clarify the performance of FWAV, the generated force
is observed by attaching the robot on FWAV on a Leptrino,
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Fig. 2: System architecture

a 6-DoF force sensor, that is fixed on a platform. The front
side of robot is connected and tighted to a holder support
that made by 3D printed part. Then, that holder support is
directly connected to the force sensor. In this experiment, the
angle of attack (AoA) is set to 0 degree. It helps to know
the minimum lift force when the robot perform level flight.
Also, microcontroller and battery are not attached on the
robot during this experiment.

Figure 3 shows the thrust and lift generation in FWAV.
It shows that sinusoidal pattern generates more higher thurst
than square pattern when we look at the area under the curve.
It equals to the previous work [18]. The generated force is
also selected based on that previous work. To dive more on
this data, we provide the calculation on the average thurst
Fx and lift Fz on Table. II. It shows that the thrust tends
to decrease and lift tends to increase when we increase the
flapping frequency. The square wave pattern can produce
more overage on lift. The potential improvement can also be
achieved if the center of gravity is shifted to the sufficient
position to generate sufficient AoA during flight.

B. Flight Experiment
To clarify the result of static force measurement exper-

iment, flight experiment is conducted. Figure 4 shows the
performance of robot during free flight. The takeoff phase is
done by launch it by hand. The robot is proved to fly around
a minute for an indoor flight. The robot can also perform a
good flight for an outdoor flight. The performance of robot
to fly stablecan be achieved by set the flapping frequency
around 5Hz and the flapping amplitude is set to 70 degrees.
To help the robot generating a positive angle of attack or nose
up, its tail is set to 30 degree which is pointed to upside. The
positive angle of attack will enchance the generated lift so the
robot can maintain its altitude or fly higher. Smooth landing
also can be perform by decreasing the flapping frequency
gradually. It also can be coupled by setting the tail to negative
position which is pointed to the downside.

The robot can easily turn by changing the offset β for each
actuator and generates yaw moment. By adjusting the offset
value, the robot can perform smooth or rapid turning. From
the flight experiment, it prove that the square wave pattern

enables the robot to fly on a certain performance compared
to sinusoidal wave pattern. It also clarified on another studies
on servo-driven utilizing the square wave pattern for flight
[15] [19]. According to the previous study [18], the higher
amplitude can also generate the force. It can be clarified
from this experiment, when the amplitude is set to 60 and
70 degree, the 70 degree can produce more force even though
that actual position of actuator could not reach that desired
position.

C. Carrying Payload Experiment
To evaluate the potential for widespread implementation,

the robot’s flight capabilities were assessed under various
payload conditions. A series of tests were conducted using
calibrated weights as payloads. Five distinct payload con-
figurations were examined: 0 g (no payload), 20 g, 50 g,
70 g, and 100 g. These precisely measured weights were
selected to provide a comprehensive understanding of the
robot’s performance across a range of payload masses, from
unloaded to maximum capacity.

To track its position an Optitrack Flex 13, a motion capture
camera system, is utilized. A reflective marker is attached in
front of the robot. Figure 5 shows the performance of robot to
carry payload during flight. From the experimental data, the
purple line shows that robot is not able to fly while carrying
a 100 grams payload with 5Hz flapping frequency. After the
adjustment of flapping frequency to 6Hz and refering to the
result of static measurement thrust, the issue can be solved
because the robot can achieve sufficient lift to carry that
payload, but it may requires more power and decrease the
turning performance.

The maximum performance of robot in generating force
affects its payload-carrying capability. In order to carry up
to 500 grams payload like E-Flap [6], a high-performance
servo motor should be utilized, but finding or developing
suitable ones presents a significant challenge. Compared to
a single actuator, the tradeoff of using servo is that the
gap between actual and desired angle will be larger when
we try to increase the flapping frequency due to the servo
performance. It will be a challenge for servo-driven FWAV
structure. This challenge becomes more significant as higher
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Fig. 3: The green and orange line represent the generated thurst and lift by the robot.

Fig. 4: Snapshot of free flight in 14 secs.
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Fig. 5: Flight with payload experiment.

payload requires greater lift and thrust generation, which is
difficult to achieve when there is a substantial gap between
the actual and desired wing positions.

D. Collision Avoidance Experiment

To enhance the robustness of robot while performing a
task, a low-cost obstacle avoidance is implemented. Utilizing
the VL53L5CX ToF sensor which located on the middle of
front side, collision object is estimated. The information for

each pixel will be updated in 15Hz sampling rate. Consider-
ing the velocity and turning performance of robot, the closest
distance dsa f e is set to 1.2 meter. The maximum distance for
this ToF is around 4m with the minimum distance can be.
It will estimate the free area Oi j for each pixel information
Di j.

Oi j =

{
1 if Di j < dsa f e

0 otherwise
(3)
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Fig. 6: Modified robot with ToF sensor.
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Fig. 7: (a) visualizes the trajectory of the robot during
performing collision avoidance. (b) and (c) are the actual roll
angle of the robot during flight and avoiding the obstacle.

After the free or obstacle area information is gathered,
it will be counted into left Cle f t and right Cright obstacle
position.

Cle f t =
n

∑
i=1

n/2

∑
j=1

Oi j (4)

Cright =
n

∑
i=1

n

∑
j=n/2+1

Oi j (5)

The origin of motion capture camera is close to the
obstacle which is approximately 0.3 to 0.5m before the
obstacle. A pillar that has 1m diameter becomes an obstacle
that should be avoided by the robot. Fig.7(a) shows the
trajectory of the robot while performing collision avoidance.
The green line shows how the robot turning left to avoid the
obstacle on the right side. On the other hand, the orange line

represents the trajectory of the robot to avoid the obstacle
located on the left side. Figure 7(b) shows how the robot
responses by generating a negative rolling angle. Figure 7(c)
shows the robot generating positive roll moment to turn right
from five second to seven second. After the object has been
passed or the area in front of the robot is free, the robot
will try to recover to the idle position that can be seen from
seven to eight second. It shows the capability to avoid a
collision which becomes a basic requirement of robot for
outdoor implementation to minimize the chance of hitting a
human or obstacle during flight.

IV. CONCLUSION

This paper presents servo-driven flapping-wing aerial ve-
hicles (FWAV) that can achieve capability to carry payload
and enabling collision avoidance during flight. It becomes a
challenge for a servo-driven FWAV. In many cases, single
actuator with gear reduction and lever crank mechanism
can achieve it easily. A combination of balance for some
parameters like actuator performance, wing and tail structure,
flapping parameter and cente of gravity play important role
to achieve this goal.

Modularity can be achieved by assembling and disas-
sembling the main wing, tail, and hardware. In term of
performance, square wave pattern can outperform sinousidal
wave pattern. The flight test also prove that square wave
pattern is the solution to enable fascinating performance even
though the actuator could not achieve desire position.

We demonstrated the FWAV’s capability to carry a payload
of up to 28% of its own weight. For instance, with a total
robot weight of 360 grams, it can carry up to 100 grams of
additional payload for a small mission such as environmental
monitoring. From the collision avoidance experiment, it
shows a possible implementation, but it will be better to find
a proper ToF or depth camera sensor that can recognize the
collision object in several meters longer than the current ToF
sensor. As for the future work, the robustness and realibility
of collision avoidance will be improve to achieve aggresive
flight or mission flight.
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