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ABSTRACT

One significant research area that has greatly
benefited from UAVs is precision agriculture,
due to their ability to offer excellent spatial res-
olution, making them ideal for detailed minor-
scale analyses of vegetable patches. To the
best of our knowledge, few studies have applied
UAVs to explore complex forest environments,
such as orchards, often relying on indirect meth-
ods to obtain crop information. In this work,
we propose a novel approach that enables the di-
rect measurement of characteristics, such as in-
dividually measuring fruits or stems/leaves, to
assess their maturity or detect crop diseases, re-
spectively. To achieve this, we introduce a new
design called “SAMBot: Spherical Aerial Ma-
nipulator Robot”, which consists of a mini-UAV
protected by a spherical structure with an at-
tached manipulator at its front. SAMBot com-
bines the protective benefits of the spherical de-
sign with the manipulator’s ability to access con-
fined spaces. The proposed design is compatible
with ROS2, a widely-used framework in robotics
research and industrial applications. The range
of potential applications for our proposed de-
sign extends beyond precision agriculture, en-
compassing areas such as search and rescue op-
erations in mines or collapsed buildings, struc-
tural inspections, and autonomous underground
navigation, among others.

1 INTRODUCTION

Unmanned Aerial Vehicles (UAVs), or drones, are aero-
nautical complex systems that can be controlled without an
onboard pilot for autonomous flights. Due to the integration
of advanced navigation systems with cameras and sensors, it
is possible to collect data for various tasks such as space, sea,
and land exploration, as well as numerous applications in the
entertainment and military industries, among others [1, 2].

Precision Agriculture (PA) is one of the scientific fields
that has most benefited from UAV technology. The in-
crease in the world population and the extreme weather events
caused by global warming are making food production in-
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creasingly challenging [3]. Drones offer a potential solu-
tion to these challenges by improving agricultural efficiency
and productivity through crop monitoring, irrigation man-
agement, pesticide and fertilizer spraying, cartography, and
more [4, 5].

While drone research in precision agriculture has led to
significant advancements, it is essential to acknowledge the
current limitations. Most studies primarily focus on acquir-
ing images and geospatial data to estimate overall crop health.
Drones are restricted to flying over orchards at a specific alti-
tudes to capture thermal, multispectral, or RGB images While
effective for global data estimation, this approach does not fa-
cilitate the acquisition of local data. In [6], the exploration of
a drone through an apple orchard is presented, using an indi-
rect technique to determine fruit maturity by detecting ethy-
lene in the air. In [7], a UAM is used to install and recover
sensors in trees, preventing fires through the real-time moni-
toring. The manipulator has a single prismatic joint for sur-
face contact, which limits its accuracy for other applications.
In [8], a UAV installs a sensor network in forests to measure
temperature, pressure, and luminosity. The authors do not
incorporate a manipulator; instead, the drone is positioned 3
meters from the target to launches the sensors. In [9], a UAM
with two passive rotating hemispherical shells is presented for
manipulating objects in complex environments during disas-
ters. However, the manipulator is mounted on the drone body,
has a single degree of freedom (DoF), and only extends up to
70 mm. We have not found a satisfactory solution that allows
for the direct measurement of orchard characteristics, such as
assessing individual fruits or stems/leaves to determine their
maturity or detect crop diseases.

The importance of obtaining precise information on the
ripeness state of each fruit lies in the ability to determine the
optimal harvest time, assess the number of days required to
reach the optimal ripeness for consumption, and apply treat-
ments to slow down the maturation process during export.
Traditional methods are time-consuming and involve prema-
ture destruction of the fruits, leading to economic losses. Fur-
thermore, these methods rely on a small sample size to esti-
mate the conditions of the entire orchard.

In this article, we propose the design of a mini-quadcopter
protected by a lightweight and resistant spherical casing and
equipped with a robotic arm called “SAMBot: Spherical
Aerial Manipulator Robot.” This proposal addresses the iden-
tified problem by combining the protective advantages of
the spherical casing in complex environments (such as tree
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Figure 1: (a) Design for underground applications. (b) Ob-
stacle detection with ultrasound. (c) Detection of workers in
mines using the camera [11].

branches or leaves) with the manipulator’s capability to ac-
cess confined spaces. We present several challenges encoun-
tered during the simulation phase of SAMBot’s design. Con-
currently, we have been developing the physical design, con-
sidering challenges such as ensuring the combined weight of
the sphere and manipulator does not exceed the drone’s lift-
ing capacity, and accounting for changes in the center of mass
due to the manipulator’s position, among other factors, to im-
plement this design as a new entity in the Gazebo software
while adhering to physical constraints.

Although we have not found in the literature a similar
work, we now present some related works on spherical drones
and aerial manipulators. A spherical drone (SD) is equipped
with a spherical structure that provides protection and allows
it to access confined and hazardous spaces without compro-
mising the integrity and stability of the drone and its environ-
ment [10]. In [11], the SD is trained using deep learning tech-
niques to fly in dangerous environments without GPS, such as
mines for workers’ rescue missions. Figure 1 shows some
examples. Other tasks, such as autonomous underground
navigation, survivor search, and infrastructure inspection, are
considered in [12]. In [10] and [13], a drone is designed
with a passive rotating spherical cage mechanism to stabilize
it during collisions with structures damaged by earthquakes,
fires, or explosions, such as buildings and bridges. In [14],
this system employs cameras with computer vision and ma-
chine learning techniques to map public spaces and track city
pedestrian flow. In [15], a cargo drone with a foldable modu-
lar spherical structure is used to lift packages weighing up to
500 grams. Authors in [16] present a more visually appealing
application, where the drone casing creates three-dimensional
images through the synchronized rotation and activation of
multiple LED ribbons, arcing around the sphere to create vir-
tual and augmented reality experiences, displaying 3D im-
ages for telepresence applications.

An Unmanned Aerial Manipulator (UAM) is a robotic
system consisting of a drone equipped with a multi-DoF ma-
nipulator and various sensors and tools, such as claws or grip-
pers. Its use expands the drone’s ability to complete complex
tasks and enhances the manipulator’s maneuverability [17].
Since UAMs are the systems most similar to SAMBot, we
have conducted an exhaustive search of the state-of-the-art
UAMs [17–37]. According to these works, the most com-

Figure 2: Featured applications of the UAM. (a)
Grip/Placement. (b) Contact with quasi-static surface. (c)
Coupling between the UAM and the object. (d) Contact with
static surface. (e) Dynamic grip.

mon applications for UAMs include trajectory tracking, po-
sition/orientation control, grasping and placement tasks, con-
tact tasks, and force control (see Figure 2). The quadcopter
is the most used UAV for UAMs, followed by the hexacopter
and octocopter. 2-DoF manipulators are the most frequently
used for equipping drones, as these systems are lighter and
more compact in terms of weight and size. Furthermore, by
leveraging the DoFs of the UAV itself, a more complex ma-
nipulator is not always necessary for certain tasks.

To obtain a mathematical description of UAMs, the Euler-
Lagrange formulation is the most commonly used method
for expressing the dynamic model, followed by the Newton-
Euler formulation and the Recursive Newton-Euler formula-
tion. Approximately 61% of the reviewed articles use a de-
coupled method, treating the manipulator as an additional
disturbance. Additionally, we found that the control tech-
nique most commonly used for UAMs is PID control due to
its straightforward design and implementation. Although the
best results are not always achieved, most authors report that
its performance is adequate for specific applications. Other
techniques, such as Robust and Adaptive Control, are em-
ployed in more complex applications along with the use of a
nonlinear dynamic model.

The rest of the paper is organized as follows: Section 2
provides a description of our proposed system and discusses
the mathematical model for PID control actions, which rep-
resents an initial approach to controlling the drone in desired
positions. Section 3 presents details of the design and results
of the PID control. Finally, Section 4 summarizes the findings
of this study and the future tendencies.

2 METHODOLOGY AND DESIGN

2.1 Description of the System

SAMBot consists of a drone protected by a spherical
structure, equipped with a 3 DoF manipulator, capable of po-
sitioning and orienting its end-effector in the plane. The ac-
tuators in the design correspond to the MG90S servomotor.
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The manipulator has three MPU6050 IMU sensors attached
to each joint. Unlike an encoder, data acquisition with the
IMU is simpler and does not require additional electronics
nor direct mounting on the joint motor shaft, which makes it
easier to install on a smaller and lighter structure that is use-
ful in mobile applications such as drones. The end effector
has an ESP32–Cam camera to estimate distances and imple-
ment computer vision techniques in future applications and a
VL53L0X distance sensor near the camera lens to corroborate
the measurements.

Since the payload for most mini-drones is very limited, all
the components mentioned above were carefully selected to
maintain the payload to the minimum while still having the
necessary components to perform the tasks commonly pre-
sented in most PA scenarios. The spherical casing design,
including the volume of the casing and the material selection,
was as well iteratively designed to maintain the payload to the
minimum. Moreover, the arm manipulator is incorporated to
be part of the spherical casing to further reduce the payload.

According to [38], the dynamic equations of the quad-
copter as a mechanical system are obtained using Newton’s
laws. Then the quadcopter motion is described by a non-
linear system of six differential equations. Also considering
the mathematical equations of a planar revolute joint manip-
ulator and supposing an n-link robot attached to the drone,
the mathematical model of the manipulator is obtained using
Euler-Lagrange formalism. After considering the manipula-
tor connected to the quadcopter, values of the elements in the
inertia tensor are changed due to the additional inertia of the
manipulator links, the moment of inertia generated by each
material point resulting in an inertia tensor of the combined
system, also is determined the mutual influence between the
quadcopter and the manipulator, considering the position dis-
placement of the mass center of the combined system and the
torque reaction forces τ(x,y,z) acting on the quadcopter from
the manipulator. The mathematical model of the quadcopter
is described by the equations:




mmẍ = (sψsϕ + cψsθcϕ)F + d1
mmÿ = (−cψsϕ + sψsθcϕ)F + d2
mmz̈ = −mmg + (cθcϕ)F + d3

Ixxϕ̈ = (Iyy − Izz)θ̇ψ̇ − Ixz(ϕ̇θ̇ + ψ̈) + τx + d4
Iyy θ̈ = (Izz − Ixx)ϕ̇ψ̇ + Ixz(ϕ̇

2 − ψ̇2) + τy + d5
Izzψ̈ = (Ixx − Iyy)ϕ̇θ̇ + Ixz(θ̇ψ̇ + ϕ̈) + τz ++d6

M(q)q̈ + C(q, q̇) + g(q) + d7 = τ

(1)

where sx and cx denotes sin(x) and cos(x), respectively;mm

is the overall mass of the whole system; ẍ, ÿ, z̈ are the lin-
ear accelerations of the quadcopter with respect to the inertial
reference frame; Ixx, Iyy, Izz represents the inertia tensor of
the combined system; ψ, θ, ϕ are the Y aw − Pitch − Roll
angles that describe the drone orientation, angular velocity
(ψ̇, θ̇, ϕ̇) and angular acceleration (ψ̈, θ̈, ϕ̈); F is the lift of the
airframe; τx, τy, τz are the torques of the three axes of the air-
frame, respectively; Ixz represents the inertia product of the

combined system (since the manipulator operates on x − z
plane); g is the gravitational acceleration constant. For the
manipulator: M(q) is the inertia matrix; C(q, q̇) is the cori-
olis and centripetal forces matrix; g(q) is the vector account-
ing for gravitational forces; q, q̇, q̈ are the vector of general-
ized coordinates, velocities and accelerations of the manip-
ulator joints, respectively; and τ are the actuators’ torques.
Finally di(i = 1, ..., 6) represents the external disturbance in
each channel, and d7 = [d71, ..., d7n] indicates the external
interference of the n-link of the manipulator, which the quad-
copter and external environment may cause.

2.2 Experimental Simulation Tests
The SAMBot was designed in SolidWorks, and the URDF

(Unified Robot Description Format) file was exported using
the sw2urdfSetup.exe plugin. The URDF has subsequently
been modified to a .urdf.xml format for incorporation with the
Parrot AR Drone 2.0 in the sjtu-drone-quadrator-simulation
in Gazebo and communication using ROS2 Humble, installed
in Ubuntu 22.04. During this stage, some modifications were
realized to join the system with the proper dimensions, mass
parameters, and inertia tensor of the links, the joint type, and
the action limits. In this sense, we have ensured a faithful
representation of the proper conditions to evaluate the drone’s
performance in the planned tasks.

To obtain these physical parameters, the mass of each el-
ement was first estimated in Ultimaker-Cura-5.2.1, using the
PLA material with a density of 25%; the estimated mass was
used to calculate the physical parameters with the “Physics
properties” tool from SolidWorks.

The joint-trajectory-controller of the ROS2 control pack-
age has been implemented to control the manipulator. In turn,
a PID controller has been implemented to control the drone,
manually adjusting the gains online using a graphical user
interface (GUI) developed in this work. In the experimental
tests, the ability of SAMBot to remain hovering while extend-
ing and retracting the manipulator was analyzed, and basic
movements in x, y, z, and yaw were performed. The results
are shown in the following section.

3 RESULTS AND DISCUSSIONS.
The design of SAMBot is shown in Figures 3 and 4. Its

design is symmetrical and takes advantage of the spherical
structure so that the manipulator is part of it.

The previous section mentioned the sensors and actuators
that will be used when applied in a real environment. The
dimensions were checked carefully by using precision instru-
ments, and the most relevant parts were printed for assembly
tests. These elements are shown in Figure 5.

Our design was coupled with the Parrot AR Drone 2.0 in
Gazebo to perform the simulations, as shown in Figure 6.

The GUIs were used to send control commands to the
Drone and manipulator. The most relevant part is highlighted
in green in Figure 7; from there, the PID gains were adjusted
online to stabilize the Drone.
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Figure 3: SAMBot design. Manipulator folded (left) and de-
ployed (right).

Figure 4: Side (left) and front (right) view of SAMBot with
folded manipulator.

Figure 8 shows the error signals for x, y, z, and yaw when
sending a command sequence to the Drone. The blue line is
the current error, and the dashed red line indicates the zero
error reference for an ideal case. The sequence is described
below following the numbering marked in Figure 8:

1. A take-off signal was sent to the Drone to reach a ref-
erence of 2 m along the z-axis while the manipulator
was retracted to its initial position (as seen in Figure
6). This action affected the x and z axes. In both cases
(mainly for x), it was more difficult to reach the refer-
ence; however, the system did not present oscillations
that affected its stability.

2. The manipulator was ordered to be fully deployed
while the Drone remained hovering. Since the PID pa-
rameters were primarily tuned for this case, the error is
nearly zero in all plots.

3. When the manipulator was folded back home, a behav-
ior similar to that of point (1) was observed.

IMU Link 1 

IMU Link 3 

Camera
Housing

Camera 
LensIMU Link 2 

ToF 
Sensor

Servomotors

Figure 5: Assembly of sensors and actuators..

Figure 6: SAMBot simulation environment in Gazebo.

Real-Time Drone Position 
and PID Gains Input

Arm 
Controller

Figure 7: SAMBot simulation environment in Gazebo with
GUI’s for tuning and control.

4. It moved one meter in the positive direction of the y-
axis. The error graph shows that the error decreases
rapidly without considerable oscillations.

5. The same movement as the previous point, but this time
in a negative sense.

6. Positive motion in yaw of 1.57 rad.

7. Negative movement in yaw of -1.57 rad relative to its
current position. The graph shows that the yaw error
tends practically to zero in stationary state.

8. Finally, the Drone is moved 1.3 meters towards the
front (on the x-axis), and it was observed to have small
oscillations until reaching a stationary error.

A similar sequence is illustrated in Figure 9, this time
comparing the system’s desired position with its actual po-
sition. The graphs show that the signals on the x and z axes
are similar when the manipulator is fully folded, as shown in
(a), compared to when it is fully deployed, as shown in (b).
Some screenshots of the system are shown in Figure 10 while
the simulation was running. A video of the simulation de-
scribed above can be found at https://www.youtube.
com/watch?v=LFM5YPrHYyM.
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Figure 8: Error signals of x, y, z, yaw during a sequence of
commands sent to the Drone.

4 CONCLUSION

The design of “SAMBot: Spherical Aerial Manipulator
Robot” has been presented, a novel system consisting of a
mini-drone protected by a spherical structure and equipped
with a manipulator. The protection provided by the sphere
and the ability of the manipulator to access confined spaces
allows our robot to expand to various applications, such as ac-
cessing complex forest environments to obtain information on
crops, search and rescue in mines or collapsed buildings, in-
frastructure inspection, autonomous underground navigation,
among others. In our extensive research, we found a surpris-
ing gap in the literature-no studies on similar robots. This
stark absence underlines the pressing need for research on ap-
plications of spherical drones with manipulation capabilities.
As a contribution to this field, we have incorporated our de-
sign into Gazebo in ROS2 Humble, and it will be freely avail-
able to researchers who wish to delve into this unexplored
area of research. A PID controller has been implemented to
stabilize the Drone. We have developed a graphical user in-
terface (GUI) that allows users to manually adjust the gains
online. In future work, we will implement more complex con-
trol strategies, such as Robust or Adaptive Control combined
with Artificial Intelligence strategies, to compensate for the
manipulator’s dynamic movement and the moment of inertia
generated by our complete system.
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