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1. Introduction

The significant advances in last decade in the research and technology of multi-rotor
design, modeling and control, supported by the increasing variety of commercially available
platforms, components and manufacturers, have facilitated a rise in the novel applications
of aerial robots, capable of not only perceiving, but also interacting with the environment,
allowing the realization of diverse operations and tasks in areas and workspaces that are
difficult to access by human operators or ground vehicles. Although the use of drones
in surveillance and monitoring, or in aerial filming (both professional and personal) is
quite extended nowadays due to the affordable cost of commercial platforms, the use of
aerial robots for the inspection and maintenance of infrastructures is currently the subject
of research and development, particularly when involving physical interaction during
flight. The integration of sensors and robotic manipulators in these platforms, capable
of easily and quickly reaching high-altitude workspaces and maintaining their position
while hovering, allows us to obtain measurements of interest from cracks in bridges or
corrosion in viaducts, and conduct diverse operations such as the installation of bird flight
diverters on power lines. Aerial robots can also be used for the maintenance of healthy
environmental conditions in urban or rural areas.

Despite the significant maturity level reached with these platforms, new research and
technological challenges arise from applications demanding the benefits of aerial robots,
particularly in outdoor environments, where regulation aspects must be considered. The
current paradigm is to develop methods and technologies driven by specific applications
and operational conditions imposed by the sensors or devices involved in the inspection
and maintenance tasks, also considering general goals such as reducing costs, improving
performance time, safety, and precision, or reducing energy consumption. Therefore,
considerable effort is still being devoted to the mechatronic development and integration
of new robotic manipulators, mechanisms, and sensor devices required to accomplish the
intended task in flight, extending the capabilities of conventional multi-rotors in terms of
autonomy and force interaction.

This Special Issue presents several research works focused on the use of aerial robots
to conduct inspection and maintenance operations on infrastructures such as power lines,
bridges, viaducts, or walls involving physical interactions.

2. Contribution and Advances

This Special Issue collects eleven papers from different research groups from Spain,
Croatia, Italy, Japan, the USA, the Netherlands and Denmark, focused on the design,
development and experimental validation methods and technologies of aerial robotics for
inspection and maintenance. The main contributions and innovation of these works are
summarized below.

Appl. Sci. 2022, 12, 3583. https://doi.org/10.3390/app12073583 https://www.mdpi.com/journal/applsci1
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The lightweight and compliant dual-arm aerial manipulation robot presented in [1]
employs one of the arms to estimate the position of the multirotor platform relative to the
grabbing point, while the other arm is intended to conduct the manipulation operation in
flight. This is motivated by the necessity to improve the positioning accuracy outdoors
during the installation of devices on power lines, allowing the estimation and control of
the interaction forces exerted by the arm, relying on the mechanical flexibility of the joints
with deflection feedback. Reference [2] introduces the Cartesian aerial manipulator, a new
morphology of aerial robot that exploits the benefits of a two degrees of freedom (DoF)
Cartesian base (XY-axes) in terms of low weight/inertia and positioning accuracy, with
a single DoF compliant joint, exploiting the deflection feedback from the flexible joint
and a linear elastic link for contact force control and collision detection and reaction. The
kinematic configuration of the manipulator is also applied in pick-and-store operations.

In order to increase the capability of conventional multi-rotors to generate forces along
the horizontal plane, required in many contact-based inspection operations, the authors
in [3] describe an add-on mechanism for multi-rotors, consisting of three ducted fans
arranged in a Y-shaped structure that can be easily integrated in different types of multi-
rotors, in such a way that the horizontal thrust allows the decoupling of the translational
control from the attitude control. The developed prototype demonstrates how a relatively
simple concept design can extend the functionalities and control capabilities of aerial robots.

The inspection and maintenance of power lines is the scope of the work in [4–6], in the
context of the AERIAL-CORE H2020 project. The high altitude, high voltage, and difficult
access of this essential infrastructure, comprising thousands of kilometers in any country,
makes the realization of operations such as the installation of bird diverters (imposed by
regulation to protect bird species from collision or electrocution) particularly risky for
human operators, who have to climb the towers, using elevated lift platforms or even
manned helicopters to reach the cables. This motivates the use of multi-rotor-based aerial
robots and the development of new capabilities specifically for this application. In this
context, reference [4] details the mathematical formulation for estimating the position
and orientation of a multi-rotor platform from the magnetic field generated by the power
line, measured by three magnetometers. Analytical expressions for the position of the
aerial robot relative to the power line are derived, along with an exhaustive analysis of the
different solutions and possible arrangements of the sensors.

Several designs and preliminary results in control, planning, and manipulation for the
installation of devices on power lines, such as bird flight diverters and electrical spacers,
are presented in [5], covering also the design of cognitive human–machine interfaces and
the use of aerial manipulators for fast and safe tool delivery to human operators working
on the power lines. The paper provides an overview of the different solutions explored as
part of the AERIAL-CORE project in terms of safe local aerial manipulation. A particular
technological solution for the installation of approved bird flight diverters is detailed in [6].
The main challenge here is to exert very high forces to install the device on the cable, using
for this purpose a linear actuator with a customized clamp mechanism that holds the device
and supports the reaction forces, so the aerial platform is isolated during the realization of
the operation on flight.

The inspection of bridges [7], viaducts [8], and other civil infrastructures [9] using
aerial robots requires the integration of specific sensors and devices, as well as the im-
plementation of perception and navigation methods to conduct the operations in flight
with a sufficient level of autonomy and positioning accuracy. The authors in [7] propose
the deployment of a team of cooperative aerial robots to install inspection devices on
bridges by spraying a resin onto the surface and applying a pushing force to keep the
device attached. The paper presents the design of the control framework, covering the
attitude/position and impedance controllers, the path planning, and the detection and
estimation of the marked point. Two different aerial robotic solutions are presented in [8]
for the visual and contact inspection of viaducts, where GNSS (Global Navigation Satellite
System) positioning is not possible, requiring the integration of 3D LiDAR (Light Detection
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and Ranging) combined with robotic stations to generate accurate maps of the environment.
The presented work illustrates the development and integration efforts to increase the TRL
(Technology Readiness Level) of aerial robots applied in real inspection scenarios.

Specific methods based on vibration monitoring for the assessment of civil infras-
tructure using aerial robots equipped with deployable sensor units are described in [9].
Different sensor technologies for Structural Health Monitoring (SHM) are identified, pre-
senting the design of a sensor unit based on an accelerometer with a docking mechanism
that can be attached to metallic structures using the aerial platform. Damages on monitored
structures are detected as changes in their Dynamic Signature Response (DSR), relying on
the B-Spline Impulsive Response Function (BIRF) for representing the time-variable system
dynamics. The paper illustrates, in laboratory conditions, the deployment of the inspection
sensor in a metallic structure subject to vibrations using the aerial robot, including the data
acquisition, analysis and interpretation of results.

Traditional contact-based inspection methods are carried out by human operators,
typically consisting of placing the sensor device in the point of interest. In this sense,
the operator is responsible for determining the desired inspection point according to the
observations of the environment and specific knowledge of the assessment. Therefore, in
some cases it is not convenient or feasible to implement a fully autonomous inspection
operation with an aerial robotic system, but it is convenient to allow the human operator to
interact with the environment through the aerial robot. This is the scope of the research
work presented in [10], in which a multi-rotor equipped with a passive and compliant
end effector is teleoperated to exert contact forces using a haptic device that provides the
user with feedback to improve his/her situation awareness. The paper is focused on the
design of the bilateral teleoperation scheme and stability analysis to maintain contact forces
in flight.

Although the inspection and maintenance of industrial and civil infrastructures is one
of the most immediate application areas of aerial robots, reference [11] extends the scope by
proposing the application of drones for releasing sterilized insects, in order to prevent the
increase in insect populations that could become vectors of disease transmission in urban
and rural environments. Given the capabilities of Unmanned Aircraft System (UAVs),
either fixed wing or rotary wing, to cover large areas following accurately desired paths in
an autonomous way, the paper considers the current regulation challenges in Europe and
risk assessment when flying over populated environments, particularly when the drone
operates beyond the visual line of sight (BVLOS).

3. Conclusions

The execution of inspection and maintenance operations in illustrative scenarios such
as power lines, bridges, viaducts and other civil infrastructures, consisting typically of the
appropriate collocation of a sensor or device in the point of interest, presents considerable
risk when conducted at high altitude by human operators, and becomes a technological
challenge when it is intended to be performed by an aerial robot operating outdoors. Over-
coming the gap between research in indoor laboratories and practical application in realistic
outdoor conditions also introduces significant difficulties, particularly in terms of position-
ing accuracy and reliability, requiring the integration of additional systems that reduce
the effective payload. New mechatronic designs, estimation and measurement methods,
control frameworks and technological solutions emerge from demanding applications that
have been shown increasing interest in terms of the application of aerial robots to reduce
the time, cost and risk compared with traditional procedures.

Since most of the inspection and maintenance devices currently employed in the
realization of these operations are intended to be used by human operators, aerial robotics
researchers and engineers face the problem of integrating or adapting these devices to aerial
platforms, where the limited payload and flight time capacity are still the main constraints.
It is foreseeable, however, that manufacturers will develop new inspection solutions
adapted for aerial robots given the benefits and potential uses evidenced by multi-rotors.

3



Appl. Sci. 2022, 12, 3583

Author Contributions: Conceptualization, A.S., J.C. and M.O.; investigation, A.S., J.C. and M.O.;
writing—original draft preparation, A.S.; writing—review and editing, A.S., J.C. and M.O.; visualiza-
tion, J.C. and M.O.; supervision, J.C. and M.O.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research was partially funded by the European Commission grant number 871479
through the AERIAL-CORE H2020 project (AERIAL COgnitive integrated multi-task Robotic system
with Extended operation range and safety).

Acknowledgments: We want to thank Anibal Ollero from the University of Seville, coordinator of
the AERIAL-CORE project, for his contribution in the dissemination of this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Suarez, A.; Sanchez-Cuevas, P.J.; Heredia, G.; Ollero, A. Aerial Physical Interaction in Grabbing Conditions with Lightweight and
Compliant Dual Arms. Appl. Sci. 2020, 10, 8927. [CrossRef]

2. Suarez, A.; Perez, M.; Heredia, G.; Ollero, A. Cartesian Aerial Manipulator with Compliant Arm. Appl. Sci. 2021, 11, 1001.
[CrossRef]

3. Miyazaki, R.; Paul, H.; Shimonomura, K. Development of Add-On Planar Translational Driving System for Aerial Manipulation
with Multirotor Platform. Appl. Sci. 2021, 11, 1462. [CrossRef]
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Abstract: This paper considers the problem of performing bimanual aerial manipulation tasks in
grabbing conditions, with one of the arms grabbed to a fixed point (grabbing arm) while the other
conducts the task (operation arm). The goal was to evaluate the positioning accuracy of the aerial
platform and the end effector when the grabbing arm is used as position sensor, as well as to analyze
the behavior of the robot during the aerial physical interaction on flight. The paper proposed a
control scheme that exploits the information provided by the joint sensors of the grabbing arm for
estimating the relative position of the aerial platform w.r.t. (with respect to) the grabbing point.
A deflection-based Cartesian impedance control was designed for the compliant arm, allowing the
generation of forces that help the aerial platform to maintain the reference position when it is disturbed
due to external forces. The proposed methods were validated in an indoor testbed with a lightweight
and compliant dual arm aerial manipulation robot.

Keywords: aerial manipulation; dual arm; compliance

1. Introduction

The reliability in the realization of an aerial manipulation task on flight strongly depends on the
positioning accuracy of the aerial robot, which mainly depends on the accuracy of the position sensors,
the performance of the multirotor controller, and the effect of endogenous/exogenous forces raised
during the execution of the operation. On the one hand, it is desirable that the accuracy in the position
estimation of the aerial vehicle is below the 10% of the reach of the manipulator [1], being capable of
compensating the undesired deviations while the multirotor hovers within the workspace. Different
positioning systems have been employed in the literature. Motion capture systems such as Vicon or
Opti-Track have been extensively used in indoor testbeds [2–6] due to their high accuracy (<1 cm) and
high update rates (100–200 Hz), as well as because no additional devices have to be integrated in the
aerial platform, but only the passive markers. Similarly, the laser tracking systems used in [7] only
require the addition of a reflective marker or a prism to the multirotor, although this solution imposes
that the marker is not occluded by any obstacle in the line of the laser. Several on-board perception
systems have been developed for multirotor platforms, including optical flow [8], stereo vision [9],
live 3D dense reconstruction [10], or laser scanners [11]. However, these solutions reduce the payload
capacity of the aerial platform, as additional devices such as cameras and on-board computers have to
be added and complicate the system integration. Not only that, but each of these technologies presents
certain limitations relative to the operation range, accuracy, reliability, or the update rate. The docking
system described in [12] is an alternative solution that exploits the proximity of the aerial platform
to the workspace during the manipulation phase, using an articulated link for obtaining the relative
position from the encoders of the joints.

An aerial manipulation robot operating on flight will be affected by three types of perturbations:
the reaction wrenches induced over the multirotor platform due to the motion of the arms [13,14],

Appl. Sci. 2020, 10, 8927; doi:10.3390/app10248927 www.mdpi.com/journal/applsci
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the contact forces associated to the physical interactions on flight [4,6,15–17], as well as the aerodynamic
effects [7]. As consequence, the realization of certain manipulation tasks requiring the correct positioning
of the end effector, such as object grasping [2,5], valve turning [3], or inspection by contact [7,15,18],
may be compromised or become unfeasible. In order to overcome these problems, several methods
and strategies have been proposed, such as the estimation and control of the external wrenches
acting over the aerial platform [19,20], the development of multilayer control architectures [13], or the
design of lightweight and compliant robotic arms [21,22]. In this sense, it is desirable to improve the
accommodation of the aerial platform to the position deviations when it is operating in contact with
the environment, exploiting for this purpose the mechanical compliance of the arms [22].

The main contribution of this paper is the design, modelling, and validation of a lightweight and
compliant dual arm system that allows for the estimation and control of the position of an aerial robotic
manipulator relative to a fixed grabbing point, using one of the arms for grabbing and as position sensor
(grabbing arm), while the other is intended to conduct the operation while flying (operation arm).
Figure 1 illustrates the application of the dual arm aerial manipulator for the installation of clip-type
bird diverters on a power line [23]. Two methods are proposed and evaluated. Firstly, a zero-torque
controller was implemented in the grabbing arm, and thus the reaction wrenches induced over the
multirotor were relatively low, using the position estimation obtained from the joint servos to control
the deviations in the position of the platform with respect to the reference pose. Secondly, a force
controller based on Cartesian deflection was developed to achieve the desired impedance behavior
during the aerial physical interaction, using the grabbing arm to exert a force that helps the multirotor
controller to reach the reference pose relative to the grabbing point. Experimental results carried out in
test-bench and indoor flight tests (Figure 1) demonstrated the performance of both approaches.

 

Figure 1. Dual arm aerial manipulation robot grabbed a linear structure with the right (grabbing) arm.

The innovative aspects of this paper with respect to our previous published works [17,21,22] can
be summarized in the following points:

1. The development and testing of a new functionality for the dual arm aerial manipulator: estimating
the position of the robot relative to the grabbing point with one of the arms while the other is
intended to conduct the operation on flight.

2. The evaluation of the positioning accuracy in the estimation provided by the grabbing arm
compared to the ground truth given by an Opti-Track system.

3. The combination of passive (mechanical) and active (control) compliance methods in the grabbing
arm to facilitate the accommodation of the aerial robot to sustained grabbing forces.

4. The experimental evaluation and qualitative analysis of the effects of the grabbing arm and the
injected disturbances over the stability of the multirotor controller.

6
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The rest of the paper is organized as follows. The prototype employed in the experiments is firstly
described in Section 2. Section 3 covers the kinematics and position estimation, with the mentioned
control methods described in Section 4. The experimental results are presented in Section 5, and the
conclusions are summarized in Section 6.

2. System Description

2.1. Compliant Dual Arm

The manipulator used for validating the methods described in Section 4 is a lightweight and
compliant dual arm system developed at the GRVC Robotics Labs. A picture of the arms can be seen
in Figure 2, indicating in Table 1 its main features. Each arm provides three degrees of freedom for
end effector positioning in the following kinematic configuration [22]: shoulder yaw at the base (q1),
shoulder pitch (q2), and elbow pitch (q3). The arms are built with the Herkulex DRS-0201 smart servos,
and a customized frame structure manufactured in carbon fiber and aluminum, providing full servo
protection at the shoulder yaw joint with a pair of polymer bearings, and partial servo protection in
the other two joints [21]. In order to estimate and control the torques and forces, the grabbing arm
(right arm) integrates 14-bit resolution magnetic encoders that are interfaced through a STM32F303
microcontroller board, sending the deflection measurement to the main computer at 200 Hz with 1 ms
latency. Each of the arms and the sensors are connected to the Raspberry Pi 3B+ through USB-to-USART
interfaces, where control program of the arms is executed. The manipulator is fed with a 2S, 650 mAh
LiPo battery, providing an operation time of around 20 min.

 

Figure 2. Compliant dual arm used in the experiments.

Table 1. Main features of the lightweight and compliant dual arm.

Total Weight 1.0 (kg)

Maximum lift load
(1 s playtime)

At elbow: 0.3 (kg)
At shoulder: 0.12 (kg)

Joint stiffness 5 (Nm/rad)—all joints

Maximum joint speed 300 (◦/s)
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The tip of the forearm link includes an aluminum flange to facilitate the integration of the end
effector in the manipulator. For safety reasons, the grabbing operation is conducted with a magnetic
gripper (around 5 N force), using the linear metallic structure shown in Figure 1 for grabbing.

2.2. Aerial Manipulation Robot

The dual arm system is integrated in an S550 platform, a hexarotor similar to a DJI F550. This is
equipped with six DJI 2312E brushless motors with 9 × 4.5 inch propellers. Figure 3 shows a picture
of the aerial robot, identifying its components, including the Pixhawk 2.1 autopilot, the Raspberry
Pi 3B+ computer board, and the 4S 4400 mAh LiPo battery (0.5 kg) used as counterweight of the
arms. The setup is similar to the one described in [14], constraining the motion of the arms to
prevent the collision with the landing gear. The hardware and software architecture of the system
is represented in Figure 4. The control program of the arms, developed in C/C++, as well as the
different software modules that control the aerial platform, based on ROS and the UAV Abstraction
Layer [24], are executed in the Raspberry Pi and interfaced by the Ground Control Station (GCS)
through the wireless link. Four USB-to-USART devices are connected to the computer board: (1) the
Pixhawk autopilot, (2) the left arm, (3) the right arm, and (4) the microcontroller board that reads the
sensors. The position and orientation of the multirotor are obtained from an Opti Track system, used as
ground truth.

 

Figure 3. Dual arm aerial manipulation robot.

 

Figure 4. Hardware architecture of the aerial manipulation robot.
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3. Modelling

3.1. Kinematics

As usual, three reference frames are defined for the aerial manipulation system, as illustrated
in Figure 5: the Earth fixed frame {E} (inertial), the multirotor body frame {B}, and the manipulator
frame {i}, with i = {1, 2} for the left/right arms. In the following, ArB denotes the position of a certain
point B w.r.t. (with respect to) reference frame {A}. In this way, ErB = [x, y, z]T and EηB = [φ, θ, ψ]T

represent the multirotor position and orientation relative to {E}, and irTCP,i is the position of the tool
center point (TCP) of the i-th manipulator expressed in its own frame. The origin of {i} is located at the
intersection of the shoulder joints, with the x-axis pointing forwards, the y-axis parallel to the baseline
of the two arms, and the z-axis pointing upwards.

Figure 5. Kinematic model of the dual arm aerial manipulator.

The three reference frames are related through the corresponding transformation matrices:

ETB =

[ ERB(φ, θ, ψ) ErB

01×3 1

]
; BTi =

[
I3×3

Bri
01×3 1

]
; ETi =

ETB·BTi (1)

where ERB is the multirotor rotation matrix; Bri = [Dx, ±D/2, Dz]
T is the origin of {i} relative to {B},

with Dx and Dz being the displacement of the arms with respect to {B} in the x- and z-axes, respectively;
and D is the separation distance between the arms in the y-axis.

The arms implement the 3-DOF (degrees of freedom) configuration considered in our previous
work [14,22], with three joints for TCP positioning: shoulder yaw (base), shoulder pitch, and elbow
pitch. The wrist joints are not considered due to the convenience to simplify the mechanical construction
and reduce the weight of the arms. The rotation angle of the j-th joint of the i-th arm is denoted as qi

j,

whereas θi
j is the corresponding servo shaft position. The difference between these two variables is the

deflection angle, Δθi
j = θi

j − qi
j, measured by the encoders [17,21]. The forward and inverse kinematic

models are computed as follows (superscript i is omitted for clarity reasons):

irTCP,i = FK
(
qi
)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
r(q2, q3)· cos(q1)

r(q2, q3)· sin(q1)

L1 cos(q2) + L2 cos(q2 + q3)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (2)
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qi = IK
(
irTCP,i

)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

atan2(y, x)

cos−1
(

x2+y2+z2−L2
1−L2

2

2L1
√

x2+y2

)

cos−1
(

x2+y2+z2−L2
1−L2

2
2L1L2

)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3)

where L1 and L2 are the upper arm/forearm link lengths, and r(q2, q3) is given by

r(q2, q3) = L1 sin(q2) + L2 sin(q2 + q3) (4)

3.2. Relative Position Estimation

If the end effector of the grabbing arm is firmly attached to a fixed point, then it is possible to
estimate the position of the multirotor relative to this grabbing point just applying the homogeneous
transformation from {2} to {B}, taking into account that the position of the TCP referred to {2} is directly
obtained from the forward kinematic model given by Equation (2). The accuracy in the position
estimation can be obtained multiplying the joint position error (including the deflection error) by the
Jacobian of the arm. The wrist joints are not essential for this purpose, as the multirotor orientation can
be obtained from the inertial measurement unit (IMU) of the aerial platform. However, a certain level
of accommodation is required at the wrist so the robotic arm can follow the position and orientation
deviations of the aerial platform while it is grabbed.

Two similar mechanisms have been proposed in previous works for estimating the pose of
an aerial manipulator relative to a contact point. Reference [12] presents a docking tool consisting
of an articulated arm with passive joints that is deployed over a pipe with a stiff-joint dual arm,
whereas reference [25] relies on a passive spherical wrist joint and an IMU integrated at the end effector
of a 3-DOF arm. In this paper, we combine the passive/active compliance methods for estimating the
multirotor position while controlling the interaction force.

3.3. Dynamics

The dynamic model of the compliant joint dual arm aerial manipulation robot is derived from the
Lagrangian and the generalized equations of the forces and torques:

L = K −V (5)

d
dt

⎧⎪⎪⎨⎪⎪⎩
∂L

∂
.
ξ

⎫⎪⎪⎬⎪⎪⎭−
{
∂L
∂ξ

}
= Γ + Γext (6)

where L is the Lagrangian; K and V are the kinetic and potential energies, respectively; ξ is the vector
of generalized coordinates; and Γ and Γext respectively represent the generated and external wrenches
acting on the aerial robot. The vector of generalized coordinates includes the multirotor position and
orientation, as well as the servo shaft and output link angular position vectors, θi =

[
θi

1 θi
2 θi

3

]
and qi =

[
qi

1 qi
2 qi

3

]
, respectively, and thus ξ is defined as follows.

ξ =
[

ErB
EηB θ1 q1 θ2 q2

]T ∈ �18 (7)

Analogously, the vector of generalized forces comprises the forces and torques acting over the
multirotor and the joints of the manipulator.

Γ =
[

FB τB τ1
m τ1 τ2

m τ2
]T ∈ �18 (8)

The vector of external forces Γext models the disturbance wrenches exerted on the multirotor
base [18–20], the contact forces at the end effector [4,6,17], as well as the aerodynamic forces raised
when the thrust of the rotors is affected by close surfaces in the environment [7,26].
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The kinetic energy of the aerial manipulator can be expressed as the sum of the kinetic energy of
the aerial platform and the kinetic energy of the robotic arms:

K = KUAV + Karms (9)

Each of these components comprises two terms corresponding to the translation and rotation of
the masses with respect to the inertial frame {E}:

KUAV =
1
2

mUAV‖E .
rB‖2 + 1

2
EωT

BIUAV
EωB (10)

Karms =
2∑

i=1

4∑
j=1

(1
2

mi
j‖E

.
r j

i‖
2
+

1
2

Eωi,T
j Ii

j
Eωi

j

)
(11)

where mUAV and IUAV are the mass and inertia tensor of the aerial platform, respectively, whereas mi
j

and Ii
j are mass and inertia of the j-th joint of the i-th arm, respectively. The potential energy of the

aerial manipulator also includes two terms, the gravity and elastic potential of the compliant joints:

V = g

⎛⎜⎜⎜⎜⎜⎜⎝mUAVzUAV +
2∑

i=1

4∑
j=1

mi
jz

i
j

⎞⎟⎟⎟⎟⎟⎟⎠+
2∑

i=1

4∑
j=1

ki
j

(
θi

j − qi
j

)2
(12)

Here, g is the gravity constant, and ki
j is the corresponding joint stiffness. After some work, it is

possible to express the dynamic model in the usual compact matrix form [14]:

M
..
ξ+ C

(
ξ,

.
ξ
)
+ G(ξ) + K(ξ) + D

( .
ξ
)
= Γ + Γext (13)

where M ∈ �18×18 is the generalized inertia matrix; C and G ∈ �18 represent the centrifugal, Coriolis,
and gravity terms; and K and D ∈ �18 correspond to the stiffness and damping terms of the compliant
manipulator, respectively [17]. The dynamic coupling between the arms and the aerial platform is
associated with the cross terms in the generalized inertia matrix, which can be decomposed in three
groups of submatrices identified in [14]: multirotor translation (decoupled from rotation), multirotor
rotation with coupling terms, and dual arm manipulator with coupling terms. Since the grabbing arm
will be held to a fixed point, the corresponding inertia, Coriolis, and gravity terms will be negligible
compared to the operation arm. Moreover, if the sensitivity of the zero-torque controller described
in next section is good enough, then the magnitude of the wrenches associated to the stiffness and
damping terms will be relatively low, and with it, the influence over the multirotor controller.

As stated in the introduction and illustrated in Figure 1, the operation arm is intended to perform
the manipulation operation (the installation of a bird flight diverter) while the grabbing arm provides
the position estimation. This can be assimilated to a close kinematic chain [27,28] with floating base [29],
in which the pushing/pulling force exerted by the operation arm will cause a reaction torque on the
aerial platform that should be cancelled by the multirotor controller with the help of the grabbing arm
in order to prevent undesired position deviations. This motivates the implementation of an active
impedance control scheme with the grabbing arm, as explained below.

4. Control

4.1. Definition of the Control Task

As stated in the introduction, a dual arm system allows the realization of aerial manipulation
tasks in grabbing conditions, using one arm for grabbing and for estimating the position of the aerial
platform relative to the grabbing point (Section 3.2), whereas the other takes care of conducting the
task, for example, the installation of a sensor device [21]. Since the grabbing arm is actuated and
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mechanically compliant, it is possible to estimate and control the forces and torques acting over the
manipulator from the deflection of the joints [17,21]. The idea is that the arm helps the multirotor to
reach the desired position when it is disturbed by an external force, exerting a pushing/pulling force in
the opposite direction of the position error, as Figure 6 illustrates.

Figure 6. Model considered in grabbing conditions. Nominal operation pose (left), and displacement
due to external force (right). The grabbing arm compensates the disturbance exerting a reaction force.

Therefore, the grabbing arm can be used in two ways:

• As relative position sensor, with zero torque control, so the reaction wrenches induced over the
multirotor are relatively small.

• As an active impedance link, exerting a controlled force over the aerial platform to compensate
external forces and guide the multirotor towards the reference position.

In the first case, the joints of the grabbing arm implement a PI (proportional-integral) controller to
maintain a zero deflection (torque) reference, acting over the servo position as follows:

θ2
j,re f = θ2

j +

(
Kp

(
θ2

j − q2
j

)
+ Ki

∫ (
θ2

j − q2
j

)
dt
)

(14)

Here, θ2
j is the position of the j-th servo of the right arm, whereas the term on the right side is

the incremental position correction. The proportional and integral gains, Kp and Ki, can be tuned
experimentally, taking into account the nominal values of the deflection (≈5 degrees). Now, we impose
that the nominal operation position of the aerial robot relative to the grabbing point is the L-shaped
configuration of the arm, since this is far enough from the joint limits and the kinematic singularities
(although any other could be considered):

2rre f
TCP2 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
L2

0
−L1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ = FK
(
q2

re f

)
= FK

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
−π/2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (15)

The position deviation of the aerial platform is then defined as the displacement of the TCP of the
grabbing arm w.r.t. the reference position. That is,

ε =
[
εX εY εZ

]T
= FK

(
q2

re f

)
− FK

(
q2

)
(16)

Note that the maximum deviation is limited by the reach of the arm, ‖ε‖ < L1 + L2 −
√

L2
1 + L2

2.
If the influence of the grabbing arm over the attitude controller is relatively low due to the zero-torque
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controller, this measurement can then be taken as input by the position controller of the multirotor
platform, as represented in upper part of Figure 7, replacing the GPS (Global Positioning System) used
for navigating to achieve better accuracy during the manipulation phase.

 

DUAL ARM SYSTEM

AERIAL PLATFORM

Force 
Controller IK∆

FK

FK

 +
Grabbing 

Arm

−∆
 +

−

MultirotorAttitude 
Controller

Position 
Controller

 +FK

−  +
Figure 7. Control scheme of the aerial manipulator with grabbing arm (i = 2).

4.2. Impedance Control in Grabbing Conditions

Assuming that the aerial platform is close to the hover state during the grabbing maneuver
(φ � θ � 0), it is desired that the position deviation of the aerial platform is assimilated to an impedance
behavior characterized as follows:

Md
..
ε+ Dd

.
ε+Kdε = Fext (17)

where Md, Dd, and Kd are the desired inertia, damping, and stiffness, respectively, and Fext is the
external force exerted over the multi-rotor. This force can be estimated from the Cartesian deflection of
the grabbing arm, as it will be seen in next subsection, and taken as input by the attitude controller of
the aerial platform so it can be partially compensated with the wrenches generated by the rotors.

The grabbing arm will react to the external force exerting a pushing/pulling force at the end
effector in the direction of the position deviation, relying on the Cartesian force controller described in
the next subsection. The impedance control is then achieved, generating a force reference that cancels
the dynamic behavior described by Equation (17). Figure 7 represents the case of desired stiffness,
Fi

e,TCP = Kdε.

4.3. Force Control Based on Cartesian Deflection

The force control of the compliant arm is formulated in the Cartesian space and based on the
Cartesian deflection, defined as the position deviation of the TCP of the compliant arm w.r.t. the same
point in an equivalent stiff joint arm. That is,

ΔlTCPi = FK
(
θi

)
− FK

(
qi
)

(18)

This definition is useful for expressing the force at the end effector directly in the task space:

iFTCPi = Ki
CΔlTCPi + Di

C

.
ΔlTCPi (19)
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where Ki
C and Di

C are the Cartesian stiffness and damping matrices, respectively, whose values can be
obtained from the physical joint stiffness and damping through the Jacobian:

Ki
C =

(
JT

)−1
Ki

p J−1 (20)

where Ki
p = diag

{
ki

j

}
is the physical joint stiffness matrix [17]. The Cartesian damping can be obtained

analogously. The force controller, represented in Figure 7 relies on the inverse kinematics, giving as
output an incremental position correction term for the TCP:

irre f
TCPi =

irTCPi + Δri
TCP = FK

(
qi
)
+

(
KF

PFi
e,TCP + KF

I

∫
Fi

e,TCPdt
)

(21)

Here, Δri
TCP is the position increment that should be applied in the grabbing arm to

achieve the desired force reference; Fi
e,TCP = Fi

re f − Fi
TCP is the force control error at the TCP;

whereas KF
P = diag

{
KF

Px, KF
Py, KF

Pz

}
and KF

I = diag
{
KF

Ix, KF
Iy, KF

Iz

}
are the proportional and integral

gain matrices, respectively, whose value is tuned experimentally knowing the nominal values of the
forces (around 1 [N]) and the Cartesian deflection (around 0.02 [m]).

5. Experimental Results

5.1. Position Estimation with Zero Deflection/Torque Control

The goal of this experiment was to evaluate the accuracy of the position estimation provided by
the grabbing arm when this was used as position sensor, enabling the zero-torque controller to reduce
the reaction wrenches induced over the aerial platform on flight (see Section 4.1). The experiment,
shown in the video provided as Supplementary Material, consisted of four phases:

(1) The multirotor takes off.
(2) The arms adopt the nominal operation pose given by Equation (15).
(3) The aerial robot approaches the contact point using the Opti Track system for navigating.
(4) Once the arm grabs the support structure, the zero-torque controller and the estimator are enabled

while the multirotor is controlled in position with the Opti Track system.

Figures 8–10 represent the signals of interest during the grabbing maneuver, that is, the multirotor
position (arm estimation and ground truth) relative to the nominal pose, the multirotor orientation,
the estimation error, and the joint position and torque in the grabbing arm. In order to appreciate the
ability of accommodation of the arm and the accuracy in the estimation, we intentionally deviated the
aerial platform in the x- and z-axes, with small deviations in the y-axis. Note that in the experiments the
end-effector is supposed to be firmly attached to the grabbing point in such a way that the displacement
of the multirotor platform will force the displacement of the grabbing arm. However, the magnetic
gripper may slip around the contact area, introducing errors in the position estimation. It was also
assumed that the multirotor heading (yaw angle) was almost constant, with the YB-axis parallel to
the linear structure. Otherwise, additional degrees of freedom should be integrated in the wrist joint
to estimate the relative orientation, although this is out of the scope of this work. The influence of
these two effects over the positioning accuracy can be observed in Figure 9, where the estimation
error increased as the multirotor orientation in the yaw angle changed with respect to its initial value,
causing mainly errors in the y-axis estimation.
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Figure 8. Multirotor displacement in the grabbing maneuver with zero torque control. Nominal pose
(black), displacement measured by OptiTrack (magenta), and arm estimation (blue).

Figure 9. Position estimation error, using Opti-Track as ground truth. x-, y-, and z-axes error (up) and
error norm (middle). The three shaded areas correspond to situations in which the platform is rotated
in yaw and the error increased since the magnetic gripper was not firmly attached to the point.

Figure 10. Evolution of the servo position and torque estimation during the grabbing maneuver.
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5.2. Impedance Control in Test-Bench

Before its evaluation on flight, the impedance controller of the grabbing arm was firstly validated
in test-bench in order to evidence more clearly the variation in the desired stiffness, as defined
in Equation (17). During the experiment, the arm adopted the L-shaped configuration (Figure 6
and Equation (15)), manually exerting an external force at the end effector that was estimated and
compensated from the Cartesian deflection, as expressed by Equations (19) and (21). The desired
stiffness was set to Kd = 50 Nm for the experiment illustrated in Figure 11, and to Kd = 100 Nm for the
experiment represented in Figure 12. As it can be seen, the position deviation of the end effector was
lower in the second case, as expected, and the instantaneous stiffness (Kx = Fx/εx) was similar to the
desired value. Note that the stiffness is affected by the singularity associated to the deflection when
this tends to zero.

Figure 11. Force reference and estimation (up), position deviation (middle), and instantaneous stiffness
(down) in the x- and z-axes for a desired stiffness Kd = 50 [Nm].

Figure 12. Force reference estimation (up), position deviation (middle), and instantaneous stiffness
(down) in the x- and z-axes for a desired stiffness Kd = 100 [Nm].
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5.3. Grabbing Interaction on Flight with Impedance Control

The goal of this experiment was to analyze the behavior of the aerial manipulation robot on flight
when the grabbing arm was actively controlling the impedance in the x- and z-axes, considering a
desired Cartesian stiffness Kd,X = Kd,Z = 50 [N/m]. The performance of the controller was evaluated
by injecting a disturbance on the multirotor position that emulates the effect of an external force, such as
a wind gust. The zero-torque controller of the first joint (shoulder yaw) was disabled, relying only on
the passive compliance to support the lateral displacements (y-axis) and heading variations (yaw angle)
of the multirotor. The flight test consists of eight phases:

1. The aerial manipulator takes offwith the arms resting in landing configuration.
2. The grabbing arm adopts the nominal pose (L-shaped) while the operation arm is retracted.
3. The impedance controller is enabled, imposing a zero reference for the first joint (θ2

1 = 0).

4. The aerial manipulator approaches to the linear structure until the magnetic gripper grabs it.
5. The aerial manipulator hovers while the impedance controller of the grabbing arm is active.
6. A position disturbance is injected through the radio controller to observe the response of the

aerial manipulator and the reaction of the grabbing arm.
7. The torque control of the servos is disabled to release the grabbing arm.
8. The arms adopt the landing pose, and the platform goes back and lands.

Figures 13 and 14 show the evolution of the system in the time intervals corresponding to phase 5
and phase 6, respectively. On the one hand, Figure 13 covers the time interval from t = 25 to t = 35 s,
in which the multirotor was hovering at fixed position while the grabbing arm exerted a small force in
the x-axis, around 0.5 N, due to the slight displacement of the platform with respect to the nominal
pose. On the other hand, Figure 14 covers the interval from t = 48 to t = 70 s. At t = 49.6 [s],
we intentionally applied a 10 cm displacement in the x-axis position of the multirotor, emulating a
wind gust. The grabbing arm reacted, exerting a pushing force with a peak of 2.2 [N] that counteracted
the disturbance, recovering the nominal operation pose in 2 s. The instantaneous stiffness varied w.r.t.
the desired value (50 N/m) due to the singularity in the displacement (Kd,x = Fx/εx). Note also that,
since the grabbing arm was not aligned with the XBZB plane of the base but it was displaced a distance
D/2 (see Section 3.1), then the force exerted during the interaction would cause a reaction torque in the
yaw angle of the multirotor, and with it, a position deviation in the y-axis, as can be seen in Figure 14.
The effect was accentuated as the pilot disturbed the multirotor controller between t = 52 and t = 60 s.
Although the passive deflection of the shoulder yaw joint provided a certain level of accommodation,
the motion constraint associated with the grabbing condition had a more significant effect on the y-axis
and yaw angle, in accordance with the results shown in Figure 9.

17



Appl. Sci. 2020, 10, 8927

Figure 13. Evolution of the grabbing arm while the multirotor hovers with no disturbance during the
grabbing maneuver (phase 5) with impedance control in the x- and z-axes (Kx = Kz = 50 N/m).

Figure 14. Evolution of the grabbing arm and the multirotor, disturbed at t = 49.6 seconds, during the
grabbing maneuver (phase 6) with impedance control in the x- and z-axes (Kx = Kz = 50 N/m).

18



Appl. Sci. 2020, 10, 8927

6. Conclusions

The paper presented two approaches for the estimation and control of the physical interactions of
a compliant dual arm aerial manipulation robot operating in grabbing conditions, in which one of the
arms was used as position sensor relative to a grabbing point, implementing a zero-torque controller so
the wrenches induced over the multirotor base were relatively low. The mechanical joint compliance
of the arm was also exploited for the development of active compliance methods, achieving desired
impedance behaviors that improved the response of the aerial manipulator when it was affected by
external disturbances while interacting physically with the environment. The experimental results
presented here validated the concepts, allowed us to evaluate the accuracy of the position estimation,
and evidenced the convenience of combining the passive/active compliance on the three Cartesian axes.

Although the aerial manipulation robot will require a navigation system to reach the workspace,
the positioning accuracy required to perform the manipulation task (which should be around 10%
of the reach of the arm) cannot be achieved with typical sensors employed in outdoor environments,
such as GPS, LIDAR (light detecting and ranging), or vision systems. In this sense, the estimation
methods described in this work result from special interest to avoid the integration of additional
positioning systems, taking into account the limited payload capacity of the aerial platform, being also
an effective and reliable solution. In terms of future work, we propose the application of this system for
the installation of bird flight diverters on power lines, or for inspection and maintenance of railways,
chemical plants, and other linear infrastructure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/24/8927/s1.
Video S1: Aerial_Physical_Interaction.mp4.
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Abstract: This paper presents an aerial manipulation robot consisting of a hexa-rotor equipped with
a 2-DOF (degree of freedom) Cartesian base (XY–axes) that supports a 1-DOF compliant joint arm
that integrates a gripper and an elastic linear force sensor. The proposed kinematic configuration
improves the positioning accuracy of the end effector with respect to robotic arms with revolute
joints, where each coordinate of the Cartesian position depends on all the joint angles. The Cartesian
base reduces the inertia of the manipulator and the energy consumption since it does not need to lift
its own weight. Consequently, the required torque is lower and, thus, the weight of the actuators.
The linear and angular deflection sensors of the arm allow the estimation, monitoring and control of
the interaction wrenches exerted in two axes (XZ) at the end effector. The kinematic and dynamic
models are derived and compared with respect to a revolute-joint arm, proposing a force-position
control scheme for the aerial robot. A battery counterweight mechanism is also incorporated in the
X–axis linear guide to partially compensate for the motion of the manipulator. Experimental results
indoors and outdoors show the performance of the robot, including object grasping and retrieval,
contact force control, and force monitoring in grabbing situations.

Keywords: aerial manipulation; Cartesian manipulator; compliance; hexa-rotor

1. Introduction

1.1. Aerial Manipulation

Aerial manipulation robots (drones equipped with robotic arms) are extending the po-
tential applications of multirotor platforms, allowing the realization of tasks involving the
manipulation of objects and tools in flight, as well as interaction with the environment with
a certain level of dexterity and control capability. The development of this technology is
motivated by interest in reducing the time, cost and risk for human workers associated with
the realization of certain tasks in high altitude or difficult access workspaces such as power
lines [1,2], chemical plants [3], oil and gas refineries [4], and other infrastructures [5,6].
Recent works in this field have demonstrated the possibility to conduct operations such as
object grasping [7–9], valve turning [10], sensor installation and retrieval [2,11], contact-
based inspection [3,12,13], insulation of cracks and leaks [14], or the realization of other
tasks with grippers and other tools [15,16]. Several prototypes and morphologies of ma-
nipulators have been specifically developed for their integration in multi-rotors, including
multi-joint arms [17,18], dual arm systems [7,10], linear actuators [11], delta manipula-
tors [14], compliant joint arms [2,19,20], long reach aerial manipulators [2,21], or three-arm
manipulators used for object grasping and as reconfigurable landing gear [22].

Compliance, either mechanical [7,19–23] or at control level [11,24–26], is a highly
desirable feature for an aerial manipulation robot operating in contact with the environ-
ment since the stability of the aerial platform may be compromised due to the interaction
wrenches exerted on flight [24,25,27]. The design and development of compliant manip-
ulators aim to increase safety by exploiting the energy storage capacity and passivity
properties of springs [7,19,26] and elastomers [23] while protecting the aerial robot against
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impacts and overloads [23]. Unlike most industrial manipulators that use expensive force-
torque sensors in the joints or in the end effector, the servo actuators (Herkulex, Dynamixel)
typically employed for building lightweight robotic arms for aerial manipulation do not
provide a direct measurement of the torque; or this is based on the current, so its accuracy is
low due to the friction of the gearbox. This has motivated the development of methods for
estimating and controlling the forces and torques from the measurement of the deflection
in the elastic element, either at joint level [7,19] or in the Cartesian space [26]. Despite the
evident benefits of mechanical compliance during the physical interactions of the aerial
robot while flying, the main drawback of these mechanisms is the reduction in position
accuracy due to the deflection of the joints [19] or links [2], a consequence of the second
order dynamics associated with the mass-spring-damper system [26]. As a result, the
realization of tasks requiring accurate positioning tends to become more difficult.

1.2. Positioning Accuracy

Positioning accuracy is one of the most relevant and challenging requirements for an
aerial manipulator operating on flight since it determines the reliability and success rate in
the realization of tasks like grasping [7] or the installation of devices on power lines [1,26],
especially outdoors where Vicon or OptiTrack systems are not available, whereas sensors
like 3D laser scanners [28] and vision-based systems [29] are more suited. This feature is
directly related to the performance of the multirotor position controller [30,31], affected by
the endogenous and exogenous wrenches exerted through the manipulator [25,27]. On the
one hand, tilted-rotor hexa-rotors, also known as fully actuated aerial platforms [32,33],
allow the translation of the platform as well as the application of wrenches [34,35] without
changing the orientation, which contributes to increasing the accuracy in the realization of
manipulation tasks compared to coplanar multi-rotors. On the other hand, the error propa-
gation at the end effector is closely related with the kinematic configuration and the physical
construction of the manipulator. This is, in most cases, a multi-link arm [7,8,17,18,24] with
revolute joints. However, this configuration present two main drawbacks: (1) the joint
limits (especially in the elbow joint) constraint or reduce the effective reach and workspace
of the arm, (2) a significant amount of torque and energy is needed to lift the weight of
the manipulator itself (forearm-upper arm configuration), requiring high torque actuators
that tend to increase the weight. Alternatively, other works propose the use of simple
manipulators [3,5,11,14,15] in order to reduce the weight, at expenses of reducing the reach
and dexterity.

1.3. Contribution of This Work

The main contribution of this paper is the design, development and experimental
validation of a new morphology of aerial manipulation robot consisting of a hexa-rotor
platform integrating a 2-DOF (degree of freedom) Cartesian base (XY–axes) that carries a
1-DOF compliant joint arm equipped with a gripper and a deflection-based force-torque
sensor. Figure 1 shows a picture of the prototype. The proposed morphology is intended to
improve the positioning accuracy of the end effector while reducing the inertia, torque and
weight of the actuators, since the Cartesian base supports most of the weight of the robotic
manipulator (0.85 kg weight, 1 m reach, and 10 cm/s speed). The elastic deflection sensors
integrated in the compliant joint and in the fore-arm link are used to estimate and monitor
the force (XZ–axes) and torque (pitch) exerted by the manipulator over the aerial platform.
This allows the realization of a number of tasks such as sensor installation with contact
force control, force monitoring in grabbing situations, or object grasping and retrieval. The
kinematic and dynamic models of the aerial manipulator are derived, while analyzing in
more detail the error propagation at the end effector from the Jacobian, comparing the
proposed morphology with respect to that of a revolute-joint arm in terms of positioning
accuracy, reach, and workspace. This paper also proposes a force-position control scheme
for the aerial robot that takes into account the wrench estimation provided by the arm.
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Experimental results conducted in test-bench as well as indoor/outdoor flight tests validate
the functionalities and capabilities of the developed Cartesian aerial robot.

Figure 1. Cartesian manipulator (left) integrated in S550 hexarotor platform (right).

The rest of the paper is organized as follows. Section 2 presents the motivation for
and describes the prototype of a Cartesian aerial manipulator with compliant joint arm.
Section 3 presents the kinematic and dynamic models of the aerial robot, analyzing and
comparing the features of the Cartesian manipulator with respect to a revolute-joint arm.
Section 4 covers the control of the aerial robot, the experimental results are shown in
Section 5, and the conclusions in Section 6.

2. System Description

2.1. Motivation

The Cartesian manipulator aims to avoid three inconveniences of the human-like
robotic arms developed in our previous work [7,19]. First of all, several manipulation
tasks like grasping or peg-in-hole are defined in the Cartesian space rather than in the joint
space, so it is more convenient that the mapping between both spaces is straightforward
in order to improve the positioning accuracy. According to the forward kinematic model,
the XYZ position of the end effector depends simultaneously on the rotation angle of the
three [19] or four [7] joints of the manipulator (shoulder and elbow). Therefore, the joint
position errors, as well as errors associated with the manufacturing and assembly of the
arm (clearance, misalignment), will be propagated to the three Cartesian coordinates of the
end effector. Additionally, the mechanical deflection of the joints in a compliant arm [7]
may cause deviations of several centimeters in the position of the end effector with respect
to an equivalent stiff-joint arm. In a Cartesian manipulator, instead, the position of the
end effector on each axis is controlled with its own actuator independently from the other
joints, so the position errors are decoupled and the trajectory control in the task space
is simplified.

Secondly, the effective reach of a human-like manipulator (~50 cm reach) is in practice
relatively small, around 30 cm, taking into account that the nominal operation position
of the arm is typically an L-shaped configuration (forearm lifted 90◦) and due to the limit
in the rotation angle of the elbow joint. Note that humans extend the reach of the hands
with the torso and legs, whereas in an aerial manipulator the motion of the arms is usually
constrained by the landing gear and the perimeter of the propellers. In this sense, the
Cartesian base avoids dead-zones in its workspace due to joint limits, allowing access to
points close to the multirotor base, which can be useful, for example, in object retrieval and
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storage. Finally, a two link manipulator in the upper arm-forearm morphology typically
requires a significant amount of torque and energy to lift its own weight, whereas in the
developed prototype the Cartesian manipulator only has to compensate for the inertia and
friction of the carriage, reducing in this way the required torque of the actuators, and thus,
their weight. Not only that, but the linear guide also isolates the actuators from impacts
and loads, avoiding the design of bearing-based protection mechanisms, as in [7].

The Cartesian manipulator shown in Figure 1 implements a Prismatic-Prismatic-
Revolute (PPR) configuration, introducing a revolute joint attached at the Cartesian base,
since the landing gear and central body of the hexa-rotor platform do not allow the
placement of a linear actuator in the vertical axis, and because this configuration extends
the reach of the end effector in the X–axis (forward direction). No additional degrees of
freedom are considered for end effector positioning due to the convenience of reducing the
weight, complexity and size of the manipulator, and because the capabilities of the robot can
be extended with the additional degrees of freedom provided by the aerial platform [13,32].

2.2. Mechanical Design

The Cartesian aerial manipulator shown in Figure 1 consists of two systems. The
aerial platform is built from a Banggood S550 hexa-rotor (similar to the DJI F550) that
integrates the DJI 2312E brushless motors with 9 × 4.5 inch propellers, and DJI 430 LITE
electronic speed controllers (ESC). The onboard controller comprises a Pixhawk autopilot
and a Raspberry Pi model 3B+ that implements the software architecture described in the
next subsection. The Cartesian manipulator is divided into the five parts identified in
Figure 2: X–axis linear guide (base), Y–axis linear guide, servo actuator, compliant arm and
battery counterweight mechanism. The mechanical specifications of the manipulator are
indicated in Table 1, representing in Table 2 the mass and inertia parameters obtained from
the 3D model.

Figure 2. Components of the Cartesian manipulator, indicating the center of mass of each structure (XYZ axes).
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Table 1. Specifications of the Cartesian manipulator and the compliant joint arm.

Cartesian Manipulator Compliant Joint Arm

Actuator features Stall torque: 0.3 Nm
Mass: 10 g, 120 RPM Actuator features Stall torque: 1.17 Nm

Stiffness: 1.4 Nm/rad

Linear range X–axis: 500 mm Rotation range ±120◦

Y–axis: 250 mm Joint deflection 30◦

Max. speed 100 mm/s Link length 250 mm

Total mass 0.85 kg (including battery–2S LiPo, 1500 mAh)

Table 2. Mass and inertia parameters of the hexa-rotor platform and the different structures of the
Cartesian manipulator relative to the center of mass. The cross inertial terms (Ixy, Ixz, Iyz) are omitted
since their value is negligible.

Structure Mass [kg] Ixx [kg·m2] Iyy [kg·m2] Izz [kg·m2]

Hexa-rotor 1.27 1.9 × 10−2 1.8 × 10−2 3.0 × 10−2

X–axis 0.2 7.9 × 10−5 6.8 × 10−3 6.8 × 10−3

Y–axis 0.14 1.0 × 10−3 2.1 × 10−5 1.0 × 10−3

Servo 0.08 3.4 × 10−5 3.0 × 10−5 1.0 × 10−5

Link 0.09 6.0 × 10−4 6.0 × 10−4 1.1 × 10−5

The 2-DOF Cartesian base is built from the igus® NS-01-17-600 (X–axis) and NS-
01-17-300 (Y–axis) linear guides, using three NW-02-17 carriages to support the mobile
parts. Two 22 mm Ø timing pulleys are placed at the tip of both linear guides to transmit
the motion of the Pololu micro metal gear motors (10 g weight, 250:1 reduction ratio,
2.7 kg·cm stall torque) to the timing belts, measuring the rotation angle with a Murata
SV01A potentiometer and with the magnetic encoder of the micro-motors. The linear
displacement of the Cartesian base relative to an initial position is obtained from the rotation
angle and the number of turns given by the encoder (6 pulses per revolution at the micro
motor shaft, 1500 pulses per turn at the output shaft of the gearbox). Figure 3 illustrates
the timing pulley-belt actuator in the X and Y linear guides. The battery counterweight is
supported by a C-shaped aluminum frame that can slide along the X–axis linear guide and
move in synchronization with the Y–axis structure, but in the opposite direction when it is
attached to the X–axis timing belt (see Section 5.2).

The integration of the Cartesian manipulator in the hexa-rotor platform and the battery
counter-weight mechanism are shown in Figure 4. The X–axis linear guide is supported by
the carbon fiber tubes attached to the multirotor base through the two U-shaped aluminum
frames identified in Figure 2. As can be seen in the front view of Figure 4, the legs of the
landing gear should be separated to avoid collision of the Y–axis linear guide. However, this
additional separation is not needed if the battery counter-weight mechanism is enabled. As
depicted in Figure 4, this mechanism consists of a C–shaped aluminum frame that supports
the 2S LiPo battery and is actuated by the X–axis timing pulley, but in the opposite direction
to the Y–axis linear guide. Since both structures share the same linear guide, the effective
range is reduced by half. The counterweight mechanism can be set to a fixed position by
simply removing the zip tie that connects the timing belt with the linear carriage.
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Figure 3. Pololu micro metal gear motors employed in the XY axes’ timing pulley-belt transmission.

Figure 4. Side (left) and front (right) views of the Cartesian aerial manipulator, indicating the components.

The compliant arm depicted in Figure 5 employs a Herkulex DRS-0101 servo and a
spring-lever transmission mechanism (1.4 Nm/rad stiffness) that allows the estimation
and control of the torque from the deflection measurement [19], integrating an AS5048
magnetic encoder to obtain the deflection angle at 500 Hz with 0.2◦ accuracy. The esti-
mator described in Section 4.2 employs this signal for collision detection and controls the
torque/force/impedance [26] exerted at the end effector. The link of the arm consists of a
NS–01–17–200 linear guide and a NW–02–17 carriage that supports the displacement of the
end effector (±30 mm range), using a pair of extension springs (3.2 N/mm stiffness) and a
linear potentiometer to estimate the pushing/pulling forces in the XZ–axes in grabbing
conditions, as will be explained in Section 4.2.
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Figure 5. Magnetic gripper supported by the compliant linear joint (left). Compliant joint actuator (right).

The end effector of the arm can be reconfigured according to the intended task and type
of object to be manipulated. This can be a simple hook to retrieve a device with handles, a
magnetic gripper for catching ferromagnetic objects as hand tools, or a servo-gripper for
grabbing objects of different shapes.

As indicated in the previous subsection, one of the main benefits of the Cartesian
morphology with respect to the human-like dual arm systems developed in our previous
work [7,26] is that the manipulator wastes lesser energy in lifting its own weight or reaching
any point in its workspace, as the displacement of the end effector along the XY–axes is
supported by the linear guide system. Note that in a forearm-upper arm configuration, the
shoulder actuators must lift a 50 cm length frame structure, including the servo actuators
placed in the links. Thus, the proposed solution is more energy efficient in this sense.

Finally, it is necessary to remark that the purpose of the Cartesian manipulator and
the compliant arm is to provide a certain level of dexterity (3–DOFs) and sense capability
(Fx, Fz, τθ) to the aerial platform, sufficient to implement a number of functionalities and
tasks without unnecessarily increasing the weight with additional sensors or actuators.

2.3. Hardware Architecture

The components and architecture of the Cartesian aerial manipulator are represented
in Figure 6. The aerial platform consists of the S550 hexa-rotor integrating the NAVIO
autopilot and a Raspberry Pi 3B+ board running the PX4 firmware [36] as well as the
control program of the manipulator, developed in C/C++. This program is built around
the Task Manager class [2], which implements the different functionalities used in the
experiments: go to rest position, go to operation position, teleoperation, force control and
monitoring, and Cartesian base calibration. The manipulator is interfaced through a USB–
to–USART (Universal Synchronous-Asynchronous Receiver Transmitter) device connecting
the Raspberry Pi board with the STM32F303K8 Nucleo microcontroller that takes care of
the low level control of the XY–axes’ micro motors and reads the measurements from the
three sensors:

• The two potentiometers used to estimate the displacement of the linear base.
• The magnetic encoder attached to the servo that measures the joint deflection.
• The linear potentiometer in the link used to estimate the pushing/pulling force.

The microcontroller generates as output the PWM (Pulse Width Modulation) signals
taken as input by the DRV 8833 dual H-bridge that controls the micro motors (Section 4.1),
providing another PWM signal to control a gripper servo. The Herkulex servo of the
compliant joint is controlled in position through a dedicated USART interface [7,26]. The
control references generated by the Task Manager and the feedback measurements collected
by the microcontroller are sent at 100 Hz through the USART as data packets codified as
C-type data structures.

29



Appl. Sci. 2021, 11, 1001

Figure 6. Components and architecture of the Cartesian aerial manipulator with ground control station (GCS).

The Cartesian aerial manipulator is operated from the Ground Control Station (GCS)
through a wireless link, typically a Wi–Fi network, that supports the SSH (Secure Shell)
session used to launch and manage remotely the aerial manipulator control programs. The
commands introduced by the operator to select the particular task to be executed or to
tele-operate the manipulator using a joystick are sent as C–type data packets through UDP
(User Datagram Protocol) sockets.

3. Modelling

3.1. Kinematic Model

In the definition of an aerial manipulation task, three reference frames can be identified:
the Earth fixed frame {E} (inertial), the multirotor base frame {B}, and the manipulator
base frame {0}. The position and orientation of the multirotor, ErB = [x, y, z]T and EηB =

[φ, θ, ψ]T , are referred to the Earth fixed frame, whereas the position of the tool center point
(TCP) of the manipulator, 0rTCP = [xTCP, yTCP, zTCP ]T , is expressed in {0} for convenience,
considering that the onboard perception system usually gives the reference positions in the
local axes. Figure 7 depicts the reference frames, position vectors and the joint variables in
the Cartesian aerial manipulator. Here d1 and d2 denote the displacement of the Cartesian
base along the X0Y0 axes, respectively, q3 is the rotation angle of the joint in the pitch angle,
whereas D1, D2 and L are the corresponding link lengths.

Figure 7. Kinematic model of the Cartesian aerial manipulator.
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The position of the tool center point referred to {0} can be computed easily from the
joint variables applying the forward kinematic model FK : �3 → �3 :

0rTCP =

⎡
⎣ xTCP

yTCP
zTCP

⎤
⎦ = FK

⎛
⎝
⎡
⎣ d1

d2
q3

⎤
⎦
⎞
⎠ =

⎡
⎣ d1 + L· sin(q3)

d2
−L· cos(q3)

⎤
⎦ (1)

Note that xTCP depends on two joint variables (d1 and q3), although q3 is determined
by zTCP. The inverse kinematic model, IK : �3 → �3 , provides two analytical solutions
for q3 if |xTCP| < D1/2, and only one solution if |xTCP| ≥ D1/2. The double solution
is determined by the sign of q3, and indicates the pointing direction of the link, either
forwards or backwards:⎡

⎣ d1
d2
q3

⎤
⎦ = IK

⎛
⎝
⎡
⎣ xTCP

yTCP
zTCP

⎤
⎦
⎞
⎠ =

⎡
⎣ xTCP ∓ L· sin(α)

yTCP
±α

⎤
⎦ (2)

where angle α is defined in the following way:

α =
∣∣∣cos−1

( zTCP
L

)∣∣∣ (3)

3.2. Positioning Accuracy and Workspace

It is interesting to compare the workspace, joint limits and position errors of the
proposed Cartesian manipulator with compliant joint arm with respect to other kinematic
configurations, like the 3–DOF robotic arm described in [19], where the TCP position is
given by:

0r∗TCP =

⎡
⎣ r(q2, q3)· cos(q1)

r(q2, q3)· sin(q1)
L1 cos(q2) + L2 cos(q2 + q3)

⎤
⎦ (4)

Here L1 and L2 are the upper arm and forearm link lengths, respectively, and:

r(q2, q3) = L1 sin(q2) + L2 sin(q2 + q3) (5)

As stated in the introduction and in Section 2.1, the Cartesian base reduces the prop-
agation of positioning errors in the TCP due to angular deviations (joint deflection) or
manufacturing errors (misalignments, clearance). This can be quantitatively evaluated
through the Jacobian matrix:

εTCP = J(q)·εq (6)

where εTCP is the position deviation of the TCP in the XYZ axes due to a variation in
the vector of joint variables εq, which depends on the Jacobian of the arm particularized
to the nominal pose, J(q). Although it is omitted for space reasons, the Jacobian of the
manipulator described by Equation (4) introduces coupled terms in the XYZ axes, i.e., each
of the Cartesian coordinates depends on the three joint variables simultaneously, whereas
in the kinematic configuration considered in this paper, the Jacobian matrix is significantly
simplified, resulting in the following expression.

As can be seen, the positioning accuracy in the X–axis depends on the accuracy of the
X–axis actuator and on the compliant joint, whereas the accuracy on the YZ axes dep

εTCP =

⎡
⎣ εY

εY
εZ

⎤
⎦ =

⎡
⎣ 1 0 L· cos(q3)

0 1 0
0 0 L· sin(q3)

⎤
⎦·
⎡
⎣ εd1

εd2
εq3

⎤
⎦ =

⎡
⎣ εd1 + L· cos(q3)·εq3

εd2
L· sin(q3)·εq3

⎤
⎦ (7)

ends on the accuracy of the d2 and q3 coordinates.
The volume of operation of the Cartesian manipulator is a parallelepiped of length

D1 = 0.5 [m], depth D2 = 0.2 [m], and height L = 0.2 [m], with two additional circular
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sections generated by the revolution of the compliant joint with maximum rotation. qmax
3 is

around 120◦:
V = D1D2L + D2L2qmax

3 = 0.037
[
m3

]
(8)

whereas the volume of operation of a 3–DOF robotic arm corresponding to a hollow semi-
sphere with upper arm link length L1 = 0.2 [m] and forearm link length L2 = 0.2 [m] is
given by:

V∗ = 4
3

π
[
(L1 + L2)

3 − R3
min

]
= 0.234

[
m3

]
(9)

This is represented graphically in Figure 8, and compared with respect to the workspace
of the 3–DOF manipulator described in [19]. The hollow area is determined by the max-
imum rotation angle of the elbow joint, qmax

3 , defining a minimum radius Rmin from the
origin of the manipulator frame to the end effector. Although the difference is signifi-
cant, the dexterity and performance of configurations with revolute joints are typically
reduced when integrated in multirotor platforms due to the motion constraints associ-
ated with the landing gear and the effect of the kinematic singularities when the arm
tends to be stretched. The effective workspace of the Cartesian prototype described here
can be extended by exploiting the rotation of the multirotor in the yaw angle, equal to
V = 0.13

[
m3] for a full rotation. The combination of this morphology with tilted or fully

actuated platforms like [32–34] is especially convenient in applications related to object
retrieval and storage in order to extend the workspace of the aerial robot while providing a
high positioning accuracy.

Figure 8. Volume of operation in the Cartesian manipulator (up) and in a 3-degrees of freedom
(3-DOF) revolute joint arm (down).

3.3. Dynamic Model

The equations of the dynamic model of the Cartesian aerial manipulator with compli-
ant arm can be derived following the Euler-Lagrange formulation based on the Lagrangian
and the generalized equation of the forces and torques:

d
dt

{
∂L

∂
.
ξ

}
− ∂L

∂ξ
= Γ + Γext ; L = K − V (10)
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Here L is the Lagrangian, which is the difference between the kinetic and potential
energies, K and V, respectively, ξ is the vector of generalized coordinates, whereas Γ and
Γext are the vectors of endogenous and exogenous (external) generalized forces, defined as
follows.

ξ =
[ ErT

B
EηT

B d1 d2 q3 θ3 Δl4
]T ∈ �11 (11)

Γ =
[

FT
B τT

B F1 F2 τ3 τm,3 F4
]T ∈ �11 (12)

where ErB = [x, y, z]T and EηB = [φ, θ, ψ]T represent the position and orientation of the
aerial platform in the Earth fixed frame, d1, d2, and q3 are the joint variables defined earlier,
and Δl4 is the linear elongation of the end effector. The forces and torques acting over
the hexa-rotor are denoted by FB and τB, whereas F1 and F2 are the force exerted by the
Cartesian manipulator in the X and Y axes, respectively, τ3 is the torque applied over the
compliant joint, and F4 is the force exerted or supported in the direction of the arm link.

The kinetic energy is the sum of two terms corresponding to the aerial platform,
considered as a rigid solid, and the masses of the manipulator:

K =
1
2

mAP ‖ E .
rB ‖2 +

1
2

EωT
BIAP

EωB +
1
2

4

∑
i=1

(
mi ‖ E .

ri ‖2 +EωT
i Ii

Eω i

)
(13)

where mAP and IAP are the mass and inertia tensor of the aerial platform (including
the X–axis support structure), mi and Ii are the mass and inertia of the i-th link of the
manipulator (Y–axis linear structure, servo structure, arm link and forearm, as indicated in
Figure 2 and Table 2), E .

rB and EωB are the translational and rotational speed of the aerial
platform, whereas E .

ri and Eω i are the speed of the i-th link of the manipulator.
The potential energy includes the gravity potential and elastic potential of the compli-

ant joints:

V = geT
Z

{
mAP

ErB + ∑4
i=1 mi

Eri

}
+

1
2

k3(θ3 − q3)
2 +

1
2

KSΔl2 (14)

Here g is the gravity constant, eT
Z = [0, 0, 1] is the Z–axis unit vector, k3 is the torsional

stiffness of the compliant joint, and KS is the stiffness of the extension springs that support
the end effector, as shown in Figure 5. Applying the Lagrangian in Equation (10) over the
kinetic and potential energies given by Equations (13) and (14), the usual compact matrix
form is derived, given by:

M(ξ)
..
ξ + C

(
ξ,

.
ξ
)
+ G(ξ) + K(ξ) = Γ + Γext (15)

where M ∈ �11×11 is the generalized inertia matrix, C ∈ �11 represents the centrifugal and
Coriolis terms, G ∈ �11 corresponds to the gravity wrenches, and K ∈ �11 are the elastic
potential terms. It is worth noting that, since the analytical expression of the kinematics of
the Cartesian manipulator is simpler compared to a revolute joint arm due to the reduction
in sine/cosine terms and the decoupling of the Cartesian coordinates, the complexity of
the dynamic model is reduced, and consequently so is the computational time, facilitating
real-time implementation.

4. Estimation and Control

4.1. Cartesian Base Control

The Cartesian manipulator described in Section 2.2 is built with DC micro-motors
controlled at low level through a PWM signal (1 kHz frequency) generated by the microcon-
troller board. The motion of the linear guide system depicted in Figure 3 can be modelled
as follows:

mi
..
di + fi

.
di = ri·pwmi; i = {1, 2} (16)
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where mi is the displaced mass, fi is the friction coefficient of the linear carriage, pwmi ∈ [−1, 1]
represents the mean current injected to the motor relative to the stall current, whereas ri is a
constant that depends on the motor current-torque constant and the radius of the timing pulley.

Two control modes are implemented on the microcontroller. On the one hand, the
open-loop velocity control consists of directly applying the PWM reference provided by
the higher level controller. According to Equation (16), if the acceleration term is neglected,
then the linear velocity can be regulated directly through the PWM signal. On the other
hand, a PI position controller executed at 100 Hz is used for moving the Cartesian base at
desired absolute positions:

pwmre f
i =

{
sign

(
edi

)·PWMmax
i i f

∣∣edi

∣∣ ≥ eth
di

kPi ·edi
+ kIi ·

∫
edi

dt i f
∣∣edi

∣∣ < eth
di

}
(17)

Here edi
= di,re f − di is the position error of the i-th Cartesian coordinate, PWMmax

i ∈
[0, 1] is the maximum PWM of the micro motor (PWMmax

i < 0.8 to prevent damaging the
motor winding when it is stalled), whereas kPi and kIi are the proportional and integral
gains. To avoid the discontinuity of the control signal, it is imposed that kPi ·eth

di
= PWMmax

i .

The integral term is reset when
∣∣edi

∣∣ ≥ eth
di

to prevent the saturation of the controller due to
the wind-up effect.

4.2. Force-Torque Estimation with Compliant Arm

The linear and angular deflection sensors integrated in the compliant arm allow
the estimation of the force and torque exerted on the manipulator in the corresponding
directions, as represented in Figure 7. On the one hand, the spring-lever transmission
mechanism introduced in the servo joint allows the estimation and control of the torque
from the deflection measurement [7,19]. If k3 and d3 denote the joint stiffness and damping,
the torque delivered by the motor can be estimated as follows:

τm,3 = k3Δθ3 + d3
.

Δθ3 (18)

This torque is spent to compensate three terms: gravity, output link inertia, and the
torque due to external forces:

τm,3 = J3
..
q3 + m3gl3 sin(q3) + Fext sin(β)L (19)

Here m3 and J3 are the mass and inertia of the output link, l3 is the distance from the
rotation axis to the center of mass, and Fext is the external force acting over the tool center
point at distance L with an angle β. The transmitted torque can be controlled through the
servo position reference [19]:

θ
re f
3 = θ3 +

(
kP3 τe,3 + kI3

∫
τe,3dt

)
(20)

where θ3 is the current servo position, τe,3 = τ
re f
3 − τm,3 is the torque error, and kP3 and

kI3 are the gains in PI control. This controller will be applied in the experiment shown
in Section 5.4. On the other hand, the force acting along the direction of the arm link is
estimated from the elongation of the extension springs (see Figure 5), measured with a
linear potentiometer:

F4 = K4Δl4 (21)

where K4 is the spring stiffness and Δl4 is the elongation. The experiment described in
Section 5.3 (force monitoring in grabbing situations) exploits this estimation to detect
over-loads and release the gripper in order to prevent crashes. The torque exerted by the
compliant joint and the force along the link are supported by the thrust generated by the
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multirotor. These wrenches are depicted in Figure 7. However, note that the arm does not
provide an estimation of the Y–axis wrenches.

4.3. Cartesian Aerial Manipulator Control Scheme

The control scheme of the Cartesian aerial manipulator is shown in Figure 9. The Task
Manager [2,7] is the high-level functional block that implements the functionalities of the
robot, generating the appropriate control references for the manipulator and the aerial plat-
form, relying on the low level controllers of the Cartesian manipulator (Sections 4.1 and 4.2)
and the autopilot. Some of the tasks are:

• For the multirotor: take-off, land, follow trajectory, go to workspace, approach refer-
ence position, interaction force control [25,27,33–35,37].

• For the manipulator: move manipulator to rest/operation position, object grasping [7,8]
and store, sensor installation/retrieval [2,11], teleoperation.

Figure 9. Functional blocks of the Cartesian aerial manipulator controller.

Since the aerial robot is intended to operate in contact with objects and the environ-
ment, it is necessary to estimate and monitor the interaction wrenches exerted by the
manipulator to ensure the stability of the aerial platform, exploiting for this purpose the
linear and angular deflection sensors of the compliant arm (see Figure 5). The Overload
Detector, evaluated in Section 5.3, will report the Task Manager in case the arm is not able to
retrieve a grabbed object, whereas the Wrench Estimator [25,27] can be used by the Attitude
Controller to compensate for the external forces (see Section 5.4). In this way the attitude
control is partially coupled with the manipulator control. The stability of the interaction
control in the Cartesian configuration has been analyzed in terms of Lyapunov in [25,37].

5. Experimental Results

5.1. Cartesian Base Control

As stated in the introduction, the Cartesian base that supports the compliant arm en-
hances the positioning accuracy of the end effector compared to a revolute joint manipulator,
in such a way that the mapping defined by the forward kinematics given by Equation (1) is
almost straightforward. In order to evaluate this feature and the low level position control
of the Cartesian base described in Section 4.1, a calibration test is conducted, executing
a stair sequence from d1 = −100 to d1 = 100 (mm)and from d2 = −50 to d2 = 50 (mm),
with increments of Δd1 = 25 and Δd2 = 10 (mm), respectively. Figure 10 represents the
evolution of the two variables along with the position control error. The Murata SV01
potentiometers used to measure the rotation angle and the number of turns of the micro
motors provide an effective rotational angle of 333◦. Note that a pair of potentiometers
is required to overcome the dead zone. The 12-bit resolution ADC limits the accuracy to
0.08◦, which corresponds to a linear displacement of 0.014 mm for a 21 mm Ø timing pulley.
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However, in practice, the accuracy is limited by the backlash of the gearbox of the micro
motors (around 2◦) and the clearance in the timing belt.

Figure 10. Cartesian base calibration: reference and measured displacement (left), and control error (right) in X0Y0.

5.2. Compensation of Mass Displacement

The positioning accuracy of the end effector is also affected by the dynamic coupling
between the aerial platform and the manipulator, as the movement of the Cartesian base
causes a variation of the center of mass and a reaction torque over the multirotor. The
X–axis linear guide in Figure 4 incorporates a counterweight mechanism that moves the
manipulator battery synchronized with the Y–axis guide, so the mass distribution is more
symmetric, but at expenses of reducing the range of d1 by half. The goal of this experiment
is to evaluate the effectiveness of this mechanism in a flight test, showing the evolution of
the position and velocity of the multirotor when the Y–axis structure and the compliant
arm move in the forward direction while the multirotor is controlled in stabilize mode. The
position controller is disabled in order to observe more clearly the desired effect, using a
laser tracker to measure the multirotor position. Figure 11 ilustrates the execution of the
experiment, representing the signals of interest in Figure 12.

The manipulator is initially at rest position, d1 = 0, d2 = 0, q3 = 0. Between t = 0 and
t = 1 [s], the Cartesian base is displaced to d1 = 95 [mm], and between t = 4 and t = 5 [s]
q3 is rotated from 0 to 90◦. Note that the rotation of the joint cannot be compensated with
the counter-weight mass. As can be seen on the lower part of Figure 12, the perturbation
in the position and velocity of the multirotor along the X–axis (blue line) is more evident
when the counterweight mechanism is disabled.

5.3. Monitoring Linear Deflection in Grabbing Conditions

The link of the compliant arm is equipped with an elastic force sensor consisting
of a pair of extension springs and a linear potentiometer that measures the deflection
along the link (Figure 5). This mechanism is used in this experiment to detect and react
against overloads in grabbing situations, for example when the arm tries to retrieve an
object that is too heavy to be grasped or it is anchored to a fixed point. This situation is
depicted in Figure 13. In order to avoid the destabilization of the attitude controller due
to the interaction forces, the linear deflection is monitored in such a way that the gripper
is released if the deflection exceeds a threshold of 10 (mm), corresponding to a force of
around 3 (N). The compliant joint is controlled imposing a zero torque reference, according
to the controller given by Equation (20), so the reaction torque in the pitch angle of the
multirotor is relatively low. Figure 13 shows the monitoring-release capability on flight,
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representing the position of the Cartesian base, along with the linear deflection, the joint
torque and the orientation of the multirotor. Once the support structure is grabbed at t = 3
[s], the X–axis guide moves backwards trying to retrieve the object. At t = 3.6 [s], the
linear deflection threshold is exceeded, so the Cartesian base reacts by moving the gripper
forwards while the compliant joint is rotated to release the bar. The process is repeated at
t = 10 [s]. The hexa-rotor was controlled in stabilize mode.

Figure 11. Phases involved in the battery counterweight experiment: no battery (left), battery
counterweight (right).

5.4. Contact Force Control

This experiment is intended to evaluate the performance of the contact force controller
described in Section 4.2 and the effect over the attitude controller of the hexa-rotor platform.
A sequence of images taken from the video is depicted in Figure 14. The Cartesian base
and the compliant joint arm are initially at rest position (d1 = 0, d2 = 0, q3 = 0). Once
the hexa-rotor is close to the contact point, the Cartesian base moves the output link in
the forward direction until the collision with the obstacle is detected at t = 3.36 [s]. The
deflection detection threshold is set to Δθth

3 = 2◦. Then, the PI force controller is activated,
generating the force stair reference represented in Figure 15. As it can be seen, the pushing
force is compensated by the attitude controller increasing the reference in the pitch angle,
so the thrust of the multirotor is projected in the X–axis. The experiment was repeated
again in order to validate the results, represented in Figure 16. The ability to accommodate
the compliant joint arm is more evident here, considering the deviation in the position
of the multirotor. The contact force control is useful in tasks like sensor installation and
retrieval, inspection by contact, or for moving objects in the environment.
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Figure 12. Multirotor position deviation when the manipulator moves in the forward direction (d1, q3).

Figure 13. Variables of interest (left) and sequence of images (right) in the force monitoring experiment.
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Figure 14. Sequence of images from the contact force control experiment.

Figure 15. Contact force control experiment. Force reference and estimation (up, left), servo position
and PI correction terms (up, right), multirotor position, velocity, orientation and angular rate (down).

Figure 16. Contact force control experiment. Second test.
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6. Conclusions

This paper described an aerial manipulator consisting of a multirotor equipped with a
2–DOF Cartesian base (XY–axes) and a compliant arm with angular and linear deflection
sensors that allow the estimation, monitoring and control of the interaction wrenches
exerted on flight, improving safety in grabbing conditions. This new morphology presents
several benefits with respect to revolute joint manipulators in terms of positioning accuracy,
energy consumption, and effective workspace, thanks to mechanical construction with two
transversal linear guide systems that support the translation of the compliant arm. The
forward kinematic model shows that the map between the joint space and the Cartesian
space, in which the intended task is usually defined, is almost straightforward, so the
Cartesian coordinates (XYZ) can be controlled with the corresponding actuators, reducing
in this way the kinematic coupling between the joints and, with it, the propagation of errors
at the end effector. The lack of dead-zones around the base of the manipulator extends the
effective workspace, particularly useful for object retrieval and store operations. In this
sense, the experiments presented in the paper showed how the linear deflection sensor
can be used to detect overloads when the arm tries to grab an object too heavy to be lifted,
moving the Cartesian base to release it and preventing the stability of the aerial platform
from being compromised. The experiments also show the possibility of exerting sustained
contact forces with the compliant joint arm, and the effect of the battery counterweight
over positioning accuracy (at the expense of reducing the motion range in the X–axis by
half). Although the mechanism is able to compensate partially for the reaction wrenches
caused by the displacement of the Y–axis structure in the pitch angle, its effectiveness is
reduced when the compliant arm is rotated, so this may not be practical in some cases
taking into account the limitation it imposes on the range of motion of the X–axis structure.
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Abstract: We propose an add-on planar translational driving system (ATD) which can be equipped on
a multirotor platform for aerial manipulation. The device is lightweight and consists of three ducted
fans controlled via an on-board CPU. It uses a simple control method and enables a multirotor to
perform positioning and generate force in two dimensions while keeping the airframe horizontal. By
translating the multirotor without changing attitude, it can more smoothly and easily perform many
types of aerial manipulation tasks with higher positioning accuracy. In this paper, we mainly show
the design, modeling, and control of the ATD. Several preliminary experiments were performed
to verify the positioning accuracy and effectiveness of the system. In addition, we successfully
performed the push and pull task using a rigid arm.

Keywords: aerial manipulation; multirotor UAV; translational driving system

1. Introduction

The multirotor type unmanned aerial vehicle (UAV), which is simply called a drone,
has increased in popularity in the consumer industry and industrial applications in the last
10 years. Because of their flight stability, easier operation, and autonomy, they are not only
useful for hobbyist applications, but also for industrial applications such as civil engineer-
ing surveys, security, agriculture, infrastructure inspections, logistics, remote sensing [1],
and many other fields. In addition, in high-altitude tasks which can pose danger to human
workers, such as maintenance of bridges, tunnel roofs, windmill blades, dam walls, and
high-voltage electric lines, assistance by multirotor UAVs can be a promising application.
The technique of physical interaction with the environment by using a manipulator at-
tached to the aerial robot is called “aerial manipulation”, and many studies are focused on
it [2–4]. In previously reported studies, a robotic gripper or arm is equipped on the bottom
of the multirotor to perform the manipulation task downward from the body frame [5],
on its side for contact inspection [6], or on its top for perching on a high altitude place [7,8],
torsional task [9], and contact inspection of the roof [10]. Although several aerial manip-
ulation tasks are successfully performed in these studies, it is still challenging to realize
both the positioning and manipulation task with high accuracy. Traditional multirotors are
able to take-off and land vertically on the ground and can move vertically while keeping
the attitude of the body horizontal. However, it requires tilting the airframe for translating
and generating contact force in horizontal direction. This motion affects the multirotor to
perform the task not so smoothly. In addition, to stop the multirotor in horizontal direction
after it moves, it requires break-like motion by quickly tilting the airframe in opposite
direction. These movements make it difficult for the multirotor to move finely to accurately
position itself and often prevents performing smooth manipulation tasks. Therefore, to
realize aerial manipulation task in higher accuracy, it is desirable that the translation and
attitude control of the multirotor be separated.

To perform the position and attitude control of multirotor independently, which is
impossible with a typical multirotor, several studies on novel platform development are
reported in [11–17]. An omnidirectional aerial vehicle with unidirectional thrusters fixed
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to its airframe is proposed in [11,12]. The control algorithm was designed by [11] and
the aerial robot was developed to perform the translation and attitude control on SE(3)
separately [12]. Another approach for realizing positing and attitude independently is by
tilting the rotors of a multirotor [13,14]. In [13], a quad tilt rotor UAV is developed and
successfully showed hovering of the quad rotor with a 90 deg pitch angle. In [14], the
design and optimal control of a novel omnidirectional vehicle that can exert a wrench in any
orientation while maintaining efficient flight configurations is presented. In [15,17], a novel
multi-linked type of multirotor is developed and performed a manipulation task [16]. In all
of these studies, new aerial robot hardware structures and control techniques are needed
to put them to practical use.

Figure 1. Add-on planar translational driving system (ATD) with the multirotor: (a) the overview
of ATD with multirotor; and (b–d) the case of assuming some aerial manipulation task in narrow
region, roof, and wall surfaces.

On the other hand, many flight controllers that can fly typical multirotors with high
stability are already in the market and are widely being used. The availability of these
platforms, which are used in today’s major applications such as aerial photography and
transportation, is convenient and leads to greater reach. Therefore, we focus on utilizing
a typical type of multirotor. To realize position and attitude control independently with
typical type of multirotor, we propose an add-on planar translational driving system
(hereafter, ATD), which consists of three ducted fans arranged to generate thrust in the
horizontal direction, as shown in Figure 1a. Three ducted fans generate thrust in any
direction on the horizontal plane, allowing the multi-rotor aircraft to move while keeping
its attitude horizontal. As a result, fine position control becomes easy, and the positioning
ability is improved.
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In this study, we mainly designed ATD and its control laws. Then, several preliminary
experiments were performed to verify the accuracy of positioning and effectiveness of
the system in aerial manipulation. The concept description of the ATD is provided in
Section 2. Section 3 presents the kinematics, control laws, and system of ATD. Section 4
presents the force measurement of ATD to verify how much force currently works on the
multirotor. Section 5 discusses comparison between the ATD control with the multirotor
control. Section 6 evaluates the experiments of position control and translational movement
in different directions. Moreover, we show push and pull operations performed using a
rigid arm for verifying the possibility of aerial manipulations. Section 7 concludes this
paper and discusses about future work.

2. Concept of ATD

In order for a normal multirotor UAV to move horizontally, it is necessary to appropri-
ately change the balance of the propellers rotation speed and tilt the aircraft. As a result,
a propulsive force in the horizontal direction can be obtained. To move in the horizontal
direction while keeping the attitude of the aircraft horizontal, it is sufficient to add a driv-
ing force that generates thrust in the horizontal direction. Furthermore, to move in any
direction of the horizontal plane, it is necessary to be able to generate a thrust vector in
any direction. For this, at least three drive sources are required. The main features of the
proposed ATD are based on the concept as follows.

(1) The ATD allows the multi-rotor aircraft to move horizontally while keeping its attitude
horizontal. This leads to easier and fine position control, and the positioning accuracy
can be improved.

(2) When applying a force to an object sideways in aerial work, the attitude of the aircraft
is horizontal, so the force can be applied continuously and stably. Moreover, the
addition of ATD increases the force that can be generated compared to the case of a
normal multirotor aircraft alone.

(3) The vertical thrust is generated by the multirotor aircraft, and the horizontal thrust is
generated by ATD. Since these can be controlled independently, the structure makes it
easy to generate horizontal force at any given height of the multi-rotor aircraft.

(4) While moving horizontally using ATD, the driving force of the multi-rotor aircraft can
be devoted to keeping the altitude and attitude of the aircraft constant. Therefore, it
may become robust due to disturbances such as wind.

(5) The proposed ATD is add-on type and can be retrofitted to a multirotor, which means
it can work with any of typical multirotors, from hobby to industrial ones.

The system can be useful for various applications; for example, in some contact or
non-contact inspection tasks, by keeping attitude of multirotor horizontal, the task can
be done more easily and smoothly while staying nearer the target surfaces in a narrow
space (Figure 1b), roof (Figure 1c), or walls (Figure 1d). Moreover, it also can be useful for
increasing accuracy of some tasks which requires multirotor generating force in horizontal
direction without changing its attitude, such as high pressure cleaning or painting tasks.

To construct ATD, to be equipped on a typical multirotor UAV, we use ducted fan
as the main actuator unit, which is lightweight, compact, and able to generate relatively
high thrust. The generated thrust from ATD acts on the multirotor to allow it to translate
and generate the force in horizontal direction. At least three forces applied in a plane are
required for positioning a body in that plane. Three or more ducted fans are required to
generate thrust in any direction on the horizontal plane. In this research, we designed and
manufactured ATD using three ducted fans, which is the minimum configuration.

3. Design and Implementation of the ATD

3.1. Mechanical Structure

To construct ATD, to be equipped on a typical multirotor UAV, we use ducted fan
as the main actuator unit, which is lightweight, compact, and able to generate relatively
high thrust. The generated thrust from ATD acts on the multirotor to allow it to translate
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and generate the force in horizontal direction. At least three forces applied in a plane are
required for positioning a body in that plane. The structure of ATD is shown in Figure 2a.
Three ducted fans are placed every 120 degrees and set as Y-configurations, so that a
well-balanced force can be generated by the combination of any of two thrusts of ducted
fans. To avoid exhaust from the ducted fan from being affected by the downwash of
the multirotor’s propellers, the ducted fans are mounted outside the propeller radius
of the multirotor. ATD comprises three ducted fans, power module, PCA9685-I2C to
PWM interface, ESC, and a CPU board (LattePanda Alpha 864). The ducted fan is 50 mm
in diameter and can generate 0.95 kg of maximum thrust. The CPU board is used for
processing feedback control. The distance L from ducted fan can be set depending on the
size of multirotor platform. The specifications of the device are summarized in Table 1.

To control ATD, for any feasible control force F, the output thrust of three ducted fans
should be calculated. According to the arrangement of ducted fans, the model of ATD is
shown in Figure 2b. The coordination is defined as the same as the multirotor body frame.
F1, F2, and F3 show the output thrusts of the ducted fans. The blocked region in Figure 2b is
the feasible control force volume which is mixed by thrust of three ducted fans. The region
can be separated into S1, S2, and S3 and given as follows.

S1 := {F ∈ �2 | −kFx ≤ Fy, kFx − Fmax ≥ Fy, −kFx − Fmax ≥ Fy, kFx ≤ Fy} (1)

S2 := {F ∈ �2 | kFx ≥ Fy, − k
2

Fmax ≤ Fx ≤ 0, kFx + Fmax ≤ Fy} (2)

S3 := {F ∈ �2 | −kFx ≥ Fy, 0 ≤ Fx ≤ k
2

Fmax, −kFx + Fmax ≤ Fy} (3)

Figure 2. (a) Overview of ATD and its defined parameters; and (b) the model of ATD. The blocked
region shows feasible control force volume and parameters corresponding to (a). The coordination is
defined as the same as the body frame of multirotor.

Table 1. Specifications of ATD.

Gross weight 0.69 kg without battery
Size 0.7 m (W) × 0.6 m (D) × 0.12 m (H)
Number of ducted fan 3
Ducted fan size/motor φ50 mm/4300 KV
Max thrust 950 g for each ducted fan
L 0.4 m

L is adjustable depending on multirotor size.
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In Equations (1)–(3), ±k represents the slope of F1 and F2 based on the coordination,
and the value is ±

√
3

3 . Fmax shows the maximum output thrust of ducted fan. Thus, for any
feasible force F, output thrust of ducted fans [F1 F2 F3]

T can be given by as follows.

A =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡
⎣ k 1

k −1
0 0

⎤
⎦ (F ∈ S1)

⎡
⎣ 2k 0

0 0
−k 1

⎤
⎦ (F ∈ S1)

⎡
⎣ 0 0

2k 0
k 1

⎤
⎦ (F ∈ S3)

,

⎡
⎣ F1

F2
F3

⎤
⎦ = A

[
Fx
Fy

]
(4)

The input thrust of ducted fan ui with its output thrust Fi is ui ∝ Fi, and we define the
equation as follows.

Fi = ζui + C (0 ≤ ui ≤ 100, i = 1, 2, 3) (5)

In Equation (5), ζ and C are constants, and these parameters are estimated in Section 3.

3.2. Components of the System

The proposed system (shown in Figure 1a) consists of a multirotor UAV with ATD.
The multirotor platform is constructed using DJI F550 frame (the diameters of the body
and propellers are 550 and 238 mm, respectively) and DJI N3 flight controller. High level
control for the multirotor navigation is achieved by the communication link between the
flight controller and the on-board CPU. The pictures of ATD with multirotor system is
shown Figure 3. The coordination is defined as the same as in Figure 2. RealSense T265 is
used for estimating velocity of the UAV.

Through the communication between flight controller of the multirotor and the on-
board CPU, we constructed the system, as shown in Figure 4, based on ROS(Robot Operat-
ing System). In the figure, the processes inside the CPU board block shows ROS nodes what
we mainly developed and data flow shows the topics being published and subscribed in
each nodes. Constructing the system using ROS improves the reusability of the system, and
additional devices can be easily integrated into the system. To verify positioning accuracy
of ATD with multirotor, a motion capture system is used for estimating the position. In the
system, the state estimator summarizes converted sensor feedback and transmits necessary
values to UAV and ATD controller. The I2C interface receives control input of three ducted
fans and converts it to desired PWM signal using Python library of PCA9685. The UAV
controller includes roll and pitch angle, yaw angle rate, throttle (vertical velocity/thrust),
and enable/disable brake-like motion as control inputs. The brake-like motion of the
multirotor will effect the flight, if it is enabled with the ATD control. Thus, we designed
three different control modes, namely position control mode, manual ATD control mode,
and manual UAV control mode, by making a switch based on CH5 position on the remote
controller (RC) (shown in Figures 3 (side view) and 4). These control modes are described
as follows.

• Position control mode allows the multirotor to translate automatically by keeping
body frame horizontal. In the UAV controller, control inputs of roll and pitch angle
are set to 0, yaw angle rate is controlled automatically, throttle is controlled manu-
ally, and break-like motion is disabled. In the ATD controller, the ducted fans are
controlled automatically.
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• Manual ATD control mode allows the operator to control the multirotor manually and
translate it with fixed attitude of the airframe. In the UAV controller, the control inputs
are set the same as in position control mode. The ATD controller is designed based on
CH1∼2 input values on the RC for operating the multirotor translating in horizontal,
and a brake-like motion is designed for stopping the multirotor immediately after
the operation.

• Manual UAV control mode allows the operator to control the multirotor manually
which is same as typical operation. The UAV’s roll and pitch angle, yaw rate, and throt-
tle are set based on RC input of CH1∼4 and brake-like motion is enabled. The ducted
fans in the ATD controller are disabled.

Figure 3. Pictures of ATD with multirotor system.

Figure 4. Block diagram of the ATD with multirotor system.

Through our designed system with three different control modes, the system allows
the operator to easily switch desired control mode depending on the task. In the position
control mode, the horizontal position and heading direction of multirotor are controlled
automatically, and the operator only needs to adjust its height. It makes some inspection
tasks much easier than when controlling the multirotor normally, such as the cases shown
in Figure 1d. It can be realized by adding sensors such as LIDAR or RGB-D camera to our
system for localization. On the other hand, it can be useful for performing some aerial
manipulation tasks by switching to manual ATD control mode from UAV control mode.
It allows an aerial manipulator to reach smoothly to the manipulated target.

48



Appl. Sci. 2021, 11, 1462

3.3. Control

To design the controller of the multirotor and ATD corresponding to the three control
modes described above, we defined control inputs of the multirotor as uroll/upitch (roll
and pitch angle), uyaw (yaw angle rate), uthrottle (vertical velocity), and ubrake (1 and 0 for
enable/disable brake-like motion) and for ATD as ux/uy(thrust inputs in x(roll)/y(pitch)
axis), and u1–u3 (thrust inputs of three ducted fans). The RC input of CH1∼CH5 values
are set to uch1 ∼ uch5 (uchi ∈ {1,−1}, i = 1, . . . , 5).

In the case of position control mode, the control inputs of multirotor and ATD can be
given by

uroll = 0, upitch = 0, uyaw = Kpyaweyaw + Kdyawėyaw, uthrottle = Kthuch4, ubrake = 0

u = [ux; uy], u = Kpepos + Kdėpos, (uch5 = 1) (6)

In Equation (6), for the UAV controller, Kpyaw and Kdyaw are control gain of PD con-
troller in yaw axis and eyaw is the yaw angle error between target direction and its heading
direction. Kth is the parameter for adjusting vertical velocity of the multirotor. In the ATD
controller, Kp, Kp and Kd are the control gain of PD controller for position control by ATD,
and epos is the position error in x and y axis.

In the case of manual ATD control mode, the control inputs can be given as follows:

uroll = 0, upitch = 0, uyaw = Kpyaweyaw + Kdyawėyaw, uthrottle = Kthuch4, ubrake = 0

eyaw = θtaryaw − θyaw, θtaryaw = θyaw(0) + Kvyaw

∫ t

0
uch3dt

uch1,2 = [uch1; uch2], v = [vx; vy], u =

{
K f maxuch1,2(uch1, uch2 = 0)
−Kvv(uch1, uch2 = 0)

(uch5 = 0) (7)

In Equation (7), in the UAV controller, θtaryaw, θyaw, and θyaw(0) are target yaw
angle, current yaw angle, and initial yaw angle of the airframe. Kvyaw is the parameter for
adjusting yaw angle rate. Through calculation, yaw angle of multirotor can be controlled
manually. In the ATD controller, v is the estimated velocity of multirotor. K f max is the
control gain for the RC input values. Kv is the control gain for the damping control that
allows multirotor to stop immediately after operating the ATD.

In the case of manual UAV control mode, the control inputs are given by

uroll = Kθmaxuch1, upitch = Kθmaxuch2, uyaw = Kpyaweyaw + Kdyawėyaw,

uthrottle = Kthuch4, ubrake = 1 ; u = [0; 0] (uch5 = −1) (8)

In Equation (8), in the UAV controller, Kθmax is the control gain for the RC input values,
and it corresponds to the maximum feasible control input of roll and pitch angles. eyaw is
calculated the same as in Equation (7). In the ATD controller, the control input in x and y
axis are given as 0 to disable the ATD control.

Through Equations (6)–(8), calculated control inputs for the multirotor are converted
to desired PWM signal in the flight controller and sent to ESCs to control the propellers. In
the ATD controller, control inputs of u = [ux; uy] are converted to thrust inputs of ducted
fans [u1 u2 u3]

T according to Equations (4) and (5), converted to the desired PWM signal,
and sent to ESCs to control the ducted fans.To generate the PWM signal, an I2C to PWM
interface (PCA9685 board) board is used with its Python library in the CPU. A range of
input values were chosen for control by experimentally checking the change in the fan’s
speed from minimum to maximum for the given inputs. According to that, the minimum
and maximum values were set as 150 and 535, respectively (e.g., the values 1000–2000 in
Python control program are mapped to generate pulses in the range 1–2 ms at the output
of PCA9685) at the frequency of 70 Hz. The process is shown in Figure 4.
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4. Force Measurement of ATD

To verify the force generated by ATD on multirotor while it is flying, and to obtain the
relation between thrust input with output force of ducted fans, we measured the force of
ATD. The experimental setup is shown in Figure 5. To avoid the thrust of propellers from
affecting the measurement results, we put the ATD with multirotor on the ground and fixed
it to a force gauge using a wire. To reduce the friction between multirotor and ground, we
fixed three ball-bearings (in this case, coefficient of friction is 0.05) under ATD and adjusted
the thrust of the multirotor to slightly less than its total weight (3 kg including battery).
Therefore, the friction between multirotor and ground can be ignored. In the experiment,
we set the heading direction of the multirotor as the same as the wire by controlling yaw
angle of the multirotor. The thrust input of ducted fan was set from 90% and reduced by
5% until 10%. The output force data were recorded for a duration of 5 s for each input.

Figure 5. Experimental set up for force measurement.

The experimental result of the measurement is shown in Figure 6. The graph shows
average value of the measured force for the thrust inputs and the dotted line shows its
linear approximation, which is given by y = 0.0826x + 0.1274. In the graph, the small graph
shows the recorded data of force during a 5-s interval, when the thrust input was at 60%.
Accordingly, we verified if the output thrust is stable for the input thrust. The parameters
ζ and C in Equation (5) can be decided based on this experiment.

Figure 6. Experimental result on output force of the ATD for different input thrust. The linear
approximation is y = 0.0826x + 0.1274.

5. Comparison of the Performance between ATD with Multirotor Control

To compare the performance of the ATD control and multirotor control, comparative
experiments were performed. Both experiments were done with manual control. In the
case of ATD control, if the input thrust in y axis (see Figure 3) is 50%, the output force can
be estimated as 4.9 N (according to Figure 6). To generate the same force in y axis in the
case of multirotor control, the pitch angle should be controlled to about 10 degrees. Thus,
the experiment was done by translating the multirotor at the same force with a different
control mode (ATD control mode and UAV control mode). To fix the control input to
desired values, we reset the end points of the sticks in the RC transmitter. By limiting
the maximum input value from the transmitter, the value can be fixed since we are fully
bringing down the stick. The multirotor can perform brake-like motion after releasing the
stick of RC transmitter in both control modes.
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The experimental results are shown in Figure 7. The figure shows velocity in y axis
and pitch angle change of the multirotor in different control modes. In the case of UAV
control, the velocity was increased more quickly than in the case of ATD control, but, since
we released the stick, the brake-like motion was performed autonomously by controlling
its pitch angle in the opposite direction, and it was observed to be much larger than
when translating the multirotor. Continuous images of the motion are shown in Figure 8a.
In addition, it took 1.2 s to completely stop the body frame in horizontal direction. In the
case of the ATD control, although velocity was increased more slowly than in the case of
UAV control, it was increased more smoothly. It took 0.5 s to completely stop the body
frame in horizontal direction from when the multirotor started to perform brake-like motion.
Continuous images of the motion are shown in Figure 8b. During the flight, the attitude of
multirotor remained stable. Through the experiments, we verified that the ATD control was
successfully able to translate the multirotor by keeping the attitude horizontal including
brake-like motion, and it can be helpful for the multirotor to move finely to accurate position
and perform smooth aerial manipulation tasks.

Figure 7. Experimental results of the ATD control and multirotor control. The result was recorded
from the start of multirotor translating until it stopped: (top) the velocity change of the multirotor in
y axis; and (bottom) the pitch angle change.

Figure 8. Continuous images of the brake-like motion in different control mode: (a) the multirotor
control mode; and (b) ATD control mode. Both (a,b) follow from left to right, and they correspond to
Seconds 7–9 in Figure 7. The video of the experiment is available from the supplementary materials.
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6. Experiments

To assess efficiency of the ATD with multirotor system, several preliminary experi-
ments were performed with motion capture system, and the experiment of push and pull
operation was performed outdoors.

6.1. Position Control

The target position and initial position of multirotor was set to [0, 0] and [−1,−1] on x
and y axes. In the experiment, we switched to position control mode after the multirotor
took off from the ground. The experimental result is shown in Figure 9. In the figure,
the top graph shows position of the multirotor in x and y axis and the bottom graph shows
roll and pitch angle of multirotor during the flight. The average position error was 0.0358 m
on x-axis and 0.0188 m on y-axis, and it was in the region ±0.05 m. During the flight, the
attitude of multirotor (Figure 9, bottom) was in the region ± 2 degree, therefore the body
frame can be considered to be kept horizontal.

Figure 9. Experimental result of position control.

Moreover, to verify how fine of position control of the ATD with multirotor system is
possible, another experiment was performed. According to experiment result of position
control (Figure 9), it is possible to perform the positioning every 0.2 m. Thus, we set the
initial position of the multirotor to [0, 0] and increased target position by 0.2 m in every 5-s
interval. The experimental result is shown in Figure 10. In the figure, the top graph shows
position of the multirotor in x and y axes and the bottom graph shows roll and pitch angle
of multirotor during the flight. The target position was increased from the time Second
5 in the figure. The average position error was 0.037 m on x-axis and 0.0194 m on y-axis,
and it was within the region of ±0.05 m for each target position. During the flight, attitude
of the multirotor was also kept stable which was in the region ±2 degree. Through the
experiment, we verified that it is possible to perform positioning at 0.2 m, and this is the
minimum possible distance.
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Figure 10. Experimental result of positioning by 0.2 m.

6.2. Experiment of Translational Movement in Different Directions

The experiment was performed for verifying how much the direction shifts while
the ATD is translating the multirotor. The experimental setup is shown in Figure 11 (left).
The target position was set 0.5 m away from the initial position at 30-degree intervals.
The experimental result is shown in Figure 11 (right). The multirotor was observed to be
translated almost straightly when the target position was on x and y axes. For the other
target positions, it shifted about five degrees from the desired direction. It is caused by
design error of ATD and control error from ESC of the ducted fans, but the direction error
was absorbed since it was able to reach target position.

Figure 11. Experimental set up (left); and result (right) of translational movement in any direction.

6.3. Experiment of Push and Pull Operation

To verify if it possible to perform the aerial manipulation tasks with our system, we
demonstrated a push and pull task. To perform the task, we equipped a rigid arm (the
weight and length were 0.1 kg and 0.4 m, respectively) to the multirotor airframe. and a
3D printed disk-like object was fixed to the tip of the arm. The manipulated target was
a nail-like object, and it was inserted to the vertical plate tightly. In the experiment, we
used the manual ATD control mode to operate the multirotor. The external wind velocity
during the experiment was 2–3 m/s. Continuous images of push and pull task are shown
in Figure 12. Although wind disturbed the flight sometimes, both push and pull were
successfully performed smoothly.
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Figure 12. Continuous images of push (a) and pull (b) tasks. The images follow from left to right
and the red region shows the target object. The video of the experiment is available from the
supplementary materials.

During the flight, attitude of multirotor was kept horizontal (roll and pitch angles
were in the region of ±2 degree), as shown in Figure 13. In addition, we also tried the
task by the UAV control mode, but it was challenging to operate the multirotor finely and
impossible to push/pull the target object with such a rigid arm. Through the experiment,
we verified that it was possible to perform the manipulation tasks, and it was much easier
to perform the task than by controlling multirotor normally.

Figure 13. Experimental result of push (a) and pull (b) tasks. The graph shows roll and pitch angles
of multirotor during the operation, and it corresponds to Figure 12.

7. Conclusions

In this study, we proposed and developed an add-on planar translational driving
system (ATD) which is equipable to a typical type of multirotor for aerial manipulation. The
device allows multirotor translating motion by keeping the attitude horizontal. This motion
allows a multirotor to perform manipulation tasks easily, such as contact or non-contact
inspections. To allow the operator to easily control the ATD with multirotor, three different
control modes were designed, and the operator can switch among the control modes
from RC transmitter. To verify the generated force from the ATD actually works on
multirotor, we measured its force and verified relations between input thrust with output
force. According to the measurement result, comparison of the performance between the
ATD with multirotor control was performed, especially to observe the difference of brake-
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like motions. To verify positioning accuracy, i.e., to verify if it actually keeps the attitude of
the multirotor stable while translating, how finely the position control can be performed,
and if the translational movement can be performed in any direction, several preliminary
experiments were performed. Finally, to verify the possibility of aerial manipulation by
employing our system, a push and pull task was performed outdoors in an environment
with wind velocity of 2–3 m/s. During the experiments, the ATD was observed to work
as expected.

In future work, we are going to improve the design and control law of our system to
allow for higher accuracy positioning and performing the task with much robustness. We
also plan to develop several applications such as inspection of high-rise buildings and high
pressure cleaning tasks by employing our system. Furthermore, implementing autonomous
localization for our system will allow the multirotor to perform aerial manipulation at a
higher precision.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/4/1462/s1, Video S1: Supporting Video.mp4.
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Abstract: This publication deals with the navigation of unmanned aerial vehicles (UAVs) moving
in the magnetic field of two long, straight, parallel conductors, which is of high interest for several
new technical applications. How the position and orientation of the UAV can be calculated using a
minimal number of only three three-axis magnetometers are discussed. It is shown that the angles can
be determined without the knowledge of the conductor currents and the magnetic field equations, but
only by combining the sensor measurements with the rotation matrix and exploiting a characteristic
property of the magnetic field. Furthermore, different strategies were investigated to determine the
respective sensor positions. An analytical solution was derived from the nonlinear magnetic field
equations, which promises a low computational time. It is shown that for a given sensor, several
solutions exist, from which the correct one has to be selected. Therefore, a specific detection method
is introduced. Once the solution is known, the UAV location can be determined. Finally, the overall
algorithm was tested by simulations far from and near the conductors with superimposed typical
magnetic noise.

Keywords: magnetic field navigation; parallel conductors; transmission lines; unmanned aerial
vehicles; aerial manipulation

1. Introduction

Magnetic field-based navigation is an old discipline that had its beginnings in the 20th
Century [1]. Magnetic fields have several advantages over other physical quantities. For
example, unlike electromagnetic waves, they are not subject to multipath effects or fading
because they do not reflect off surfaces. This allows for much higher accuracy. In addition,
they are not attenuated when passing through magnetically neutral materials, making
magnetic field-based navigation ideal for use between obstacles, at night, or in difficult
weather conditions such as snow or fog. A large number of publications exist dealing with
techniques for object navigation and localization. Depending on the application, they all
use one or more distributed magnetic field sources that emit an alternating magnetic signal.
This is usually sampled and measured by several sensors, which may be from different
technologies. By combining these measurement data with the mathematical model of the
source used, the position and orientation of the observed object are then determined. This
can be divided into four different types of sources.

The first type is a simple rectangular or circular coil that typically has a large number
of turns. It represents the basic element for the construction of more complex coil types
and is often referred to as a dipole, since above a minimum distance from the winding,
its magnetic field distribution can be described by the equations of a magnetic dipole.
In various research projects [2–6], such as MILPS (magnetic indoor local positioning system),
multiple coils mounted on walls are used to locate cell phones and robots in buildings
or patients in hospitals. Other use cases include the navigation of medical instruments
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inside the human body [7] or the localization of an implantable transponder for intensity-
modulated radiation therapy [8]. In addition, several projects have investigated how these
coils can be used to locate trapped persons as quickly as possible [9–12]. These could be
buried miners or avalanche victims, who can be found by the emitted signal from a small
coil worn close to the body. Another interesting topic is the detection of buried landmines
in old war zones, also known as humanitarian demining [13,14]. This involves the use of
hand-held coils such as metal detectors. Finally, a new application has emerged with the
advent of the electric vehicle age.

In the context of inductive charging, the receiver coil mounted on the underbody of
the car must be positioned relatively precisely above the transmitter coil in the parking
lot, as shown in Figure 1. Since this is very difficult for the driver to achieve, the MPPS
(magnetic pulse positioning system) was developed in [15]. Here, the transmitting coil in
the ground emits a low-frequency pulsed magnetic signal that allows precise localization
by the vehicle in the sub-centimeter range.

Figure 1. Navigation using a one-axis coil [15].

The next two coil types consist of two or three base coils wound orthogonally to each
other. An example of a three-axis magnetic field source is shown in Figure 2.

Figure 2. Principle of a three-axis coil.

For two-axis sources, the coils carry phase quadrature currents that produce a rotat-
ing magnetic dipole [1,16,17]. Together with phase detection algorithms and amplitude
evaluation, the object position and also the orientation can be determined. For three-axis
sources, all source axes are successively excited with currents of the same frequency and
phase. In this way, each axis generates an equivalent dipole of arbitrary orientation [18–20].
The three sensor responses are linearly independent and provide sufficient information to
determine both the sensor position and its orientation.

The last type of source to be mentioned is a long wire with an alternating signal.
In [21–23], its magnetic field was used to allow an underwater vehicle to locate and track a
buried underwater cable.

Until now, however, no attention has been paid to magnetic sources consisting of two
long parallel conductors. They enable many new useful engineering applications, especially
when it comes to the realization of unmanned aerial vehicles (UAVs). For example, UAVs
could autonomously perform inventory in warehouses. For this purpose, parallel guides
can be attached to the floor or ceiling for navigation between shelves. In addition, UAVs
could provide an inspection of rail systems efficiently when a current flows through them.
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Another interesting topic is the autonomous performance of inspection and assembly
work around power line systems. This is exactly what was investigated in the Aerial-Core
(https://aerial-core.eu/, accessed on 06.04.2021) project. One of the goals of the project
was to develop a technology that will enable a UAV to perform (Figure 3) the placement of
distance separators between power lines.

Figure 3. Distance separator for transmission lines.

This is usually performed by workers who are exposed to very high electric and
magnetic fields. Moreover, such a task requires a highly skilled helicopter pilot to keep
the helicopter close to the power lines while a worker performs the installation. Therefore,
the main objective of this work is to derive the equations for determining the position and
orientation of a UAV moving through the magnetic field of two parallel conductors, thus
enabling precise navigation of a UAV in close proximity to the power lines. We assumed
that a UAV is equipped with visual and other sensors that are used both for navigating
farther away from the lines and for approaching the lines.

2. Orientation and Localization Equations

2.1. System Overview

Figure 4 shows two parallel lines, which together form one phase of a three-phase
power transmission system and a UAV flying in close proximity. The transmission lines
lie in the xy-plane of the global coordinate frame {G} positioned exactly between the
lines. For the purpose of sensing the magnetic field of the transmission lines, there are
magnetometers mounted on the UAV, which are marked with yellow points.

zG

xG

yG

yu

zu

xu

pD

pi

UAV

transmission lines

Figure 4. System overview. Global frame and UAV frame.

The transmission lines of a single phase carry sinusoidal currents of fixed frequency
and phase, which can be used to our advantage. They generate an alternating magnetic
field, which allows static and low-frequency magnetic interference fields such as the Earth’s
field to be canceled out. This is realized by a differential measurement of the amplitude
of the magnetic signal. The calculation can be implemented in the time domain and is
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very efficient [24]. In addition, the system can be treated as a static field problem with
constant currents. For simplicity, they are chosen as I in the following. The magnetic
field thus generated can be calculated using the law of Biot–Savart for thin conductors.
In general, transmission lines are not thin. However, as the distance from the lines increases,
the magnetic flux density distribution approaches that of thin conductors relatively quickly:

�B(�r) = − μ0

4π
I
∫ ∞

−∞

(�r −�r ′)× d�s ′

|�r −�r ′|3 . (1)

The integration is executed only along the cables according to the arrangement in
Figure 4, i.e., d�s ′ = (d�x ′, 0, 0)T . Thus, from the cross-product in Equation (1), it immedi-
ately follows that:

Bx = 0, ∀(x, y, z)T , (2)

which means that there is no field component in the direction parallel to the cables. Solving
the integral for one cable and using the superposition principle, the remaining field compo-
nents By and Bz can be determined. The total magnetic field equation with the transmission
lines at ±y0 is then:

�B(y, z) = C

⎛
⎜⎜⎝

0
−z

z2+(y+y0)2 +
−z

z2+(y−y0)2

y+y0
z2+(y+y0)2 +

y−y0
z2+(y−y0)2

⎞
⎟⎟⎠, with C =

Iμ0

2π
, (3)

where C is a prefactor depending on the transmission line current.
Figure 5 shows the signal amplitude |�B(y, z)| around the transmission lines for

I = 700 A and y0 = 0.25 m. Figure 6 shows the locations of equal amplitude in the
yz-plane expressed by isolines. The magnetic field contributions of the other two phases
are neglected because the cables are typically at least 2 m apart.

Figure 5. Signal power around the transmission lines.
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Magnetometer

|y0|=0.25m

xG yG

zG

Figure 6. Isolines of the magnetic field describing equal power.

The magnetic field-based navigation of a UAV requires that the UAV can sense the
magnetic field in all spatial directions. It uses this information to determine its relative
position and orientation with respect to the fixed position and orientation of the global
coordinate frame {G}. The flight capabilities allow the UAV to achieve an arbitrary
orientation by rotating the UAV’s body about the z- (blue), y- (green), and x-axes (red) of
the local drone frame Lu for the respective yaw, pitch, and roll angles α, β, and γ. The origin
position of the local frame Lu in {G}, denoted by �pD, also represents the position of the
UAV to be determined. The sensors have predefined positions �pi0 in Lu, where the index i
refers to a particular sensor. Moreover, each magnetometer has its own local coordinate
frame Li. Then, their respective positions �pi = (xi, yi, zi)

T in {G} can be expressed using
the rotation matrix RLu

G (α, β, γ) = Rx(γ) Ry(β) Rz(α):

�pi = RLu
G (α, β, γ)�pi0 + �pD, (4)

Rz(α) =

⎛
⎝ cα sα 0
−sα cα 0

0 0 1

⎞
⎠, Ry(β) =

⎛
⎝cβ 0 −sβ

0 1 0
sβ 0 cβ

⎞
⎠, Rx(γ) =

⎛
⎝1 0 0

0 cγ sγ

0 −sγ cγ

⎞
⎠.

where sx and cx are abbreviations for sin x and cos x needed in the following. From
Equation (3), it can be seen that the position of the UAV along the cables (x-direction)
cannot be determined because the magnetic field does not provide sufficient information.
Thus, only the projections of the magnetometers and the UAV frame origin in the yz-plane
can be computed. The representation of the magnetic field �vi measured by the i-th sensor
at position �pi expressed in {G} then becomes:

�B(�pi) = RLu
G (α, β, γ) RLi

Lu
�vi, (5)

where RLi
Lu

is the user-defined orientation of Li in the UAV body frame Lu and RLu
G is the

orientation of Lu in the global frame {G}. If Li is aligned with {G}, then it is RLu
G RLi

Lu
= I,

where I is the identity matrix. In this case, the sensor measures exactly the magnetic field
given by Equation (3), i.e., �B(�pi) = �vi. The system of three equations in (5) establishes a
relationship between the sensor measurement, sensor position, and UAV orientation. It
is nonlinear and has five unknowns (yi, zi, α, β, γ)T , which are determined in the follow-
ing sections.

2.2. Orientation Determination

In this section, the UAV angles α, β, and γ are derived. As will be shown below,
the calculation is possible without knowledge of the field equation and the transmission
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line current. Three magnetometers were considered. For the following analysis, their
corresponding equations were set up in matrix notation, where 03×3 is a 3 × 3 zero matrix:

⎛
⎝�B(�p1)
�B(�p2)
�B(�p3)

⎞
⎠ =

⎛
⎜⎝

RLu
G RL1

Lu
03×3 03×3

03×3 RLu
G RL2

Lu
03×3

03×3 03×3 RLu
G RL3

Lu

⎞
⎟⎠
⎛
⎝�v1
�v2
�v3

⎞
⎠. (6)

It is obvious that this system of equations is solvable since the rank of the matrix is
nine, which is equal to the number of unknowns. In general, in addition to the three angles,
each row provides two unknowns yi and zi. Now, the UAV’s yaw and pitch angles can be
calculated directly from the two sensor measurements �vl and �vn and the zero field property
(2). With this and the Cartesian unit vector�ex, it follows from Equation (6) that:

0 = (RLu
G RLi

Lu
�vi) ·�ex, i = l, n. (7)

Obviously, this equation does not depend on the sensor positions or the choice of their
local frames. Thus, they can be located anywhere on the UAV and have any local frame.
However, to avoid additional transformations or computational effort, the sensor frames
are aligned with the UAV body frame. Then, the equation system (7) becomes:

0 = cβ cα vlx +cβ sα vly −sβ vlz
0 = cβ cα vnx +cβ sα vny −sβ vnz

(8)

After division by cβ and subsequent subtraction, tan β can be eliminated. Solving the
remaining equation for α leads to:

α = atan

(
vlzvnx − vlxvnz

vlyvnz − vlzvny

)
= atan

(
(�vl ×�vn) ·�ey

(�vl ×�vn) ·�ex

)
(9)

and further with A = tan α to:

β = atan
(

vnx + vny A

vnz
√

A2 + 1

)
= atan

( vlx + vly A

vlz
√

A2 + 1

)
. (10)

The roll angle γ can also be computed by exploiting the zero field property (2).
However, the rotation matrix RLu

G does not in general contain γ in its x-row. Thus, a
different sensor k must have a different local frame Lk in order for the zero to appear in the
y- or z-row containing all three angles. This can be achieved by, for example, placing the
sensor so that it is rotated relative to the UAV body frame Lu by an angle δ about the y-axis,
i.e., it is:

RLk
Lu

= Ry(δ). (11)

Then, from Equation (5), it follows that after applying the coordinate transformation
A = RLu

G RT
y (δ)RG

Lu
, the vector �B(�pk) is expressed in Lu:

�̂B(�pk) = A �B(�pk) = RLu
G RT

y (δ)RG
Lu

RLu
G Ry(δ)�vk,

for δ = π
2 ⇒

⎛
⎝B̂x(�pk)

B̂y(�pk)
0

⎞
⎠ = RLu

G �vk.
(12)

From Equation (12), it follows that the rotation of �B(�pk) for a given angle δ = π
2

around the y-axis of Lu has forced the z-component of the resulting vector �̂B(�pk) to zero:

B̂z(�pk) = 0 = (RLu
G �vk) ·�ez, (13)
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where�ez is the Cartesian unit vector. Then, in a first step, Equation (13) can be written as:

0 = (sγsα + cγcαsβ)vkx + (cγsβsα − cαsγ)vky + cγcβvkz.

Next, the division by cγ forms the tangent function tγ, which can be isolated and
finally solved for γ:

0 = (tγsα + cαsβ)vkx + (sβsα − cαtγ)vky + cβvkz

⇒ γ = atan
( vkysβsα+vkxsβcα+vkzcβ

vkycα−vkxsα

)
.

(14)

The sensor can be placed anywhere on the UAV. However, the result only applies
to the local frame definition in (11). Theoretically, arbitrary local frame definitions can
be chosen, but in this case, there is no zero in any coordinate, and the whole system
of Equation (12) must be solved since the sensor position �pk is unknown. However,
the equations are complicated, and it is questionable whether an analytical solution exists.
The presented formulas are valid if the UAV angles are within the definition range D,
respectively α, β, γ ∈ D = [−π

2 , π
2 ]. The limits of the equations presented are discussed

in Section 3.

2.3. Position Determination

In the previous section, it was shown that the UAV orientation and position computa-
tion can be decoupled into two independent problems. In doing so, it was shown how the
UAV orientation can be computed using the zero field property and without knowledge
of the transmission line currents or the magnetic field equation. This section now deals
with the computation of the respective sensor positions �pi, which are needed to finally
determine the UAV position �pD via Equation (4).

With the decoupling presented, the complexity of the equation system (6) can be
greatly reduced, since by knowing the angles, the right side can be computed and becomes
a simple real-numbered vector. With RLu

G RLi
Lu
�vi = �Vi, the system becomes:

⎛
⎝�B(�p1)
�B(�p2)
�B(�p3)

⎞
⎠ =

⎛
⎝�V1
�V2
�V3

⎞
⎠. (15)

Obviously, the computation of the respective sensor positions is also decoupled. Thus,
to obtain �pD, it is sufficient to solve one of these rows in (15). Then, for a sensor i, the
corresponding row is:

�B(�pi) =

(
By(yi, zi)
Bz(yi, zi)

)
=

(
Viy
Viz

)
= �Vi, (16)

which represents a system of two equations. The components By and Bz describe the
magnetic field in two dimensions in {G} and were obtained by calculating the Biot–Savart
integral (1). This means, on the one hand, that the two equations in (16) are linearly
independent and theoretically allow the determination of the unknowns yi and zi. On the
other hand, the equations are nonlinear, and the question arises whether it is possible to
solve (16) analytically and, if so, how. In this context, there are several approaches, all of
which were investigated in the context of this work. Since the following considerations are
equally valid for all sensors, the subscript i is omitted for simplicity.

The first row in (16) can be solved for one coordinate y or z, which is then inserted into
the second row to compute the other coordinate; and the same in reverse. However, solving
By = Vy for z or Bz = Vz for y in the general form leads to extremely large solutions z(y, Vy)
and y(z, Vz), which contain root terms with eighth-order polynomials as arguments. The
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other two cases, i.e., solving By = Vy for y or Bz = Vz for z, lead to smaller solutions. For
example, from the latter, the four solutions for z follow:

z(y, Vz) = ±√±D(y2, y) + a(y2, y),

with D = 1
Vz

√
4V2

z y2y2
0 − 4CVzyy2

0 + C2y2,

a = −y2
0 − y2 + Cy

Vz
.

(17)

The result y(z, Vy) has the same structure, but is not used, as the easiest final equation
can be found by inserting (17) into B2

y(y, z) = V2
y . With D from (17), it becomes:

Vz(Cy ± D)2(−Vzy2
0 − Vzy2 + Cy ± D)

y2(−2Vzy2
0 + Cy ± D)2

= V2
y . (18)

The equation can in principle be solved for y. However, no suitable substitution could
be found, so that the root terms disappear, and at the same time, a polynomial of a smaller
order than five is obtained. For example, after the substitution with E = Cy ± D, unwanted
y2 expressions still remain in the equation. The square roots can also be eliminated by subse-
quent isolation and squaring. However, this leads to a high-order polynomial. In summary,
it is difficult to impossible to derive an analytical solution only from the equation system
(16). In this context, the idea is to consider the signal power as an additional equation. As
will be shown in the next steps, its combination with (16) leads to a compact analytical
solution, which is derived below: At a given position, the signal power can be calculated
by taking the dot product of the corresponding sensor response �V with itself. This must be
equal to the dot product of �B(y, z) with itself, leading to the following equation:

�V · �V = |�V|2 = �B(y, z) · �B(y, z) ⇒ |�V|2 = 4C2(z2+y2)

z4+y4+(2y2
0+2y2)z2+y4

0−2y2y2
0
. (19)

The most simple equation is found by solving the formula for z2 and inserting it into
Bz(y, z) = Vz. For this, the two solutions for z2 are obtained with P = |�V|:

z2(y, P) = ±2

√
y2y2

0 −
C2y2

0
P2 +

C4

P4 − y2
0 − y2 +

2C2

P2 . (20)

Next, with the positive solution of (20), the equation Bz(y, z2(y, P)) = Vz can be writ-
ten as:

−P4yy2
0+D̂P2y+C2P2y

−CP2y2
0+2CD̂+2C3 = Vz, with D̂ =

√
(P4y2 − C2P2)y2

0 + C4.

Further, D̂ is isolated and squared, which leads to:

D̂2 =
((P4y − CP2Vz)y2

0 − C2P2y + 2C3Vz)2

(P2y − 2CVz)2 .

This eliminates the square root of D̂. After re-substituting and transforming the
equation, the position calculation is reduced to a root-finding problem of a fourth-order
polynomial,

∑4
n=0 anyn = 0, a4 = P8y2

0, a3 = −4CP6Vzy2
0,

a2 = −P8y4
0 + C2P6y2

0 + 4C2P4V2
z y2

0,

a1 = 2CP6Vzy4
0 − 2C3P4Vzy2

0, a0 = −C2P4V2
z y4

0.

(21)

The general analytic root expressions of such a polynomial are extremely large. There-
fore, it is important to make Equation (3) as simple as possible by placing the global
coordinate frame exactly halfway between the transmission lines. In addition, the lines
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should be placed in the xy-plane parallel to the x-axis. Then, with the coefficients an given
in (21), the four large expressions for y are greatly reduced and become:

y = ±
√

P4y2
0+2C2Vz

√
V2

z −P2+2C2V2
z −C2P2

2P2 ±
√

P4y2
0−2C2Vz

√
V2

z −P2+2C2V2
z −C2P2

2P2 + CVz
P2

= S
2P2 +

CVz
P2

(22)

where S represents the two square root addends. The same result is obtained for the
negative solution of Equation (20). Now, in the next step, four different cases can be distin-
guished, all of which lead to a certain class of solutions.

(I) Vy, Vz = 0:

Theorem 1. Two of the y-solutions in (22) can immediately be excluded, because they are complex.

Proof. Vz ≤ |�V| = P, ∀�V ∈ R3 ⇒ √
V2

z − P2 ∈ C. With this, the above square root ad-
dends represented by S can be written as:

S = ±√
a + j b ±√

a − j b,

a = P4y2
0 + (2V2

z − P2)C2, b = 2C2Vz
√

P2 − V2
z .

(23)

Next, the parameters r and ϕ are introduced as:

r =
√

a2 + b2, ϕ = tan−1
(

b
a

)
+ π. (24)

Now, if the addends have a different sign S, this results in:

S = ±√
a + j b ∓√

a − j b = ±√
r ej ϕ

2 ∓√
r e−j ϕ

2

= ±2j
√

r 1
2j (e

j ϕ
2 − e−j ϕ

2 ) = ±2j
√

r sin ϕ
2 ,

whereby the e-expressions are obtained using Euler’s formula.

Applying this procedure for the case of the same sign, the real-numbered and more
compact expressions for y can be derived. Therefore, in a first step, S is determined:

S = ±√
a + j b ±√

a − j b = ±√
r ej ϕ

2 ±√
r e−j ϕ

2

= ±2
√

r 1
2 (e

j ϕ
2 + e−j ϕ

2 ) = ±2
√

r cos ϕ
2 .

The square root addends in Equation (22) represented by S now can be replaced by
this result, leading to:

y1,2 = S
2P2 +

CVz
P2 = 1

P2

(±√
r cos ϕ

2 + CVz
)
, (25)

with r and ϕ according to (24).

Theorem 2. There exist two solutions |y1| = |y2|. One each is in y < 0 and y > 0, respectively.

Proof. The hypothesis is true if the absolute value of the square root addends in Equation (22)
is always greater than C|Vz|P−2.

|±(
√

a+jb+
√

a−jb )|
2P2 > C|Vz |

P2 ⇒ |(√a + jb +
√

a − jb )|2 > (2C|Vz|)2

⇒ ql =
√

a + jb
√

a − jb > 2C2V2
z − a = qr.
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Further, with a, b from (23), it follows for the left and right side:

ql = P8y4
0 + (4C2P4V2

z − 2C2P6)y2
0 + C4P4,

qr = P8y4
0 − 2C2P6y2

0 + C4P4,

⇒ ql − qr = 4C2P4V2
z y2

0 > 0.

(II) Vy = 0 ⇒ P = |Vz|: In this case, the excluded complex solutions must also be
considered, since they become real. Both give the same result y3. The two real solutions
y1,2 can again be obtained from (25) or from the general Equation (22).

y1,2 = 1
V2

z
(±

√
V4

z y2
0 + C2V2

z + CVz), y3 = C
Vz

(26)

|y1| = |y2| = |y3|. One of the solutions lies in the opposite half plane.

(III) Vz = 0 ⇒ P = |Vy|: The solutions are obtained analogous to Case (II).
|y1| = |y2|.

y1,2 = ±
√

V4
y y2

0−C2V2
y

V2
y

, y3 = 0 (27)

(IV) Vy = Vz = 0: If this case occurs, the sensor lies exactly in the origin of the
global frame.

Once the corresponding y is determined, in a final step, z can be calculated from
Equation (20):

z = ±
√
±2

√
(y2 − C2

P2 )y
2
0 +

C4

P4 − y2
0 − y2 +

2C2

P2 , (28)

offering four possible z-solutions, all of which can be real-numbered. There are also situa-
tions where, for a given y, a subset of the z-solutions in (28) can become complex. Therefore,
their use must be treated with caution, especially when the formulas are implemented on a
microcontroller of a real UAV. A safer way is to check the arguments of the square roots.
The argument of the outer square root can be written as:

Ao = ±g + h, h = −y2
0 − y2 +

2C2

P2 , (29)

where g is the inner square root expression. For all solutions y1,2,3 obtained, g ≥ 0 holds,
since they were obtained using the z2-expression (20). Thus, the argument of the inner
square root does not need to be checked. In contrast, Ao can become negative in general
and should be checked to satisfy that the condition Ao > 0 is fulfilled before applying the
square root.

2.4. Selecting the Right Solution

Equation (28) yields four z-solutions for each y-solution of Cases (I)–(IV). Thus, de-
pending on the case, there are up to twelve possible positions in the yz-plane for a given
sensor. For navigation, it is necessary to know which of these points is the correct one.
Finding it is the task of this subsection.

Now, in the first approach, the number of possible positions can be narrowed down by
excluding Cases (II)–(IV). The reason for this is that they can only occur in very few locations
and for a very short time during navigation, which extremely reduces their probability
of occurrence. For example, the solutions of Case (II) all lie on the z-axis. In Case (III),
one solution lies on the y-axis and the other two lie on a circle with a diameter equal to
the distance between the transmission lines, i.e., 2y0. This can be shown by computing
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the radius
√

y2
1,2 + |z2(y1,2)|, where y1,2 comes from Equation (27) and z2 comes from (20).

The case with the lowest probability of occurrence is Case (IV), where the sensor is located
directly at the origin. The locations of Cases (II)–(IV) are summarized in Figure 7 and
shown as black and red lines. Since they are not relevant for navigation and only increase
the implementation effort, they can be ignored. Thus, since only Case (I) is considered,
eight possible positions for a single sensor remain, from which the correct one must still be
selected.

In the next steps, it will be seen that six can be excluded. To do this, some constraints
must be met. As explained in Section 2.1, the sinusoidal transmission line current can
be considered as an equivalent constant current I, i.e., it never changes its direction.
Furthermore, the UAV orientation must not exceed the definition range D from Section 2.2
with α, β, γ ∈ D = [−π

2 , π
2 ]. This would otherwise lead to ambiguities due to the symmetry

of the magnetic field. The details concerning ambiguities are the subject of Section 3. Now,
the idea is to investigate which of the eight remaining positions lead to a match with the
sensor measurement �V, i.e., which positions satisfy Equation (16).

Theorem 3. Given a sensor k that measures �Vk = (Vky, Vkz)
T and has two y-solutions according

to (25) in Case (I), for each of the two values, there are four associated z-solutions according to
Equation (28). However, for each y, there is only one z-solution that leads to a match with �Vk,
i.e., there are only two possible locations in the yz-plane where the sensor can lie.

Proof. Let yk be one of the two y-solutions. Then, it generates the four z-solutions, which
in simplified notation are zn = ±√±g + h, g, h = 0. zn has two outer and two inner signs.
Further, the Bz-component in Equation (3) has a z2-addend in the nominator as the only
z-dependency, so it can be written as Bz(yk, z2). Now, if for zl = ±√

g + h, it follows that:

Bz(yk, z2
l ) = Bz(yk, g + h) = Vkz,

then with g + h = −g + h:

Vkz = Bz(yk, g + h) = Bz(yk,−g + h),

because Bz(yk, z2) is strictly monotonous. This means, that only one of the inner signs of
zn leads to a match with Vkz. This fact is independent of the outer sign. Once the inner
sign is known, similarly, the By-component in Equation (3) can be analyzed. Therefore, let
z2

m = g + h lead to a match with Vkz. Now, if By(yk, zm) = Vky, then By(yk,−zm) is:

C
( −(−zm)

z2
m + (yk + y0)2 +

−(−zm)

z2
m + (yk − y0)2

)
= −Vky. (30)

As shown in the last step, only one of the outer signs of zn can be the correct one, leading
to a match with Vky.

In summary, there are only two possible locations for a single sensor, so that
Equation (16) is satisfied. With the constraints defined above, another fact follows from the
proof. It is needed for the consideration of the ambiguities in Section 3.

Corollary 1. The sign of Vy of the sensor response �V with respect to the global frame {G} depends
only on the half plane z > 0 or z < 0 in which the sensor is located.

Consequently, both solutions are always in the same half plane. By Theorem 2, one
lies in y < 0 and the other in y > 0. An example is given in Figure 7, which shows the
solutions as bold dots.
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Figure 7. Two remaining positions of a sensor.

Since both points must be in areas with the same direction of the magnetic field lines
to satisfy Equation (16), one is outside the circle and one is inside. Of the two remaining
sensor positions that match �V, one must still be excluded. By considering only a single
sensor, it is impossible to determine the correct one. However, in the following, multiple
sensors are considered instead, which provide much more information through which a
whole set of correct sensor positions can be selected.

The idea is as follows. On the one hand, the user-defined positions �pi0 of N sensors
form an original polygon in the yz-plane of the UAV frame Lu. It has a fixed geometric
structure Su like a fingerprint. On the other hand, the two positions �pi1,2 computed for each
sensor can now be combined into 2N polygons in the global frame {G}. Finally, the one
that matches the structure Su is selected. Therefore, before comparison, each polygon
must be transformed back to Lu using Equation (4). However, this is not possible since
the UAV position �pD must already be known for this. One way around this problem is
to choose a different reference point. For example, all polygons are shifted so that their
upper left corner appears in the origin of {G} before comparison. What is important here
is that the original polygon is first transformed to {G}. Its new geometric structure SG
can be computed using the known UAV orientation and �pi0 via Equation (4) with �pD =�0.
Then, its upper left corner is moved to the origin. The other polygons obtained from the
sensor measurements are already representations with respect to {G}, so their upper left
corner only needs to be shifted to the origin. The shift is allowed since it does not affect the
polygon geometry. Finally, the comparison can be done using the least- squares estimation.
Here, the deviation of the corresponding polygon nodes is squared and added up. The
polygon with the smallest sum best fits SG and is selected. From each of its nodes, the UAV
position �pD can then finally be computed using Equation (4). It is recommended to place
the sensors in the yz-plane of Lu so that they span an area as large as possible. This allows
for better polygon detection, since during the aerial manipulation, the roll and pitch angle
of the UAV will typically have a rather small misalignment with respect to the global
frame {G}. The polygon detection method proposed here was successfully tested. The
implementation details and test results are presented in Section 4.

3. Ambiguities

3.1. Ambiguities Due to Field Symmetry

An ambiguity exists if all of the UAV’s sensors show the same output in at least two
different locations. Under the condition of equivalent static transmission line current,
several cases can be identified, which are shown in Figure 8.
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Figure 8. Ambiguities due to field symmetry.

In the lower left, the real position of the local frame Li of the i-th sensor is shown. The
UAV can now change its flight direction and additionally be above the transmission line in
Case (a). The sensor output would be the same. In Case (b), the whole UAV is rotated by
angle π around the x-axis. Here, since the magnetic field is mapped to itself, the sensor
will again measure the same. In this case, the UAV is flying on its back.

3.2. Ambiguities Due to Signal Symmetry

As introduced in Section 2.1, transmission lines carry an alternating current. In ad-
dition to improved filtering capabilities, this also introduces a number of ambiguities
in navigation, as shown below. The magnitude and sign of the three field components
measured by a three-axis magnetometer can be determined in the time domain from the
samples. For this purpose, a method was proposed in [24], which is beyond the scope
of the present paper. It is taken as given for the following considerations. For example,
a sensor with the sample values depicted in Figure 9 would yield the measured value
�v = (1 mT,−200μT,−500μT)T .

Figure 9. Sample values of a magnetometer.

However, a half period later, the signals in Figure 9 appear shifted, and the signs of the
individual field components change; i.e., the sensor now measures −�v. Since technically,
only signal amplitudes are used, it is as if the equivalent static current I changes its direction
every half period. A direct consequence of this fact follows from Corollary 1. Under the
defined constraints in Section 2.4, it allows detecting whether the UAV is flying under or
above the transmission lines, since the sign of the measured y-components Viy in the global
frame depends only on which half plane z > 0 or z < 0 the sensors are located. However,
since the direction of I changes cyclically, this is no longer possible without additional
detection methods, since Viy also changes sign. Such a detection could be realized, for
example, by comparing the signal energy of several sensors. This could exploit the fact
that the closer the sensor is to the cables, the higher the energy is. However, this is beyond
the scope of this paper. The fact that it is impossible to uniquely determine the sensor
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position can even be seen directly from Equation (25). It contains the prefactor C, which, as
shown in (17), depends on the current; thus, it can be C > 0 or C < 0, leading to different
solutions. Furthermore, the whole approach proposed in Theorem 3 to narrow down the
solutions no longer works.

3.3. Resolving the Ambiguities

If no additional electronic means are to be used, the ambiguities can be resolved as
suggested in [15], where an electric vehicle approaches the inductive charging coil of a
parking lot. In the case of using only two magnetometers, it never knows whether the
coil is in front or behind it. The vehicle therefore assumes that the coil is always in front
of it or that the driver is always moving ahead of the parking space. In the same way,
concrete constraints for the navigation of a UAV must be defined and passed to it as a
priori knowledge. These are:

1. The equivalent static current I always flows away from the UAV towards that end of
the transmission line to which the UAV is looking; i.e., I > 0 ⇒ C > 0.

2. During the navigation, the UAV always remains under the transmission lines, i.e., in
z < 0.

3. The UAV angles never exceed the definition range D, so that α, β, γ ∈ D = [−π
2 , π

2 ].
This means that the UAV never makes large turns and never flies on its back.

Furthermore, a selection criterion for the measured values must be established. This is
because, as mentioned earlier, the sign of the measurement �vi of the sensor i changes with
each half period. It must now be decided which is the correct one. The selection criterion
can be derived from the above constraints. With C > 0 and z < 0 from Conditions (1) and
(2), it follows from the right-hand rule that the magnetic field always has a positive y-
component, i.e., By(y, z) > 0. This can also be shown directly with Equation (3). Moreover,
according to Theorem 3, this circumstance never changes as long as the UAV remains in
the half plane z < 0 and as long as Constraint (3) is not broken. Using Equation (5) and the
Cartesian unit vector�ey leads to the necessary selection criterion:

(R�vi) ·�ey > 0. (31)

If �vi does not satisfy (31), −�vi does, and vice versa. Only one sign can be a match.
Direct comparison of the signs of �viy and By(yi, zi) is not allowed, since from By(yi, zi) > 0,
�viy > 0 does not necessarily follow. The last point to be clarified is the orientation of the
UAV. Since the rotation matrix in (31) is used, it must be ensured that the angles can be
computed independently of the direction of I.

Theorem 4. Given two sensors i and k with equally aligned local frames and fixed locations
�pi = �pk, as long as their measurement values �vi and �vk are obtained from the same signal period,
the yaw angle α and pitch angle β are independent of the direction of the static current I.

Proof. Referenced to the same time interval containing a whole signal period, the sensors
measure�vi,�vk =�0. Half a signal period later, when both measurements are calculated from
the same new time interval and the sensors have not moved, the sign of the measurements
is reversed. Then, the cross-product in Equation (9) for the yaw angle becomes −�vi ×−�vk.
Now, by applying the rule (r�a)×�b =�a × (r�b) = r(�a ×�b), it follows that:

−�vi ×−�vk = (−1)2(�vi ×�vk) = �vi ×�vk.

Since the direction of the static current obviously has no effect on the cross-product,
the result for the yaw angle also remains unchanged. Flipping the signs of the field
components in Equation (10) for the pitch angle leads to:

−vkx − vky A

−vkz
√

A2 + 1
=

vkx + vky A

vkz
√

A2 + 1
, A = tan α.
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The direction of the static current obviously also has no influence on the pitch angle.

Equation (14) for the roll angle γ uses the measurement from only one sensor as the
input. Thus, it is also independent of the sign of I. In summary, the sign of I does not affect
the orientation as long as the measurements are referenced to the same time interval of the
corresponding signal.

4. Simulation Results

In this section, the presented equations for determining the UAV position and orienta-
tion are tested in the context of a software-in-the-loop (SIL) simulation.

4.1. SIL Design and Test Procedure

The SIL simulation was implemented in MATLAB and cyclically ran through a spec-
ified flight trajectory created with the Gazebo tool. Each waypoint of the trajectory is
represented by a vector (yD, zD, α̂, β̂, γ̂)T , which describes the position and orientation of
the local UAV frame Lu with respect to the global frame {G}. From this, the SIL computes
the positions of the virtual sensors i and the corresponding magnetic measurements �vi
with respect to the local sensor frame Li in each run. For this purpose, Equations (4) and (5)
were used, where the rotation matrix was used according to the convention in Gazebo,
i.e., R̂LU

G = RT
x (γ̂)RT

y (β̂)RT
z (α̂). This corresponds to the transposed version of the definition

used in this paper, i.e., R̂LU
G = (RLu

G )T . In order for the angles α, β, and γ obtained in the test
run to be compared later with the Gazebo angles α̂, β̂, and γ̂, they must first be converted
at the end of each run. This is done automatically by the SIL. To calculate the measured
values �vi, the SIL assumes that there is a transmission line system with the arrangement
described in Section 2.1; i.e., the cables are in the xy-plane at −y0 and y0. The SIL then
passes the computed �vi as the input values to the test procedure, which verifies the entire
method described in this publication. The test procedure uses the constraints defined in
Section 3.3 for navigation as a priori knowledge. It is called cyclically from the SIL until all
waypoints on the flight trajectory have been passed and is divided into the following steps:

1. Select the correct sign for the measurement values �vi according to the selection cri-
terion (31) (the SIL skips this step because it always calculates with the equivalent
static current).

2. Calculate the UAV angles using Equations (9), (10) and (14) for all possible sensor
combinations and calculate the average. The results are ᾱ, β̄, and γ̄.

3. Filter out the outliers by applying the moving median filter to the last 10 calculated
values of each angle.

4. Calculate the measurement values �Vi referred to the global frame {G} via
�Vi = RLu

G (ᾱ, β̄, γ̄) RLi
Lu
�vi from Equation (6). Calculate the signal powers Pi = |�Vi|.

5. Calculate the y-coordinates yi1 and yi2 using Equation (25).
6. Select the correct signs in Equation (28) using the Theorem 3 in order to reduce the

amount of possible z-solutions and calculate the z-coordinates zi1 and zi2.
7. Calculate the nodes �pi,e of the original polygon referred to {G}. They are calculated

from the user-defined sensor positions �pi0 in Lu and the orientation of the UAV in
{G}, i.e., �pi,e = RLu

G (ᾱ, β̄, γ̄)�pi0. Shift the resulting polygon so that its upper left corner
appears in the origin of {G}.

8. Calculate from the determined sensor positions �pi1,2 all possible polygons and shift
them so that their upper left corner appears in the origin of {G}. The nodes of the
k-th polygon are represented by �pi,k.

9. Compare all polygons with the original one. Therefore, first calculate the sum Uk of
the least-squared errors of the corresponding polygon nodes with:

Uk =
N

∑
i=1

(�pi,e − �pi,k)
T(�pi,e − �pi,k), (32)
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where N is the number of nodes, respectively sensors. Choose the polygons of the
two smallest sums. Finally, choose one out of these two whose perimeter most closely
matches that of the original polygon.

10. Calculate the UAV position from the found polygon for each node using Equation (4),
i.e.,

�pD,i = �pi,k − RLu
G (ᾱ, β̄, γ̄)�pi0.

Take the average of all �pD,i as the UAV position �pD.
11. Filter out the outliers by applying the moving median filter to the last 10 calculated

positions.
12. Convert the angles to Gazebo angles.

If the entire trajectory has been run through by the SIL, the specified and actual
position are output graphically. The same goes for the angles. The software offers several
configuration parameters. These are:

1. Strength of the current I
2. Position of the transmission lines ±y0
3. Number of sensors
4. Sensor positions in Lu
5. The SIL can simulate white noise that is superimposed on the magnetic measurements

�vi. For this, the standard deviation σ can be set.
6. The flight trajectory can be shifted in the yz-plane in order to test the algorithms, both

close to and further away from the transmission lines.

4.2. Test Parameters

The test cases and the associated results are presented below. If not otherwise stated,
the following configuration is used:

• Transmission lines: y0 = 0.25 m, I = 700 A
• Two sensors aligned with Lu. Their positions in Lu are:

�p1 = (0.05m, 0.2m,−0.05)T , �p2 = (0.05m,−0.2m,−0.05)T .

• Two sensors rotated by 90◦. Their positions in Lu are:

�p3 = (0.05m, 0.2m,−0.25)T , �p4 = (0.05m,−0.2m,−0.25)T .

In the previous publication [25], it was shown that the electric motor of a small 1:5
scale electric toy car can produce stray magnetic fields of several μT; especially when the
vehicle accelerates. The reason for this is that inadequate magnetic shielding measures
are often taken in technical installations. The supply lines of electronic components with
high power requirements can therefore emit strong magnetic interference fields. Since the
UAV was also equipped with several electric motors, the test cases were performed with
different standard deviations σ of the white noise. A value of 1μT was assumed for the
case of good shielding and 8μT for poorly shielded electric motors. These were realistic
values based on the measurements in [25] and took into account that the UAV may have
multiple electric motors.

4.3. Test Results

Figure 10 shows the localization results using the derived equations and the proposed
polygon detection method.
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Figure 10. Localization quality, good shielding: σ = 1μT.

The flight started at the arrow in the indicated direction, with the UAV flying one
lap under the transmission lines. As was to be expected, good shielding allowed more
precise navigation. The quality of localization was obviously very high with a magnetic
noise standard deviation of σ = 1μT. The mean deviation from the specified flight path was
21 mm, with a maximum error of 54 mm. The standard deviation of the roll angle error
was 0.4◦, and its mean was very close to zero, around 0.025◦. Only the roll angle is shown
here, as it had the largest values since the UAV moved almost exclusively in the yz-plane
in the simulation.

Figure 11 shows the localization results for the case where poorly shielded electrical
drives in the UAV produce magnetic noise with a standard deviation of σ = 8μT.

Figure 11. Localization quality, poor shielding: σ = 8μT.

Despite the high magnetic interference, the navigation worked very well near the
transmission lines due to the high signal-to-noise ratio (SNR). The deviations increased
with greater distance from the transmission lines. Figure 12 shows the deviation from the
specified flight path and the specified roll angle for each waypoint.
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Figure 12. Path and roll angle errors, poor shielding: σ = 8μT.

The mean deviation from the specified flight path was 41 mm, where the maximum
error was 221 mm. The mean deviation from the specified roll angle was −0.22◦, where
the maximum error was 12.3◦. The standard deviation of the roll angle error was 2.96◦.

Figure 13 shows the localization results for the same noise standard deviation of
σ = 8μT when only three sensors were used, i.e., Sensor 4 at �p4 was excluded.

Figure 13. Localization quality, three sensors, σ = 8μT.

The mean deviation from the specified flight path was 91 mm. In areas far from the
transmission lines, as in this case, very strong outliers could occur occasionally, so that the
maximum error was now about 2260 mm. The outliers occurred very frequently compared
to the case with four sensors, as demonstrated by repeated experiments. These were not
due to an incorrect calculation of the UAV position, but to an incorrect detection of the
polygons. These were extremely distorted by the strong magnetic interference and could
therefore hardly be distinguished from each other. This was to be expected, because the
more sensors were used, the higher the noise immunity was. In practice, the UAV would
carry out aerial manipulations in the vicinity of the transmission lines and would therefore
be in an area with a high SNR. Therefore, it may also be possible to use only three sensors,
as shown in Figure 14. The UAV started its flight near the transmission lines and then flew
between the lines. Only when it then moved away did strong outliers occur. Repeated tests
always led to the same result.
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Figure 14. Localization quality close to the transmission lines and far away, three sensors, σ = 8μT.

In the tests, a current of 700 A was assumed. It should be mentioned that the quality
of the localization depended on the current strength in the transmission lines. This in turn
depended on the per capita energy consumption of the residents, which may vary from city
to city. Thus, for completeness, Figure 15 shows additionally the same case as Figure 10
with a low transmission line current of 100 A.

Figure 15. Localization quality in the case of low transmission line current of 100 A, four sensors,
σ = 1μT.

5. Discussion

As mentioned in Section 3.2, in a real transmission line system, it is difficult to detect
whether the UAV is located below or above the cables without additional detection mecha-
nisms. This is only possible in Figure 14 because the SIL calculated with a static equivalent
current and was only used in the context of the tests.

In this paper, transmission lines were modeled as perfectly straight cables, which
may not be the case in real-world circumstances. Transmission lines, for example, hang
downward, thus forming more of a curved line. Even though the radius of this curve is
very large, the influence on navigation accuracy should be investigated in a further work.
In UAV indoor navigation applications, this problem does not occur because the cables are
shorter and can be routed to fit the straight line model.

Furthermore, the magnetic field contributions of the other two phases of the three-
phase system were neglected, since they are typically at least 2 m away from the phase
under consideration. This should also be investigated in more detail in a further study in
the context of transmission line navigation.

Finally, the magnetometers should be as far away as possible from ferromagnetic
materials that may be in the UAV; otherwise, they may affect the sensor readings.

6. Conclusions

In this work, it was demonstrated that UAV navigation is possible in the magnetic
field of two long parallel conductors. In this context, equations were derived to be able to
calculate the UAV orientation analytically. It was shown that only three magnetometers
are needed for this purpose and that neither the current, nor the magnetic field equations
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need to be known. Furthermore, it was shown that combining the magnetic field equation
with the magnetic energy equation leads to analytical solutions for the calculation of the
sensor position. This results in 16 possible positions for a single sensor, from which the
correct one must be determined. For this purpose, theorems were derived, which can be
used to exclude 14 of the 16. The last two remaining positions are not distinguishable.
However, it was shown that considering multiple sensors allows a whole set of correct
positions to be selected. Here, the positions were combined into a number of polygons in
the yz-plane, from which the one most similar to the original polygon was selected. This
can be determined from the known orientation and the user-defined sensor positions in
the local UAV frame. This ultimately led to a unique determination of the correct sensor
positions and hence the UAV position. All equations, as well as the polygon selection
method were successfully verified for different noise.
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Abstract: The power grid is an essential infrastructure in any country, comprising thousands of
kilometers of power lines that require periodic inspection and maintenance, carried out nowadays by
human operators in risky conditions. To increase safety and reduce time and cost with respect to
conventional solutions involving manned helicopters and heavy vehicles, the AERIAL-CORE project
proposes the development of aerial robots capable of performing aerial manipulation operations
to assist human operators in power lines inspection and maintenance, allowing the installation
of devices, such as bird flight diverters or electrical spacers, and the fast delivery and retrieval of
tools. This manuscript describes the goals and functionalities to be developed for safe local aerial
manipulation, presenting the preliminary designs and experimental results obtained in the first year
of the project.

Keywords: aerial manipulation; inspection and maintenance; power lines

1. Introduction

The power grid is one of the most extended and critical infrastructures in any country,
comprising thousands of kilometers of power lines that require periodic inspection and
maintenance (I&M) to ensure continuous service, despite the diverse factors that may affect
correct operation. Adverse climatic conditions (i.e., rain, wind, snow), vegetation growth,
and the impact on the bird species in the environment are some typical problems faced
by companies responsible for its management and maintenance, involving a significant
economic investment due to the vast extension of this infrastructure. Not only that, but
the high altitude (15–50 m) and high voltage (15–500 kV) of the power lines make them a
highly risky workspace for human operators, who must follow strict safety protocols [1]
and use special clothes [2], which reduce the effective operation time and the feeling of
comfort in the realization of manipulation tasks. The installation of devices, such as bird
flight diverters or electrical spacers, such as those shown in Figure 1, is an illustrative
example of an operation that requires the transportation and deployment of the worker
on power lines. As indicated in [1], different methods and tools can be considered for
positioning the personnel on the points of interest, including non-conductive ropes, bucket
trucks, or manned helicopters.

The development of aerial manipulation robots in the last decade [3–5] has been
motivated by the ability of these platforms to easily and quickly reach high altitude work
spaces and conduct diverse operations involving physical interaction with the environment,
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demonstrating their application in contact-based inspection in chemical plants [6] and
bridges [7], the installation of sensor devices [8,9], valve turning [10] and other torsional
operations [11]. In this sense, the use of aerial manipulation robots are particularly useful
to install devices, such as the ones shown in Figure 1, avoiding risk for human operators
while reducing the time required to reach the points of interest. However, some new
challenges arise. First, the electrical interaction between the high voltage power line and
the aerial robot, considered a floating conductor [12], should be investigated to avoid
possible malfunctions due to electrostatic discharge [13] or magnetic noise. Second, the risk
of collision of the aerial robot with the transmission line conductors, especially outdoors,
where the wind gusts may be significant, makes convenient the use of long-reach [8] or
cable-suspended [14,15] configurations to increase the separation distance between the
manipulator and the aerial platform. Third, the manipulator should provide a sufficient
level of dexterity and force to install the mentioned devices, taking into account that these
are intended for human operators.

Figure 1. Three devices typically installed on the power lines.

This paper proposes the application of aerial manipulation robots for the installation
of bird flight diverters and electrical spacers on power lines, presenting the preliminary
designs and results derived from the first year of the AERIAL-CORE (AERIAL COgnitive
integrated multi-task Robotic system with Extended operation range and safety) H2020
project [16]. The paper describes the technological solutions under development, including
prototypes of arms and end effectors, methods for safe and accurate aerial manipulation,
and augmented human–machine interfaces. The paper analyzes first the requirements and
functionalities of the system from an illustrative scenario, identifying later the effects of
the high voltage/current of the power line on the aerial robot. The paper aims to provide
a wider perspective of the problem and the possible solutions, considering the different
approaches followed by the authors.

The rest of the paper is organized as follows. Section 2 introduces the current proce-
dures in the inspection and maintenance of power lines with a focus on the installation
of devices based on the requirements and functionalities. Section 3 analyzes the electro-
magnetic effects of the power lines on the aerial manipulation robot. Section 4 presents the
preliminary designs of arms and end effectors for the installation of the devices, whereas
Section 5 is devoted to the methods for safe aerial manipulation. Section 6 describes the
human–aerial robot interaction, comprising augmented cognitive human–machine inter-
faces intended to facilitate the aerial manipulation operation, and the use of long-reach
aerial manipulators for fast and safe tool delivery to the operators. Finally, the conclusion
and future works are summarized.
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2. Procedures in the Inspection and Maintenance of Power Lines

In this section, an overview of the inspection and maintenance procedures is provided
along with a set of system functionalities to be implemented by the aerial manipulation robots.

2.1. Power Lines Inspection

The inspection and maintenance of power line assets are of great importance to ensure
that the infrastructure can deliver electricity to millions of inhabitants, while maximizing
the operational life of the lines before replacement is required. The task of power line
inspection is undertaken through various approaches [17]. The most common approach
is to use a helicopter to transport a photographer within proximity of the line, taking
high-resolution photos for further analysis. Unmanned Aerial Vehicles (UAVs) are also
used by technicians to inspect faults and areas of importance. In both cases, pilots and
technicians require special training and permissions to complete the inspection. Even
though UAVs are faster, more accurate, and cost-effective, the working range for UAVs
is limited to the pilot’s visual line of sight. To overcome this limitation, onboard sensors
and navigation algorithms are embedded into the UAVs to enable the system autonomy to
inspect cables, beyond visual line of sight (BVLOS) [18,19].

2.2. Installation of Devices on Power Lines

The aerial manipulators developed in the AERIAL-CORE project (see Section 4) are
intended to conduct the installation of the three devices illustrated in Figure 1: the clip-type
bird diverter, the helical bird diverter, and the electrical spacer. Although the particular
devices employed in each country or region may vary according to the local regulation or
available manufacturers, the mechanisms employed to attach these to the power lines are
similar between the different models. Nowadays, the installation operation is carried out
by human workers employing elevating work platforms or manned helicopters to reach
the points of interest. Some solutions with rolling robots [20,21] and multirotors [22] have
been already demonstrated. To identify the most suitable solution according to the features
of each device, Table 1 summarizes the associated operations and requirements for the
corresponding manipulator. The clip-type bird diverter is installed, exerting a relatively
high pushing force (around 200 N) over the device once the line is introduced in the slot
up to the circular hole that crosses the plastic body of the device. The helical bird diverter
requires dexterous bimanual manipulation capabilities, given the geometry of the device
and the complex installation procedure [23]. In this case, a human-like and human-size
dual-arm system results in a particularly suitable solution since it allows to replicate in an
intuitive way the movements of the operators. As occurs with the clip-type bird diverter,
the installation of the electrical spacer requires the design of a specific manipulator that
holds the main body of the device along with the two clamps and the screws, which should
be also screwed automatically with a screwdriver mechanism. The manipulator is attached
to the multirotor platform, exploiting the yaw control to achieve an adequate orientation
when it is introduced between the two cables.

Table 1. Procedure for the installation of the different devices.

Device Operation Manipulator Main Requirement

Clip-Type Insertion/pushing Linear actuator High force (>100 N)

Helical Grasping and rolling Dual arm Dexterity, human-size

Electrical spacer Screwing Screwdriver Support screw/nut

2.3. Requirements and Functionalities

In order to perform the installation of devices on the power line using aerial robotic
manipulators, the following main system requirements have been identified:
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1. Installation of clip-type bird diverters, helical bird diverters, and electrical spacers.
These are the target devices on which the solution design is focused.

2. Landing and takeoff from the power line. This allows an increment in the accuracy of
the manipulation since the robot can operate with its base fixed on the cables.

3. Locomotion along power lines using the cables. In this way, the installation of several
devices along a segment of the power line can be simplified, avoiding continuous
landings and take-offs and improving energy efficiency.

4. Compatibility with the live-line operation. Cut-offs of the energy transmission during
I&M tasks on power lines entail high costs due to the supply losses and should be
planned to mitigate their effects. For this reason, these cut-offs should be avoided.

5. Autonomous installation of devices. The installation of devices, such as clip-type
bird diverters, can become repetitive and relatively easy. Consequently, it should be
automated to speed up the process and to reduce the operator workload.

6. Teleoperation capabilities for manipulation. In contrast to the previous requirement,
the helical bird diverters require complex interaction with the power line that can be
difficult to automate. In this case, teleoperation methods can be applied to achieve
better performance by introducing the human in the loop.

7. Cognitive safe aerial manipulation. During the approaching phase to the power line
and when operating around it, potential obstacles, such as trees, electric towers, or
cables can be present and the associated collision and entrapment risks should be
detected and mitigated.

According to the previous requirements, the developed solution should incorporate
the functionalities listed below:

1. Task-oriented end effectors. The use of end effectors specially designed for the
manipulation of a specific device leads to a more effective operation.

2. Dual-arm manipulation capabilities. Devices such as helical bird diverters are rela-
tively large and difficult to manipulate due to their elasticity, so a dual-arm system is
more adequate to perform their installation.

3. Manipulation with force interaction. The installation of devices involves the applica-
tion of high forces to attach them in a reliable way to the power line. Since this can
be critical, particularly if the robot is flying, the aerial manipulator and its control
strategy need to be designed carefully.

4. Aerial manipulation with extended locomotion. The aerial manipulator can integrate
a rolling base that allows movement along the power line once the robot has landed
on it. In this way, flight segments can be substituted by rolling segments on the line,
whose energy consumption is lower.

5. High-voltage-tolerant design. The electric and electromagnetic fields associated with
the high voltage and current of the power line can disturb the robot electronics.
Consequently, the robot design needs to deal with this difficulty.

6. Planning system for the installation of devices on power lines. The efficient instal-
lation of many devices in terms of time and energy requires the use of mission
plans computed according to the particular characteristics of both the robot and
the environment.

7. Autonomous navigation and manipulation. In order to autonomously install devices
on power lines, the aerial manipulator needs to detect the power line, estimate its
relative position, and apply the proper hybrid position/force control techniques.

8. Augmented cognitive human–machine interface. The aerial manipulator will incor-
porate a module that allows an operator to easily operate it from a ground control
station in order to perform and supervise the installation of complex devices.

9. Obstacle detection and avoidance. Thanks to perception sensors installed onboard
the aerial manipulator, the different obstacles in the operation area will be identified,
and the robot trajectory will be locally modified to avoid them.
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3. Effects of Power Lines on Aerial Manipulators

Power transmission lines generate magnetic and electric fields in their environment.
The magnetic field strength depends on the current flowing through the conductor, while
the electric field strength depends on the voltage. Both fields can affect the aerial manipula-
tor operating near the power line.

3.1. Effects of the Magnetic Field

Power line can be seen as a thin straight long conductor, which generates the magnetic
field proportional to the current flowing through it:

B =
μ0 I
2πr

(1)

where I is the current flowing through the conductor, B is the magnetic field strength, r is
the distance from the conductor and μ0 is the permeability of vacuum.

The magnetic field isomagnetic lines of a single conductor are circular (Figure 2),
centered on the conductor, and their direction is determined by a right-hand rule. With
two or more conductors, the magnetic field becomes more complex.

Figure 2. Magnetic field around the long straight conductor.

The typical current flowing through the power line conductor is an alternating current
with a frequency of 50 or 60 Hz and with the strength of several hundred amperes. It
generates a strong alternating magnetic field with the same frequency as the current. In
such a setup, at a distance of less than 1 m from the power line, the magnetic field strength
is stronger than the earth’s magnetic field, rendering the information from the drone’s
on-board compass useless.

On the other hand, since the idea is to perform operations on the power line, the
magnetic field generated by the current flowing through the conductors can be used for
precise localization with respect to the power line. We explored this approach in [24],
where the position of the drone with respect to the two-wire power line was calculated,
using measurements from magnetometers mounted on the drone. Here, we present an
analytical solution derived from the nonlinear magnetic field equations that promises low
computational time. To determine the orientation of the drone with respect to the power
lines, only three magnetometers are needed, and neither the current nor the magnetic
field equations need to be known. It was shown that an analytical solution for calculating
the drone position can be determined by combining the magnetic field equation with the
magnetic energy equation.

3.2. Electrostatic Discharge

Preliminary flight tests were conducted in the context of the AERIAL-CORE project [25] in
order to identify possible malfunctions of an aerial manipulation robot interacting with a
live power line, taking into account that the installation procedures described in Section 2.2
involve the potential risk of crash and entrapment due to the proximity with the cables.
The experiments revealed that the multirotor platform can be severely affected by the
electrostatic discharge (ESD) due to the high voltage difference between the power line and
the robot, whose charge increases as it approaches to the power line due to the capacitive
coupling [12]. The ESD event is triggered when the electric field between the two bodies
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(the power line and the aerial robot) exceeds the breakdown strength of the air, causing
a charge transfer between them that equalizes the electric potential. This ESD current
is introduced through the robotic manipulator and propagated through the wires and
conductors of the different on-board electronic components, reaching the autopilot and
electronic speed controllers (ESC). Although these components were not damaged in the
realization of the tests, the ESD caused the crash of the platform, due to the perturbation
introduced in the PWM (pulse width modulation) signal taken as input by the ESC of the
propellers. This fault is particularly critical in platforms that integrate ESCs with active
brakes, which is a common feature in many commercial multirotors, causing a sudden
stop of the rotors when the PWM signal presents irregular pulses. In order to overcome
this problem, two solutions were investigated in [25]: shielding the aerial manipulator to
prevent the entry of the ESD, and insulating electrically the manipulator from the aerial
platform to prevent its propagation.

4. Arms and End Effectors for Aerial Manipulation

4.1. Aerial Manipulation Platforms

According to the requirements and functionalities identified in Section 2.3, four dif-
ferent aerial robotic manipulators are developed to perform the installation of the devices
shown in Figure 1. These are the Main Local-Manipulation Platform (MLMP), the De-
ployable Manipulator with Carriage (DM-C), the Linear-Actuator Platform (LAP), and the
Dual-Arm Platform (DAP). Figure 3 depicts these platforms.

Figure 3. Aerial manipulation platforms: Main Local-Manipulation Platform (MLMP), Deployable Manipulator with
Carriage (DM-C), Linear-Actuator Platform (LAP), and Dual-Arm Platform (DAP).

The MLMP platform is a multi-purpose aerial manipulator conceptually designed
for the efficient installation of devices after landing on the power line and moving along
it, using a rolling system inspired by [26]. This approach combines the benefits from
rolling [20] and aerial solutions [22] into a compact system. To reach the stability required
to operate on the cables, the mass is distributed in such a way that the center of mass is
located below the cables. This aerial manipulator is endowed with a robotic arm with
interchangeable end effectors that can be used for the teleoperated installation of clip-type
bird diverters and electrical spacers. Nevertheless, opposite to other specialized solutions,
such as [22], its multi-purpose design makes the MLMP platform suitable for other I&M
tasks on power lines.

The DM-C platform was conceived as an alternative to the MLMP. The main idea is
to keep similar capabilities while allowing the decoupling of the aerial platform to the
manipulator and the rolling system. Thus, the rolling manipulator can be deployed on
the power line for the installation of devices. Simultaneously, the aerial platform can be
used to provide devices from a supply point and to assist the rolling manipulator in aerial
transitions between different segments of the power line. With this novel approach, the
robot complexity increases but the installation of many devices can be addressed faster and
with more efficient use of the whole system.

The LAP platform is devoted to the fast and autonomous installation of clip-type
bird diverters on flight. In contrast to the few state-of-the-art solutions available for the
installation of bird diverters while flying, the LAP platform allows the application of high
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forces during installation, without the need to use a heavy aerial vehicle. Hence, the
installation mechanism consists of a high force (up to 90 kg) linear actuator that exerts a
pushing force directly on the device, which is held by a clamp mechanism that transmits the
reaction forces to the power line, isolating in this way the aerial platform. This manipulator
is attached to an aerial platform on its bottom part through a passive spherical joint that
avoids the propagation of wrench disturbances from the mechanism to the aerial platform
during the realization of the operation on flight.

The DAP platform is intended to install helical bird diverters for the first time on flight,
using aerial robots. Due to the complexity in the manipulation of these large and flexible de-
vices, this robot makes use of a teleoperated dual arm in the long-reach configuration [8,27],
replicating the dexterous manipulation capabilities of human operators. Similarly to the
LAP platform, the long-reach manipulator is attached to the aerial platform through a
passive revolute joint that reduces the disturbance transmission. Moreover, the long-reach
feature offers two main advantages. Firstly, it increases the safety distance between the
manipulation area and the robot propellers, which reduces collision risks. Secondly, it acts
as an electrical insulator for the aerial platform because the link is made of PVC. Thus,
after placing the main system electronics on the aerial platform, high-voltage physical
interaction with the power line is possible.

4.2. Design of End Effectors for Holding/Grabbing and Manipulation

The devices shown in Figure 1 are commercially available and intended for installation
on the power lines by human workers. To overcome this, new types of end effectors need
to be designed to enable the autonomous installation of these devices. Typically, in this
scenario, there are two main functions of end effectors: holding/carrying the devices to be
installed, and fixing them to the power line. The installation procedure depends on each
particular device, as mentioned in Section 2.2. This can be done by applying sufficient force
(clip-type), twisting the device around the power line (helical), or tightening the screw on
the device (electrical spacer). After the device is fixed to the power line, the end effector
must be released and detached from the installed device.

The two main functions of end effectors can be achieved by two individual end
effectors, e.g., one end effector holds and carries the device to be installed, and the other
end effector takes care of fixing it to the power line. This approach requires two different
manipulators: one for each end effector, and a certain coordination between them. This
increases the weight of the whole system and requires more precise manipulation. The
advantage of this approach is that the individual end effectors are mechanically simpler
and can be used for different purposes, e.g., one gripper type can be used to hold a clip-type
bird diverter as well as a helical-type bird diverter.

The other approach integrates both functions on the same end effector, designed
specifically for the device in question. These types of end effectors are more complex and
are suited only for operation with one device type. The advantage of this approach is that
only one end effector is needed to install (remove) the device to (from) the power line,
using only one manipulator, which results in the need for less manipulation precision.
The example of such an end effector for the installation of electrical spacers is shown in
Figure 4, whereas Figure 5 shows the installation of the clip-type bird diverter.

Figure 4. End effector for electrical spacers installation.
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Figure 5. Installation of clip-type bird diverter with linear actuator and clamp mechanism.

4.3. Dual Arm Manipulation

As motivated in Section 2.2, the installation of the helical bird diverter will be con-
ducted by a human-like dual arm system, considering the long-reach configuration [8]
for the integration in the aerial platform to improve safety during the realization of the
operation on flight. The manipulator employed in the preliminary tests shown in Figure 6
is the LiCAS A1 [28], a lightweight and compliant anthropomorphic dual-arm system, built
with smart servos and a very low weight frame structure that protects the actuators against
axial–radial loads and tilting moments and integrates a compact spring-lever transmission
mechanism in all the joints to provide mechanical compliance [29]. The arms provide 4
DOF (degrees of freedom) for end effector positioning—three at the shoulder and one at
the elbow—with the kinematic configuration described in [29] and depicted in Figure 6.
The manipulator consists of a shoulder structure that supports the left/right arms in the
usual upper arm/forearm link configuration. The main mechanical features of the arms
are summarized in Table 2.

Figure 6. Kinematic model of the LiCAS A1 representing the joint angles and link lengths (left) and
manipulation of helical bird diverter with LiCAS A1 anthropomorphic dual arm (right).

Table 2. Main mechanical features of the LiCAS A1 dual-arm manipulator.

Weight (kg) 2.2 Payload (at elbow) (kg) 0.7

Forearm/Upper arm
links length (mm)

250
250

Separation between
arms (mm) 360

Max joint speed (deg/s) 300 Joint stiffness (Nm/rad) 5–20

The compliant mechanism integrated in the joints is a particular implementation of
the series elastic actuators presented in [30,31], allowing the estimation and control of
the torques and forces from the deflection of the manipulator, defined as the position
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deviation referred at the joints or at the end effector with respect to an equivalent stiff-joint
manipulator [8,29,32]. Regardless of the sensor employed to measure the deflection, either
a magnetic encoder (joint deflection) or a camera head (Cartesian deflection), the control
problem can be formulated in the joint or Cartesian space, relying on the forward and
inverse kinematic models of the manipulator. It is necessary to remark that most servo
actuators do not provide torque feedback or control. At most, they can be controlled
directly in PWM mode, although the friction of the gearbox, with reduction ratios in the
order of 1:200, reduces significantly the accuracy in the estimation of the transmitted torque.
The performance of a torque/force controller based on joint deflection measurement was
evaluated on flight in [32], using a 3-DOF compliant dual arm, proposing the use of one
of the arms (grabbing arm) for estimating the position of the aerial manipulator relative
to a fixed point, a power line in this case, while the other arm performs the operation,
exploiting the passive/active compliance of the manipulator.

5. Safe and Accurate Aerial Manipulation

5.1. Hybrid Position/Force Control of Aerial Manipulators

The force interaction of aerial manipulators can be accomplished, using a hybrid
position/force controller; the motion part is helpful while approaching the force applica-
tion point, and thereafter the force control is activated for the interaction task. Consider
Cartesian-space dynamics of an aerial manipulator given by the following:

H(X)Ẍ + B(X, Ẋ) + Fe = F (2)

where X ∈ R6 is the Cartesian-space position coordinates vector, H(X) ∈ R6×6 is the inertial
forces matrix, b(X, Ẋ) ∈ R6 is a bias vector containing centripetal, Coriolis and gravity
effects, Fe ∈ R6 is the external forces vector due to interaction with the environment and
F ∈ R6 is the control wrench vector. The control target is to regulate the interaction force
between the aerial manipulator and the environment. The following hybrid position/force
controller is proposed [33]:

F = B(X, Ẋ) + Fe + K f S(Fd − Fe) + (I − S)Kp(X
d − X) + Kd(Ẋ

d − Ẋ) (3)

where Xd, Ẋd ∈ R6, are the desired position and velocity vectors, Fd ∈ R6 is the desired
wrench, K f , Kp and Kd are diagonal 6 × 6 constant positive definite matrices, I is the
6 × 6 identity and S ∈ R6×6 is a ones and zeros matrix that is useful to switch between
position and force control depending on the task. The selected approach is the base of
many other controllers found in the literature, which can also be enhanced, according to
the requirements of the tasks performed by the aerial manipulators.

Case Study: Hybrid Position/Force Control of a 2-Link Aerial Manipulator

In this example, the control of a planar aerial manipulator is presented. The experiment
consists of applying the wrench Fd = (20 N, 0 N, 0 N, 0 Nm, 0 Nm, 0 Nm) at the point Xd =
(0.2 m, 0 m, 1.7 m, 0◦, 0◦, 0◦), with respect to the world reference frame, and considering the
initial position of the end effector at X(0) = (0 m, 0 m, 1.5 m, 0◦, 0◦, 0◦). The controller used
is (3), with a switching condition of ||Xd − X|| < 0.02 m. In Figure 7, the controlled position
of the end effector at (rd, zd) ⊂ Xd is presented, where rd = ||(xd, yd)||. Additionally, the
forces applied by the end effector along the horizontal plane and vertical axis are also
shown. Notice that the force errors and the z position error are 0; the r−plane error is not
zero, due to the control switch, at the pointed time, when the corresponding condition was
reached. The Figure 8 shows the trajectory of the aerial manipulator applying the force at
the corresponding point.
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Figure 7. Error signals for the controlled end effector of the planar aerial manipulator. The dashed
vertical line points out the time when the position controller is switched to force controller.

Figure 8. Cartesian-space trajectory of the planar aerial manipulator to the target force application point.

5.2. Control Methods for Aerial Manipulation

Different methods exist to control aerial manipulators. Some of them consider de-
centralized approaches, developing control strategies to actuate the floating base and the
manipulation tool as two separate systems [34,35]. Differently, aerial manipulators can
also be considered as highly-coupled nonlinear systems. In this context, the dynamic
model parameters are usually unknown or difficult to identify; in addition, wind gusts, the
motion of the aerial manipulator, and its interaction with the environment produce external
disturbances for the aerial floating base. Here, the control problem consists of stabilizing
the UAV at a desired pose while the manipulator completes a task, minimizing the effects
of external disturbances and the inaccurate representation of its dynamics [36,37]. In the
following, some control methods to accomplish aerial manipulation tasks are discussed.

5.2.1. Dynamics and Actuation Properties of Multirotor UAVs

Control strategies for aerial manipulators strictly depend on their controllable space.
In this work, we mainly focus on rotary-wings UAVs. The generalized dynamics of these
platforms can be expressed as follows: [38]:

[
mI3×3 03×3

03×3 J

][
p̈

ω̇

]
= −

[
mge3

ω × Jω

]
+

[WRB 03×3

03×3 I3×3

]
u (4)
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where m is the mass of the UAV, J ∈ R3×3 is the inertia tensor of the airframe, p ∈ R3 is
the position of the UAV with respect to the world frame, ω ∈ R3 is the angular velocity of
the UAV, WRB ∈ SO(3) is the orientation of the airframe with respect to the world frame,
03×3 is the zeros matrix of the corresponding dimensions, I3×3 is the identity matrix of the
corresponding dimensions, g is the gravity acceleration, ei is the canonical basis vector of
i = 1, 2, 3 and u ∈ R6 is the control vector in the generalized coordinates. For UAVs with
passively or actively tilting rotors, the control vector is statically mapped from the rotors
thrust, using the following:

u = F(α, ς, L, σ) fr (5)

where fr ∈ R2j is the vector containing the vectorized thrusts supplied by the j rotors [39],
and F(α, ς, L, σ) ∈ R6×2j is the allocation matrix that depends on the following:

• The vector containing the tilting angles of the j rotors about their respective x-axis
α =

[
α1, α2, ..., αj

]
.

• The offset angle depending on the xB axis of the UAV (for example “X” or “+” quadro-
tor configurations) ς.

• The length of the arms of the UAV L.
• The relation between the rotor torque constant kτ and the rotor force constant k f

σ = kτ/k f .

For fully actuated UAVs, i.e., those that are capable of moving in 6D with its
number of actuators, there exists the allocation pseudoinverse F(α, ς, L, σ)† such that
fr = F(α, ς, L, σ)†u : R6 → R2j. Therefore, the velocity of each rotor can be computed as
follows [40]:

ωri =

√√√√√
fri + frj+i

k f
, i = 1, 2, ..., j (6)

The tilting angles to exert the desired thrust are given by the following [40]:

αi = atan2( f j+i, | fi|), i = 1, 2, ..., j (7)

For the case when the rotors of the UAV are not able to tilt, i.e., α = 0∀t, the UAV
becomes underactuated since the thrust of the rotors can be only exerted, in a first stage, to
control the orientation and the z axis of the airframe; hence, a cascade control is required to
lead the UAV to a desired Cartesian position.

5.2.2. On Robust UAV Stabilization

In order to deal with both internal and external disturbances of aerial manipulators,
appropriate control techniques must be implemented. First, consider the generalized
multirotor UAV dynamics (4) in state-space representation, as follows:

d
dt

[
x

ẋ

]
=

[
ẋ

−M−1b + M−1Ru +D(t)

]
(8)

where x =
[
pT φ θ ψ

]
, M =

[
mI3×3 03×3

03×3 J

]
, R =

[WRB 03×3

03×3 I3×3

]
, b ∈ R6 : b =[

mge3
ω × Jω

]
and D(t) ∈ R6 is the external disturbances vector function, usually unknown

but bounded and Lipschitz continuous, or at least with a removable discontinuity. In this
context, there are some approaches that use higher order dynamics and the isolation of
nonlinearities and disturbances [41]. To illustrate how robust control works on a UAV
system, consider it as a 6-dimensional motion unit mass such as the following [42]:

d
dt

[
x

ẋ

]
=

[
ẋ

u +F (x, ẋ, t)

]
, (9)
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where 0 < |F (x, ẋ, t)| ≤ Fmax is a bounded disturbance term, including both the UAV
dynamics and external disturbances. The target is to lead the UAV (9) to a displaced
equilibrium xd. Below are presented some techniques to achieve such a target.

5.2.3. Active Disturbance Rejection Control

The main idea of this strategy is to estimate online F (x, ẋ, t) in some accurate manner [43];
thereafter, it is used as part of the feedback control action. The total disturbance can be
estimated with a high-order observer such as the following:

⎡
⎣ ˙̂x1

˙̂x2
˙̂x3

⎤
⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎣

x̂2 + εΦ1

(
x1 − x̂1

ε2

)

x̂3 + Φ2

(
x1 − x̂1

ε2

)
+ u

1
ε

Φ3

(
x1 − x̂1

ε2

)

⎤
⎥⎥⎥⎥⎥⎥⎦

, (10)

where x1 = x is the measured pose of the UAV, x̂i ∈ R6 i = 1, 2, are the estimated states of
the UAV, x̂3 ∈ R6 is an estimated augmented state vector that contain the estimated lumped
disturbance x̂3 � F̂ (x, ẋ, t), Φi : R6 → R6 are functions that guarantee |x1 − x̂1| → 0 as
t → ∞ and ε is a positive scalar that the smaller it is, the faster (10) converges.

Thus, the feedback control that yields (9) despite disturbances and uncertainty affect-
ing the UAV is the following:

u = R−1M̃(u0 − x̂3), (11)

where M̃ is an approximation of M. Note that, if the mass or the inertia tensor of the UAV
are not accurately known, an approximation of such values are suitable to be proposed. If
they are completely unknown, a unit value is also a good alternative; the estimation of the
total disturbance is even capable of compensating them.

5.2.4. Variable Structure Control

The target is to lead the UAV (9) to a displaced equilibrium xd. Therefore, the following
changes of variables are proposed [42]:

z = xd − x (12)

ż = ẋd − ẋ (13)

σ = Cz + ż (14)

where σ ∈ R6 is called the sliding surface and C ∈ R6×6 is a constant diagonal matrix.
Now the control target is to reach the origin (0,0). In this context, the following candidate
Lyapunov function V(σ) = 1

2 σTσ is proposed; its derivative is given by the following [42]:

V̇(σ) = σT σ̇ = σT
(

Cż + ẍd − u −F (x, ẋ, t)
)

(15)

Using the following controller with acceleration feedforward,

u = Cż + ẍd − Kssign(σ) (16)

V̇ can be rewritten as follows:

V̇(σ) ≤ |σ|(Fmax − Ks) (17)

where it can be appreciated that (z, ż) → (0, 0) as long as Ks > Fmax. The proposed
controller (16) forces the motion of (z, ż) to reach the surface and to remain on it despite the
disturbance F (x, ẋ, t), by means of finite-amplitude high-frequency switching along (14)
called chattering, which is important to avoid in systems such as DC motors or aircrafts [42]
because it might be dangerous for the actuators. Different approaches have been proposed
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for chattering attenuation [42,44], which are suitable to be implemented for UAVs, specifi-
cally higher order SMC, since they conserve robustness and do not necessarily require the
derivative of z. In this context, the u0 must be properly regulated (9).

5.2.5. Case Study: Full-Pose Regulation of Passively Tilted Hexarotor

In this example, a passively tilted hexarotor is controlled using a SMC. The proposed
controller is as follows:

u = Kp(z) + Kd(ż) + Kssign(σ) (18)

where Kp, Kd and Ks are diagonal matrices with positive constants. The target position is
xd = (1 m, 1 m, 2 m, 0◦, 0◦, 10◦). In Figure 9 the position errors are presented. Notice that
all error signals converge to 0; therefore, the full pose of the UAV is regulated.

Figure 9. Error signals for the controlled states of the passively tilted hexarotor.

5.3. Planning Methods for Aerial Manipulation

Devices such as bird diverters have to be installed every 5–10 m. Since the length of
each segment of a power line is typically above 150 m, this implies the installation of a
large number of devices. Moreover, taking into account the limited payload capacity of the
aerial platform, it is expected that the aerial robot has to move frequently to a supply point
where the devices are stored. Consequently, it is proposed the application of planning
methods that generate the most efficient trajectories in terms of energy consumption for
the aerial manipulator in order to maximize the number of installed devices. To the best of
the authors’ knowledge, this paper proposes for the first time the use of planning methods
for the efficient installation of devices on power lines.

Power lines are linear structures that admit a graph-based representation, where the
nodes model the electric towers and the edges model the segments of the power line.
These power lines are usually located in open environments with sparse obstacles, such
as trees or buildings, but where weather factors, especially wind, play an important role
when operating with aerial robots. Taking into account the features above, the planning
problem is suitable to be addressed as a vehicle routing problem in which the obstacles
are neglected. Later, during the robot operation, these obstacles can be avoided using a
collision-avoidance system working at a local level.

Focusing on the formulation of the vehicle routing problem for the aerial manipulation
platforms described in Section 4.1, the general approach proposed in this paper is based on
covering all the segments of the power line while minimizing the energy consumption. For
this, simplified but realistic models of energy consumption are required to define edge costs.
These models should consider the hybrid locomotion capabilities of some of the presented
aerial manipulators. Therefore, the graph representation of the power line is composed
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of two kinds of edges. Firstly, rolling edges are associated with the power line. Secondly,
flying edges are associated with either aerial transitions between segments/points of
the power line or connections of the power line with the supply point. Moreover, the
consideration of effects, such as the wind, transforms the graph into a directed one since its
edges have asymmetric costs. Finally, constraints such as the maximum robot payload or
the battery capacity allow closing the definition of the problem.

Figure 10 shows some preliminary planning results for the installation of clip-type bird
diverters on the represented power line, using both MLMP and the DM-C platforms. The
problem was solved using linear programming after imposing the following requirements:
(a) all the power lines should be covered rolling once, (b) minimizing the total energy
consumption, (c) taking into account the maximum robot payload (10 devices for the
MLMP and no limits for the DM-C because the aerial platform provides the devices), and
(d) visiting the supply point to load the devices when it is needed. The number of diverters
to be installed in each segment of the power line is indicated inside the circles in the figure.
For these results, no wind was considered and the cost of rolling per unit of distance was
fixed to be lower than the cost of flying. As can be seen in the figure, the proposed planning
method computes efficient routes that are compatible with the imposed constraints.
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Figure 10. Preliminary planning results for the installation of clip-type bird diverters, using the MLMP platform (left) and
the DM-C platform (right).

6. Human–Aerial Robot Interaction

6.1. Augmented Cognitive Human–Machine Interfaces

The remote control of the aerial manipulator is carried out by the newly developed
human–machine interface (HMI). The idea of the new augmented HMI is to create a method
by which an operator can control the drone, not through the classic control that uses only
hands and fingers, but through the full range of human body movement as well as voice
commands. On the other hand, it is planned to provide the user with enhanced feedback
that includes not only visual, but also acoustic and haptic information about the state of
the vehicle. In addition to functionality, special attention is paid to the ergonomics of the
newly developed HMI, which is personalized for each operator [45].

The user gives commands by the movement of the body (see Figure 11), which are
detected based on measurements from IMUs (Inertial Measurement Units) placed at specific
points on the body. This approach is the extension of the FlyJacket system presented in [46].
Another type of command output is based on the smart gloves worn by the user, which
have the ability to measure the pose of the hand and the flexion of each finger. Finally, the
voice recognition system is used for issuing direct commands to the drone.

The main feedback to the operator is visual information displayed on the smart
glasses, allowing the user to see telemetry and camera information from the drone as well
as the drone itself through the transparent lenses. Another feedback channel is based on
the acoustic information, which can be used to inform the operator about hazards, the
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distance to the obstacle or to the ground, but also to follow a previously defined path or
trajectory [47]. Tactile feedback is provided by the vibration motors placed at certain points
on the operator’s body. A particular motor may start vibrating when the drone is in contact
with the manipulated object, but it may also vibrate depending on whether the drone is
performing a left–right or up–down movement [48].

Figure 11. Augmented human–machine interface.

6.2. Aerial Co-Worker for Fast Tool Delivery

One application in which the use of aerial manipulators can be particularly useful
for the operators working on the power lines is the delivery of tools, such as screwdrivers
and pliers, or devices, such as clip-type bird diverters. This is motivated by taking into
account the time and effort required to climb to the power lines, and the possibility to lose
accidentally part of the equipment during operations. As occurs with other human–robot
collaborative tasks [49,50], the close interaction of the aerial robot with the human operator
must be safe, especially taking into account the risk due to the high altitude and the diffi-
culty in standing upright in this kind of workspace. Since the proximity of the propellers to
the worker will result in an uncomfortable feeling and a sense of danger [51], it is preferable
that the handover operation [8,52] is carried out in such a way that the manipulator is
separated from the aerial platform. Thus, the proposed solution consists of employing an
aerial manipulator in long-reach [8,27] or cable-suspended configurations [14,15], using a
cable (around 1.5 m in length) to attach the manipulator to the multirotor base. Figure 12
illustrates the use of a dual-arm aerial manipulator in a long-reach configuration for the
delivery of tools (a screwdriver and some pliers) to a human operator working on a line.

Four reference frames are considered in the definition of the operation: the Earth fixed
frame {E} (inertial), the multirotor body frame {E}, the manipulator frame {0}, and the
operators head/helmet frame {H}. These are illustrated in Figure 12. In the navigation
phase, the aerial robot takes off from the supply point and navigates to the proximity of
the power line employing GNSS (Global Navigation Satellite System) sensors, such as
GPS, to estimate the position relative to the Earth fixed frame. In the approaching phase,
the aerial robot is positioned relative to the operators helmet, using, for example, visual
markers on it for its detection and localization [53]. Two constraints should be imposed in
the realization of the handover operation: (1) keep a minimum separation distance between
the multirotor base and the operator’s helmet for safety, and (2) keep the end effector of the
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manipulator within the reach of the operator’s hand to ensure a comfortable interaction
with the aerial robot.

Figure 12. Reference frames in the aerial delivery application (left). Aerial tool delivery to a human
operator with a dual-arm aerial manipulator in a long-reach configuration (right).

7. Conclusions

This paper presented the first-year results of the AERIAL-CORE project, focusing on
aerial manipulation operations. The AERIAL-CORE project is framed in the Horizon 2020
European research and innovation program and aims to develop new aerial robots able to
autonomously perform or assist human operators in the inspection and maintenance of
power grid lines. The goal of this work is to introduce the aerial manipulation problem in
the context of power line maintenance, describing the general procedure for the installation
of bird flight diverters and electrical spacers to outline the requirements in the design of the
aerial manipulators. First prototypes of aerial manipulation platforms and end effectors
satisfying such requirements were presented along with low-level control techniques and
planning methods proposed to achieve safe operation on flight and energy efficiency, taking
into account the vast extension of this kind of infrastructure. The paper also covered the
interaction of the aerial manipulator with the human operators through the design of
appropriate human–machine interfaces, as well as the application of aerial co-workers
in aerial tool delivery tasks. Future directions of this work involve the integration of
manipulation, control, perception, planning and navigation functionalities in the proposed
platforms, and their experimental validation in a real power-line scenario.
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Abstract: This work presents the application of an aerial manipulation robot for the semi-autonomous
installation of clip-type bird flight diverters on overhead power line cables. A custom-made prototype
is designed, developed, and experimentally validated. The proposed solution aims to reduce the
cost and risk of current procedures carried out by human operators deployed on suspended carts,
lifts, or manned helicopters. The system consists of an unmanned aerial vehicle (UAV) equipped
with a custom-made tool. This tool allows the high force required for the diverter installation to be
generated; however, it is isolated from the aerial robot through a passive joint. Thus, the aerial robot
stability is not compromised during the installation. This paper thoroughly describes the designed
prototype and the control system for semi-autonomous operation. Flight experiments conducted
in an illustrative scenario validate the performance of the system; the tests were carried out in an
indoor testbed using a power line cable mock-up.

Keywords: arial manipulation; inspection and maintenance; multirotor systems; high-voltage power
lines; clip-type bird flight diverters

1. Introduction

Overhead high-voltage power lines are built to transmit electricity between the source
(dams, wind-turbine power stations, photovoltaic panel power generators, fossil fuel
power stations, etc.) and regional/local distribution stations. The medium-voltage power
line transmits electricity with less than 33 kV, and high-voltage lines are in the range of
110–750 kV [1]. The usual voltage of the high-voltage power lines is 220 or 380 kV, isolated
far from the ground on pylons in two branches of cables in triangle arrangements [2]. The
length of the power lines is so extensive, for example, in Spain that it was reported to be
44,372 km in 2019 [3]. This makes the inspection and maintenance (IM) topic so crucial
in terms of economy, technology, time, personnel, and monitoring. The conventional
methods for IM of power lines could be listed as human operators, vision inspection by
helicopters, deployment of tools by elevators, etc. This current work proposes automatic
and unmanned IM by unmanned aerial vehicles (UAVs) to reduce the cost and increase
the safety of the task, defined through the framework of the current project “AERIAL
COgnitive integrated multi-task Robotic system with Extended operation range and safety
(AERIAL-CORE)” [4].

The use of UAVs is becoming more frequent in IM-based projects, such as the visual
inspection of local distribution power networks [5], photovoltaic fields [6], vision-based
positioning of an aerial platform on transmission lines [7], cracks in wind turbines [8], and
structural health monitoring [9]. Kim and Ham studied wind-induced damage analysis by a
vision inspection system based on received information by UAVs [5]. The leaning/damage
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of the utility poles generated power loss in local distribution networks. The use of UAVs
and vision inspection reduced the cost of the operation and avoided different observations
by human operators. Bizzarri et al. presented the application of UAVs in the inspection
of photovoltaic panels [6]. One field of solar energy production possesses a huge number
of photovoltaic panels; automation of an IM system presents a systematic method for
regular checks. It was concluded that the automation for less than 50 MW plants was not
cost-effective. Menéndez et al. researched a positioning system using vision on top of
the overhead power transmission lines by UAVs [7]. Reddy et al. investigated the cracks
and damage inspection in wind turbine blades using artificial intelligence-based image
analytics [8]. UAVs and the idea of deep learning were used to train a neural network model
for the classification of the cracks and faults in the blades. Accuracy was found to be 94.94%
for binary fault classification and 91% for multiple class fault classification. Myeong et al.
presented structural health monitoring using a wall-climbing drone prototype [9]. The
mentioned research works were engaged with vision inspection and monitoring without
intervention [5–9].

Physical intervention IM by UAVs could be regarded as a further complicated step
in unmanned aerial vehicles used in this field. Physical interaction with the environment
generates force reactions to the UAV and causes deviation of the system from a stable
hover. Some of the applications of UAVs in IM with interaction with the environment
are ultrasonic contact inspection [10], pipe inspection in refineries [11], aerial manipulator
system [12], bridge inspection [13], tank thickness measurement [14], and the UAV with
a parallel manipulator [15]. Kocer et al. presented contact-based autonomous inspection
using UAVs equipped with ultrasonic sensors [10]. A soft compensation mechanism was
designed to handle the oscillations in hovering while the UAV was inspecting the target.
Ultrasonic inspection needed continuous contact in certain force ranges; to provide this
condition compactly and feasibly, an optimization algorithm was used, so-called nonlinear
moving horizon estimation. Ollero et al. employed UAVs with different configurations
for contact inspection of pipes and infrastructures in refineries [11]. Customized add-ons
and dual-arm compliant manipulators were used to provide the possibility of contact; the
configuration of the UAVs was also different, with a simple hexarotor design and a tilted
rotor structure to impose six-degree-of-freedom control. Suarez et al. studied a lightweight
compliant arm with a compliant finger for aerial manipulation and inspection [12]. Joint
compliance was proposed in the manipulator design to facilitate force interaction with
the environment. Sanchez-Cuevas et al. used a tilted hexacopter design for UAV and an
ultrasonic sensor placed on an add-on for bridge inspection [13]. Danko et al. employed a
parallel manipulator for holding the sensor in UAV contact inspection [15].

UAVs are also very helpful in IM overhead transmission lines since the pylons are hard
to reach and the length of transmission lines is so significant. The IM topic in this field is also
diverse, but the majority of cases are devoted to visual inspection and monitoring. Larrauri
et al. presented a UAV-based automatic system for inspection of overhead transmission
power lines [16]. The objective was to collect consecutive images together with telemetry
data sent from the autopilot to identify areas of vegetation, trees, and buildings close to
transmission lines. The usage of an automatic mechanism or robot for the installation of
devices (mounted on the cables with a rolling mechanism) was also reported, though the
deployment was done by a helicopter or manually since the payload of the UAVs was not
sufficient [17]. He et al. investigated the visual inspection of power lines using a multirotor
UAV and image processing [18]. The range of the image capturing was calculated, and
the efficiency of the automatic inspection was calculated to be 58–62% concerning manual
conventional inspections. Teng et al. used a mini-UAV and LiDAR sensor for inspection
and survey of the terrain under pylons [19]. Zhang et al. presented the automatic extraction
of high-voltage power transmission objects from UAV LiDAR point clouds [20]. Visual
inspection is common for power lines, though the maintenance part requires touching the
cables; there has been some effort to grasp the cable [21]. This could be critical since even
coming near the cables exposes the UAV to a high magnitude magnetic field and noise [22].
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Working near the cables and pylons also has advantages, such as the wireless charging of
batteries [23,24]. It was shown that direct contact with power lines caused a malfunction in
the electronic speed controller and resulted in the UAV falling [25]. It was recommended
to insulate the add-ons of the UAV to avoid electrical interference; here, in this work, we
use the same approach and insulate the linear actuator with non-conductive material.

Among all the IM tasks carried out by energy distribution companies, in this work,
we focus on bird flight diverters. These devices are the most widespread measure to
reduce bird collisions with these infrastructures and therefore mitigate their impact on
wildlife. Thus, most of the available studies reporting on these diverters are devoted to
either confirming their effectiveness in the reduction of avian mortality at power lines, as
in [26,27], or even in night collisions as in [28], or analyzing the impact of malfunctioning,
as power line companies do not replace them often due to high cost, as in [29].

Importantly, unlike in vision inspection works, bird flight diverters need interaction
with cables for their installation. Thus, the short circuit problem, shielding, isolation of the
UAV, etc., must be considered. This research presents a prototype design and development
of the system along with experimentation in an indoor testbed. This is the first and
necessary step before a validation test on real power lines and pylons due to safety reasons.

Problem statement: Bird flight diverters, commonly known in the industry as bird
flappers, bird diverters, power line markers, or simply diverters, are devices developed to
increase overhead power line visibility for birds and reduce their risk of collision. They
are also often installed on overhead cables near airfields to reduce the possibility of an
aircraft or drone collision, and some of them use marking lights or strobe lights to improve
visibility at night.

In this paper, a kind of clip-type diverter commonly used by Endesa® (the main
Spanish electricity company) has been employed (see Figure 1). These diverters have two
components: a supporting clip and two attached flaps. In this case, the clip is made of a
50 × 50 × 60 mm red plastic part with a 12 mm hole in the middle and a guiding slot a little
bit smaller than the diameter of the cables considered (about 10 mm). Two 300× 55× 3 mm
black rubber flaps are attached to each side of the clip. This kind of diverter is very robust
and durable due to the lack of moving parts. It is installed by pushing the clip onto the
power line cable until it is plugged in, as shown in Figure 1b. Several tests have been
performed to obtain the required pushing force for the installation: 440 N (45 kg). Once it
is installed, the diverter can rotate around the cable due to winds or bird strikes.

  

(a) (b) 

Figure 1. (a) Clip-type bird flight diverter developed by Wigeva currently installed on a power line
cable; (b) detailed view of the diverter’s clip part (red) with the cable inserted.

Most common procedures to install bird flight diverters on power lines require human
intervention, using lifts, helicopters, suspended carts, or climbing the pylons. These
operations are quite risky, particularly when the forces are high, or the required working
time is long. Moreover, diverters are typically installed at 5 to 10 m intervals along the
power line cable to be effective, so any time reduction of this operation would significantly
contribute to decreasing the costs and risks.
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The main goal of this work is the automation of the installation process of clip-type
diverters. For this purpose, a prototype based on an unmanned aerial platform with a
custom-made tool has been developed; it allows a user to install the diverters on the cable
without human intervention. The tool has to generate enough force to push the diverter
on the cable without endangering the aerial platform stability. The system is designed to
isolate the high force needed to install the diverter (440 N) from the aerial robot, and so the
UAV flying conditions are minimally perturbed. The required force is generated inside the
tool, and a net-zero external force is exerted on the UAV.

The main contributions of this work are:

− Design and manufacturing of a novel prototype for the installation of a kind of
clip-type bird flight diverter;

− Development of a semi-autonomous method for bird diverter installation on overhead
power line cables using an unmanned aerial robot;

− Experimental validation of the prototype in an indoor testbed, closing the control loop
with a vision-based Opti-Track system;

− Experimental validation and performance evaluation of the complete installation task.

The paper is organized as follows. Section 2 presents the prototype designed and
developed. Section 2.1 describes the aerial platform and Section 2.2 the installation tool for
clip-type bird diverters. Test results are reported in Section 3. Finally, the discussion and
conclusions are presented in Section 4.

2. Aerial Robot Design and Development

This section describes the design and development of an aerial robot that can install
bird clip-type diverters on high voltage power lines. The aerial robot is based on a custom-
made multi-copter with a diverter installation tool attached using a pivot joint as shown
in Figure 2. The multi-copter flies above the power line and approaches it slowly until
the tool touches the cable. Then, it automatically installs the clip-type diverter while the
multi-copter is hovering. Once the bird diverter is placed, the aerial platform flies out to the
home location. The pivot joint provides some flexibility; it allows some lateral movement
of the multi-copter while hovering above the power line during the attachment procedure.
The next subsections describe the aerial platform, the diverter installation tool, and the
procedure in detail.

  
(a) (b) 

Figure 2. (a) The aerial platform of the diverter installation process and (b) the attachment of the clip installation tool
through a pivot joint.
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2.1. Aerial Platform

The aerial platform is a custom-made quadrotor (see Figure 2) that weighs 6.5 kg
including batteries and avionics. It can carry up to a 3.5 kg payload which is enough for
the diverter installation tool (1.7 kg) and one clip-type diverter (0.3 kg). There is a spare
payload (1.5 kg) to add more sensors or carry heavier diverters if needed. The distance
between its motors is 975 mm, and the height of the quadrotor is 500 mm. The hardware
specification is as follows:

− Propellers: four ultra-carbon fiber 21-inch radius propellers are used to generate
enough thrust and load capacity in a plus “+” shape configuration.

− Motors: brushless direct-current (BLDC) motors, 6010, with Kv = 130 (rpm/V), have
been used, where Kv is the motor velocity constant. They provide 5.1 kg maximum
pulling force per rotor, with a maximum of 770 W power. It has a cooling air circulation
system, convenient for long-term operation. The weight of each motor is 270 g. The
suggested battery is 12 S 45 V. Thus, the no-load speed by 12 V batteries is 1560 rpm.

− Drivers: a 1240 S electronic speed controller is used as the driver of the BLDC motors.
It is waterproof and has silica thermal pads and heat sinks for maximum heat transfer
and dissipation. It works with a maximum of 52.2 V and up to 25 A continuous
current and 40 A peak.

− Main processor: an Intel NUC-i7, with 16 GB RAM, plays the role of the main pro-
cessor of the UAV. It has USB 3.0, Ethernet, HDMI, Mini PCI Express ports, and low
consumption that allows it to work with a 65 W power supply.

− − Autopilot: the UAV uses PIXHAWK Cube 2.1 autopilot. It has a 32-bit STM32F427
Cortex-M4F core with FPU, 168 MHz/252 MIPS, 256 KB RAM, 2 MB Flash (fully
accessible), 32-bit STM32F103 failsafe co-processor, and 14 PWM/Servo outputs
(8 with failsafe and manual override, 6 auxiliaries, high-power compatible).

2.2. Diverter Installation Tool

The tool has been designed to meet the following requirements:

• It should exert at least a 685 N (70 kg) force on the bird diverter: 440 N (45 kg) force to
insert the clip plus 245 N (25 kg) force as a safety margin.

• The force exerted on the UAV during the installation should be minimal.
• It should be operated easily.

The next subsections describe the mechanical components and how they are mounted,
the control electronics, and the insertion procedure.

2.2.1. Tool Design and Mechanical Components

The tool developed has three main components as shown in Figure 3: the electric
linear actuator, the clamps, and the pulling cables.

The electric linear actuator is a Firgelli FA-PO-240-12-4. This actuator provides a 200 lb
(90 kg) dynamic force with a 4-inch (10 cm) stroke and a 7.5 mm/s speed. It is equipped
with a built-in 10 KΩ potentiometer to provide position feedback, and it is operated using a
12VDC input. The actuator housing is fixed to an aluminum disc that supports the clamps
as shown in Figures 3 and 4. The rod end of the linear actuator holds the pusher. This is a
square-shaped metallic part with two 6 mm pins that support the diverter and two ends of
the pulling cables (see Figure 4).

Two plastic clamps are attached to the aluminum disc as shown in Figure 4. Each
clamp is made of two jaws, a pivot joint, an innerspring between the jaws (K2 in Figure 4),
and an outer spring (K1 in Figures 3 and 4). The outer spring stiffness (K1) is higher than
the innerspring stiffness (K2) by design, and their equilibrium length keeps the clamp
open. Moreover, a cable guide (red part in Figure 3) allows for centering the power line
cable in the tool and supporting the diverter’s flaps to avoid obstructions during the
insertion process.
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(a) (b) 

Figure 3. (a) Design of the diverter installation tool and (b) the current prototype developed.

 
Figure 4. Detailed view of the attachment of the clamps to the linear actuator.

One pulling cable is needed to close or open each clamp moving the jaws. One end
of the cable is attached to the rod end of the linear actuator, then the cable goes through
the clamp innerspring K2 (see Figure 4), and the other end is attached to the outer spring
K1 (see Figures 3 and 4). When the linear actuator stretches out, the cable is pulled so the
clamp closes (compressing both springs). When the linear actuator retracts, the springs
recover their equilibrium length, so the clamp opens.
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2.2.2. Control Electronics

The control electronics are based on an Arduino Nano board as shown in Figure 5.
The control board receives commands from the operator through a radio-control (RC)
receiver. Then, the Arduino board regulates the linear actuator stroke with the feedback
of the embedded potentiometer. The actuator is commanded through an H-bridge driver,
and the whole system is powered using a 12 S LiPo battery, with 7000 mAh at 44.4 V. The
details of the voltages and the connections are illustrated in Figure 6.

Linear  

Potentiometer 

RC receiver 

3S battery 

H bridge driver 

Arduino 

NANO 

Linear

N

dge drecei H

uino

R

Figure 5. Block diagram of the control electronics.

Figure 6. The details of the electronics and voltages of the units.

2.2.3. Insertion Procedure

The bird diverter has to be pre-charged in the installation tool before the process starts.
For this purpose, the red clip part has to be inserted into the 6 mm pins of the pusher
described in Section 2.2.1. Then, the aerial robot is ready to fly towards the power line cable
and to approach the installation tool to the cable as shown in Figure 7a. The cable guides
(in red) help to center the cable in the tool while the robot is descending (see Figure 7b).
The clamps are still open at that moment. When the power line cable is centered in the
tool, the insertion process is triggered. The linear actuator stretches out closing the clamps

103



Appl. Sci. 2021, 11, 7427

and pushing the clip on the cable as shown in Figure 7c. The force exerted by the linear
actuator on the cable is canceled by the clamp’s force, and therefore no force is applied
to the aerial robot. In addition, the pivot joint between the installation tool and the aerial
robot helps to avoid perturbations that could unbalance the UAV flight. Then the linear
actuator retracts, disengaging the clip part (see Figure 7d) and opening the clamps. Finally,
the aerial robot can move up and fly back to charge another diverter.

  
(a) (b) 

  
(c) (d) 

Figure 7. (a) Automatic installation process. The aerial robot carries the installation tool with a pre-charged diverter and
approaches the power line cable. (b) The cable is centered in the tool while the aerial robot descends. (c) When the cable is
in place, the linear actuator closes the clamps and pushes the diverter on the cable. (d) Finally, the linear actuator retracts,
detaching the diverter and opening the clamps before flying out.

3. Experimental Results

The system has been validated in an indoor testbed using a mock-up as shown
in Figure 8. The mock-up is a 2 m long cable suspended at 1 m above the ground.
Four positions are defined, namely WP#, and prerecorded using an Opti-Track motion
capture system:

− WP1 is defined at a 6.5 m distance from the insertion point on the cable and a
2.5 m height.

− WP2 is defined above the insertion point at a 2 m height (1 m above the cable).
− WP3 is defined above the insertion point at a 1.3 m height (30 cm above the cable).
− WP4 is defined as the insertion point on the cable.
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(a) (c) 

  
(b) (d) 

Figure 8. (a) Experimental setup for validation. The aerial robot takes off to WP1. (b) Then, it stabilizes on WP2, 1 m
above the cable. (c) The robot slowly descends to WP3, 30 cm above the insertion point, and (d) it finally reaches WP4, the
insertion point.

The Opti-Track is an ultra-precise camera tracking system for providing visual feed-
back to the controller. The current testbed dimension is 20 × 15 × 7 m with high accuracy
(1 mm) including 28 cameras. The high data rate translation and orientation feedback are
read by the drone’s controller and facilitate the semi-autonomous operation.

The multi-copter autopilot controls the position using the feedback provided by the Opti-
Track system. The experiments, shown in the video provided as Supplementary Material,
consisted of the following phases:

1. The pilot sends a “Goto WP1” command to the aerial robot, and it takes off to WP1.
2. After reaching WP1, the pilot sends a “Goto WP2” command, so the robot moves

toward the cable, and the pilot waits until it is stabilized in that position.
3. Then, the pilot sends consecutive “Goto WP3” and “Goto WP4” commands, and the

aerial robot slowly descends to the insertion point (WP4). In this position, the cable is
centered in the tool and inside the clamps.

4. After WP4 has been reached, the pilot triggers the installation command, and the
diverter installation tool starts its operation, automatically closing the clamps and
inserting the clip on the cable.

5. When the pilot visually confirms that the bird diverter has been deployed, he/she
sends a fly-up command to the aerial robot, which is finally landed.

The trajectory performed during one of the trials is shown in Figures 9–14. The
Cartesian coordinates are shown in Figures 9–11, and the orientation variables are plotted
in Figures 12–14. The 3D trajectory of the system is also presented in Figure 15. The
oscillations in the y-axis seem bigger than the other x and z axes; however, they are in
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the same order. Since the motion in the y-axis is almost zero, the oscillation seems bigger
than the other two. The UAV takes off and goes to WP1 from t = 0 s to t = 14 s. Then, it
navigates to WP2, which is reached at t = 27 s. As shown in Figure 14, during this time
slot, the yaw is changed to align the UAV with the cable. The pilot sends the “Goto WP3”
command at t = 27 s and the “Goto WP4” command at t = 33 s. The insertion operation is
then triggered at t = 37 s. After installing the bird diverter, the UAV flies away at t = 40 s.

t(s)

Z 
(m

)

actual

setpoint

Figure 9. Z-axis motion during one of the trials.

t(s)

X 
(m

)

actual

setpoint

Figure 10. X-axis motion during one of the trials.

The yaw control would need more fine-tuning (Figure 14); however, it was intended
to demonstrate that the system works even with misalignment between the tool and the
power line. This has been experimentally evaluated; theoretically, the tool design (clamps
and cable guide size) and the pivot joint should allow a maximum 8 cm lateral error (if it is
perfectly aligned) or a maximum 20 degree misalignment (if the lateral error is zero). The
UAV does not try to follow a continuous trajectory, though it tries to reach the predefined
waypoints. The UAV reaches each waypoint with an error lower than 4 cm (see Figure 15).
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Figure 11. Y-axis motion during one of the trials.
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Figure 12. The roll angle of the UAV in clip installation.
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Figure 13. The pitch angle of the UAV in clip installation.
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Figure 14. Yaw angle of the UAV during one of the trials.

Figure 15. The 3D trajectory of the autonomous clip installation.

The operation performed during step 4 is illustrated in detail in Figure 16. First, the
guide leads the cable inside the clamps (Figure 16a). The insertion operation is triggered
when the cable is placed in the middle of the clamps and touching the clip (Figure 16b).
The linear actuator stretches out, moving the clamps (Figure 16c) until they are fully closed
around the cable (Figure 16d). Then, the actuator continues pushing the bird diverter
until the cable is clipped (Figure 16e). Then, the actuator retracts, opening the clamps
(Figure 16f); then, the clamp moves back (Figure 16g), and the aerial robot flies up, leaving
the bird diverter deployed (Figure 16h).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 16. A series of images to show the sequence of the process; (a) approaching, (b) positioning the device, (c) pushing
down the diverter, (d) fixing the diverter, (e) clamping, (f) opening, (g) retreating of the linear actuator, (h) fly back to station.

The effect of the force exerted during the installation on the hovering condition
of the UAV is then analyzed. As can be seen in Figure 9, there is only a minor effect
on the Z-axis error due to the vertical force during the installation, but the horizontal
error (Figures 10 and 11) and orientation angles (pitch, roll, and yaw, Figures 12–14) are
mainly unaffected.

Three consecutive trials have been performed to validate the repeatability and robust-
ness and to obtain some timing data. The following three-time intervals are measured:

• Descending toward cable: the time it takes to navigate from WP2 to WP4 and until the
pilot triggers the installation procedure. This time can vary because the pilot triggers
the operation when he/she considers the UAV is stabilized enough in WP4.

• Clamping: the time the diverter installation tool takes to insert the bird diverter into
the cable.

109



Appl. Sci. 2021, 11, 7427

• Retreat: the time the linear actuator needs to retreat and open the clamps again, plus
the time required to fly back to WP3. This time can also vary because the flyback
command is manually triggered by the pilot.

The time details of the experiments are summarized in Table 1. The average time of
the operation is 32.6 s (excluding the time required for take-off and navigation from WP1 to
WP2). Descending onto the cable takes an average time of 9 s due to the constrained vertical
speed and smoothness required. The clamping and retreating stages are automatic and
take identical time (10 s), but, as explained before, the decision to fly back is made by the
pilot, so “Retreat” values are different in Table 1. It should be noted that the “Descending
Toward Cable” phase could take quite a different time in a real operation due to the long
flight to cable position.

Table 1. The timing of the clip installation process.

Test Number 1 2 3 Average

Descending toward cable 11 s 7 s 9 s 9 s

Clamping 10 s 10 s 10 s 10 s

Retreat 16 s 10 s 15 s 13.6 s

Total time 37 s 27 s 34 s 32.6 s

The flight time was estimated and recorded 20 min of autonomy, measured approxi-
mately. Accounting less than 2 min for each diverter (30–40 s for installation plus fly back
and new diverter uploading), a single battery would install 10 diverters. For real outdoor
installation, adding a new device for holding several clips is necessary, which changes the
current timing on the indoor tests. The flight to the pylon and back to the station would
also be different.

4. Conclusions

This paper describes a prototype that allows for the semi-automated installation of
a kind of clip-type bird diverter on power line cables. The current process is usually
performed using helicopters, suspended carts, or elevators, this being costly and risky for
the personnel involved. Using an autonomous aerial robot would help to reduce risks and
increase efficiency. For this purpose, a custom-made novel diverter installation tool has been
designed and developed. The novel system presented here is based on a linear actuator and
two clamps attached to the aerial robot, and it allows the user to isolate the force exerted
on the cable from the aerial platform. To the best of the authors’ knowledge, it is the first
semi-autonomous system with a customized design to conduct clip installations on power
lines. A set of experiments have been performed on an indoor mock-up scenario, and the
system shows a successful performance with acceptable repeatability. The diverters can be
installed in less than 40 s, including some delay due to human intervention, and the aerial
platform is completely stable during the operation.

Future steps: Future work will include fully autonomous installation using visual
servoing to close the control loop and testing in a real de-energized power line cable. In
reality, looking up when the UAV is flying near cables is difficult; it is too far away (too
high) to see details with the naked eye, it is too fast to see and control with binoculars, the
sky is bright and the UAV is dark, and it is very difficult/painful to work with the UAV.
The GPS feedback is also not precise enough to provide sufficient accuracy for autonomous
installation. As a result, the platform for the real experiment will be different in terms
of feedback generation and tracking. It should be noted that the customized add-ons
and the insulation, the flight controller, and the quadcopter will keep their design and
mechanical structure. For these reasons, the use of onboard cameras and visual servoing is
an obligation. Moreover, a new tool for multiple diverter installation is a work in progress.
This would allow deploying several diverters without landing to recharge each time, thus
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increasing efficiency. The final objective is to perform the entire process automatically
and efficiently.

The Opti-Track system is unique to indoor experiments. For the real flight and
installation, the use of a ground station is necessary where it can localize the UAV for
providing feedback. Onboard visual servoing is also proposed for future experimentation
for recognition of the cable and giving the pilot/controller visual feedback.

Any wind gust results in bad performance. It is ideal to work in good conditions,
though the study could be expanded in the future for adding active disturbance rejection
systems or robust controllers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11167427/s1, Video S1: The multi-copter autopilot controls the position using the
feedback provided by the Opti-Track system.
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Featured Application: The main idea of this paper was to deploy a team of unmanned aerial vehi-

cles (UAVs) to attach a sensor to a bridge using a two-component adhesive in order to perform an

inspection. Constant pressure must be applied for several minutes to form a bond between two

adhesives. Therefore, one UAV sprays the colored component of an adhesive while the aerial ma-

nipulator transports the sensor, detects the contact point and attaches the sensor to it. A trajectory

planning algorithm was developed around the dynamic model of the UAV and the manipulator

attached to it, ensuring that the end-effector is parallel to the wall normal. Finally, the aerial ma-

nipulator achieves and maintains contact with a predefined force through an adaptive impedance

control approach.

Abstract: Periodic bridge inspections are required every several years to determine the state of
a bridge. Most commonly, the inspection is performed using specialized trucks allowing human
inspectors to review the conditions underneath the bridge, which requires a road closure. The aim of
this paper was to use aerial manipulators to mount sensors on the bridge to collect the necessary
data, thus eliminating the need for the road closure. To do so, a two-step approach is proposed: an
unmanned aerial vehicle (UAV) equipped with a pressurized canister sprays the first glue component
onto the target area; afterward, the aerial manipulator detects the precise location of the sprayed area,
and mounts the required sensor coated with the second glue component. The visual detection is
based on an Red Green Blue - Depth (RGB-D) sensor and provides the target position and orientation.
A trajectory is then planned based on the detected contact point, and it is executed through the
adaptive impedance control capable of achieving and maintaining a desired force reference. Such
an approach allows for the two glue components to form a solid bond. The described pipeline
is validated in a simulation environment while the visual detection is tested in an experimental
environment.

Keywords: aerial robotics; inspection and maintenance; aerial manipulation; multirotor control

1. Introduction

The world of unmanned aerial vehicles (UAVs) has been rapidly growing in recent
years. As their design and control are perfected, these aerial vehicles have become more
and more available. Nowadays, off-the-shelf ready-to-fly UAVs can be found and bought
in shops, which makes them available to virtually anybody. This, in turn, has sparked a
great deal of public interest in UAVs since their potential can be found in applications such
as agriculture, various inspections (bridges, buildings, wind turbines), geodetic terrain
mapping, the film industry, and even for hobby enthusiasts to fly and record videos from a
first-person perspective. The vast majority of commercially available UAVs are equipped
with a camera, while more specialized vehicles for terrain mapping or crop spraying offer
a more diverse sensor suite.
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All of the aforementioned systems primarily observe and gather data about the
environment, while having little to no ability to interact with and change the environment.
One way to augment these vehicles for physical interaction is to attach a lightweight
manipulator to their body, which is the main interest of the aerial manipulation field.
Although such vehicles are more complex for both modeling and control, their benefit lies
in performing versatile tasks that require interaction with the environment.

In general, there are three types of bridge inspections: periodic, special and damage
inspections. Periodic bridge inspections differ from country to country according to
national standards, and are usually performed at least once every two to three years.
Special inspections are typically used to monitor the condition of deficient elements at
specific locations based on predefined requirements. Damage inspections are usually
performed after events that have occurred due to environmental impacts or human actions.
The aim of a bridge inspection is to evaluate and assess structural safety and reliability.
Current techniques are based on traditional visual inspection with a combination of non-
destructive methods (NDTs). Traditional visual inspection is performed by experienced
(trained) engineers and using specialized trucks equipped with the cranes and basket, that
allow inspectors to review the conditions underneath the bridge. During the inspection,
the engineers are equipped with various NDT [1] tools to detect construction faults and
defects such as corrosion, cracks, voids, weakening connections, and concrete delamination.
Some of these NDTs require mounting small sensors to collect data, such as accelerometers,
strain gauges, tilt meters and various transducers for acoustic or pressure measurements.
Afterwards, the bridge is excited with vibrations, sound waves, tapping, etc., and mounted
sensors record responses to these specific excitations. Furthermore, there are usually
requirements for performing measurements during the bridge inspection, such as the
short- and long-term monitoring of vibrations, strains, displacements, etc. Mainly, these
inspections offer valuable information about the current bridge conditions, but there
are a number of disadvantages. The use of trucks during inspections requires total or
temporary road closures, which at the same time require safety measures to keep traffic
flowing as freely as possible. In addition, inspectors often encounter challenges in reaching
all portions or elements in narrow areas, such as tight spaces between girders, beams
and vaults. The aforementioned significantly increases the time and overall cost of the
inspection. An aerial robot, with the potential to reach these challenging locations on
the bridge, could significantly reduce the time and cost of these inspections and improve
worker safety. Moreover, we note that the aforementioned sensors are relatively lightweight,
which makes them suitable for transportation and mounting with an aerial robot.

1.1. Concept

We envision a team of robots working together to attach sensors to bridges and similar
grade separation infrastructure. In theory, such a task could be accomplished with a single
aerial robot, at the cost of a complex mechanical design. The proposed team shown in
Figure 1 consists of two drones. One drone applies the adhesive material, and the other
attaches sensors. We envision a two-stage process using two-component adhesives which
form a solid bond from two separate reactive components: the “resin” and the “hardener”.
The first UAV applies the resin by spraying it onto the surface, while the second one
attaches the sensor with the hardener already applied before the flight.

It is important to follow the prescribed ratio of the resin and the hardener to achieve
the desired physical properties of the adhesive. Only when mixed together do the two
components form the adhesive. The reaction typically begins immediately after the two
components are mixed and the bond strength depends both on maintaining the contact
and the viscosity of the mixed adhesive during the process. Manufacturers can control the
cure rate to achieve various working times (worklife) until final bond strength is achieved,
ranging from minutes to weeks. Resin bases are usually more viscous than their respective
hardener and are generally applied by brush, roller, applicator or spray. In this work,
we propose attaching a canister of pressurized resin to the UAV, and spray it through a
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nozzle onto the infrastructure surface. In this scenario, the spray needs to be softer and less
turbulent to reduce the amount of material lost due to bouncing and it must be colored
for the detection in the second stage. Spraying with drones is not a novel concept [2,3],
so without loss of generality, we will omit the details of this design and instead focus on
detecting, navigating to, and sustaining contact with the sprayed surface.

In typical applications, the assemblies are usually kept in contact until the sufficient
strength of the bond is achieved. When fully cured, two-component adhesives are typically
tough and rigid with good temperature and chemical resistance. We rely on the robotic
arm attached to the second aerial vehicle to apply a controlled contact force between the
sensor and the surface. Maintaining this fixed assembly contact through the impedance
control system enables us to achieve a successful curing process and create a permanent
bond between the sensor and the infrastructure. After the first UAV sprays the resin onto
the surface, the second aerial robot finds the sprayed part and applies the contact with the
sensor’s surface. Before takeoff, the surface of the sensor is brushed with a hardener. Once
contact is made, it is maintained for the prescribed curing time, after which the aerial robot
disembarks and leaves the sensor attached to the surface.

Figure 1. Two aerial robots working together to attach sensors to different parts of a bridge and
similar grade separation infrastructure. The one on the left is used to spray the resin onto the surface,
while the aerial robot on the right maintains contact to the surface with the sensor attached to its
end-effector.

1.2. Contributions

This paper focuses on developing a method for mounting sensors on a bridge wall
using an aerial manipulator. The first contribution is augmenting the model-based motion
planning with the adaptive impedance controller. The motion planning method accounts
for the underactuated nature of the multirotor UAV and corrects the end-effector configu-
ration for an appropriate approach. This method also relies on the dexterity analysis which
keeps the manipulator configuration within its optimal region, ensuring that the manipula-
tor is never fully extended or contracted while mounting a sensor. The second contribution
is the visual blob detection which locates and tracks the appropriate sensor mounting point.
The blob detection has been experimentally verified in an indoor environment, yielding
the reliable and robust tracking of the mount location, as well as the blob plane orientation.
Finally, the third contribution is the simulation analysis of the system’s performance, con-
ducted on a straight and inclined wall approach. The simulation concentrates on testing
the motion planning together with the impedance controller, performing a repeatability
analysis and ensuring that the desired contact force is achieved.
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2. Related Work

In the world of aerial inspections, a number of UAV-based solutions are being pro-
posed by researchers. In [4], a technical survey for bridge inspections is given. Researchers
in [5] present the project AERIAL COgnitive Integrated Multi-task Robotic System with
Extended Operation Range and Safety (AERIAL-CORE) which focuses on power lines
inspection, maintenance and installing bird diverters and line spacers. Most of these
approaches are based in conjunction with new technologies to ensure faster and cheaper in-
spections. Nowadays, UAVs use high-resolution cameras for visual inspections and employ
point cloud methods based on digital photogrammetry [6], Light Detection And Rang-
ing (LiDAR)-based methods [7], digital image correlation [8], etc. There are also reports
for visual compensation during aerial grasping [9], aerial grasping in strong winds [10],
and the development of a fully actuated aerial manipulator for performing inspections
underneath a bridge [11]. According to the experimental testing of contact-based bridge
inspections, there is a need to develop a solution for mounting application sensors (such as
accelerometers, strain gauges and tilt meters) on a bridge using a UAV. It is expected that a
sophisticated system with the possibility of automatic sensor mounting will increase the
frequency of measurements without interrupting traffic, ensure the safety of inspectors as
well as reduce inspection time and overall costs.

As mentioned earlier, the second UAV needs to be aware of the position of the sprayed
adhesive which is applied in a blob-like pattern. For this purpose, an Red Green Blue -
Depth (RGB-D) camera is used due to its favorable dimensions and weight. It provides
image and depth information about the environment which proves useful for object local-
ization and UAV navigation. Such cameras were commonly found on UAVs and unmanned
ground vehicles (UGVs) present at the recent MBZIRC 2020 competition. In [12,13], RGB-D
information is used for color-based brick detection and localization for the wall-building
challenge using UAVs and UGVs, respectively, while in [14] the authors use a Convolu-
tional Neural Network (CNN)-based UAV detection and tracking method for the intruder
UAV interception challenge. Furthermore, visual sensors proved useful in [15], where the
authors performed a contact-based inspection of a flat surface with an aerial manipulator.
The surface position and orientation was obtained by applying random sample consensus
(RANSAC) on the RGB-D information. A thorough survey of 2D object detection methods
from UAVs was given in [16]. In this paper, the authors present a modular framework
for object detection in which a simple contour-based blob detector is implemented. The
goal is to use RGB-D information to enable an autonomous inspection workflow. The blob
position is obtained by segmenting the depth data at the points where the object is detected
in the image, while RANSAC [17] is used to determine its orientation.

After the successful detection of a blob-like pattern, it is necessary to attach the
inspection sensor. The first phase of the sensor attachment is achieving contact, and the
second is maintaining that contact to allow for the two adhesive components to form
a bond. Generally, the contact can be achieved with or without force measurements.
In [18], contact with the wall is performed and maintained. Researchers in [19] performed
wall contact and aerial writing experiments. The work presented in [20] modeled and
exploited the effects of the ceiling effect to perform an inspection underneath a bridge. The
common denominator in the former approaches is maintaining the contact without any
force feedback. Although mounting a force sensor on a UAV increases both mechanical
and control complexity, an immediate benefit is the ability to maintain precise contact
force regardless of the environment. In [21], the researchers used a force/torque sensor to
achieve compliant control while pulling a rope and a semi-flexible bar. A fully actuated
UAV with a manipulator has been employed in [22] to compare force feedback control with
and without the force/torque sensor. Researchers in [23] used a single degree of freedom
manipulator with a force sensor mounted at the end-effector to press an emergency switch.

Relying on the blob-like pattern detection and the impedance control, a trajectory
for achieving contact is required to steer the aerial manipulator towards the contact point.
While mounting the sensor, it is essential that the approach and contact are perpendicular
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to the wall plane. This can be considered as a task constraint imposed on the planner
which the aerial manipulator has to satisfy. Researchers in [24] propose a task constrained
planner for a redundant robotic manipulator that enables them to do everyday tasks such as
opening drawers or picking up objects. In [25], a task-constrained planner was developed
for underactuated manipulators. Since multirotor UAVs are typically underactuated
systems, it is necessary to address dynamics and kinematics while planning the end-
effector trajectory. Aerial manipulator 6D end-effector trajectory tracking based on the
differential flatness principle was presented in [26]. The underactuated nature of multirotor
UAVs can cause unexpected deviations in end-effector configuration. Researchers in [27]
address this particular problem by including the dynamic model of the system into the
planning procedure. In our previous work [28], a trajectory planning method based on
the full dynamic model of an aerial manipulator was developed. In this paper, we further
augmented this method to plan for the desired force required by the impedance controller.

3. Mathematical Model

In this section, the mathematical model of the aerial manipulator is presented. The
coordinate systems convention is depicted in Figure 2. Furthermore, an analysis for the
manipulator dexterity and reach was performed.

3.1. Kinematics

The inertial frame is defined as LW. The body-fixed frame LB is attached to the
center of gravity of the UAV. The position of the UAV in the world frame is given

with pB
W =

[
x y z

]T ∈, and the attitude vector is Θ =
[
φ θ ψ

]T
. Combining

the position and attitude vectors defined the generalized coordinates of the UAV as

qB =
[
(pB

W)T ΘT
]T ∈ R6. Written in a matrix form TB

W, the transformation contains
both the position and orientation of the UAV obtained through an on-board sensor fusion
or through an external positioning system (i.e., GPS). The notation Tb

a ∈ R4×4 was used to
denote a homogeneous transformation matrix between frames a and b.

A rigid attachment between the body of the UAV and the base of the manipulator L0
was considered, denoted with the transformation matrix T0

B . The manipulator used in this
work was a M = 3 degree-of-freedom (DoF) serial chain manipulator with the end-effector
attached to the last joint. The DH parameters of the arm are given in Table 1. Using this
notation, one can write a transformation matrix Tee

0 between the manipulator base and its
end-effector as a function of joint variables q1, q2 and q3. For brevity, the expression for
the entire matrix Tee

0 is left out and only the end-effector position and its approach vector
equations are written using the well-known abbreviation cos(q1 + q2) := C12:

pee
0 =

⎡
⎢⎣a1(C1 + C12) + d3C123

a1(S1 + S12) + d3S123

0

⎤
⎥⎦, zee

0 =

⎡
⎢⎣C123

S123

0

⎤
⎥⎦ (1)

Table 1. DH parameters of the 3-DoF manipulator attached to the UAV. A virtual joint q∗4 is added to
fully comply with the DH convention. Link sizes a1 and d3 are omitted for clarity.

Joint θ d α a

q1 0 0 0 a1
q2 0 0 0 a1
q3

π
2 0 π

2 0
q∗4 0 d3 0 0
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Figure 2. Coordinate systems of the world, UAV and the 3-DoF manipulator.

Putting it all together, the full kinematic chain of the aerial manipulator can be con-
structed as

Tee
W = TB

W · T0
B · Tee

0 , (2)

combining the fixed transformation T0
B with TB

W and Tee
0 depend on UAV and manipu-

lator motion. Since there is obvious coupling between the motion of the body and the
manipulator arm, a β ∈ [0, 1] parameter is introduced to distribute the end-effector motion
commands either to the UAV global position control or manipulator joint position control.
To this end, the following distribution relationship is used:

ΔPUAV = β · ΔP

ΔParm = (1 − β) · ΔP, (3)

where ΔP is used to denote the desired aerial manipulator displacement expressed as the
following combination body and arm motion:

ΔP = ΔPUAV + ΔParm

= β · ΔP + (1 − β) · ΔP. (4)

The manipulator displacement is denoted by ΔParm and the UAV displacement by
ΔPUAV, where both ΔParm and ΔPUAV are expressed in the coordinate system L0. With
β = 1, the UAV motion is used to control the position of the end-effector. When β = 0,
the situation is reversed and the manipulator motion is used to move the end-effector.
For every other β, the end-effector motion is obtained in part by the UAV body and the
manipulator arm motion.

There are obvious advantages in combining the motion of the UAV and the manip-
ulator arm. The UAV can move in 3D space beyond the reach of the arm; however, the
motion of the UAV is not as precise and dynamically decoupled. The kinematics of the
arm enable the end-effector to obtain the desired approach angle zee

0 = [cos(δ), sin(δ), 0]T ,
which under the hovering assumption, becomes equal to the global approach vector zee

W
pointing towards the contact point on the infrastructure. The straightforward mathematical
manipulation of Equation (1) allows for writing the constraint equation:

q3 = δ − q1 − q2, (5)

which ensures that the manipulator points in the right direction, where δ is the desired
manipulator inclination in the body x–z plane.
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To find the optimal manipulator pose during contact, the dexterity D and the reach R

of the pose were taken into account, while considering that the joints are as far as possible
from their physical limits L. Since the motion of the arm is constrained with its approach
axis condition, a reduced form of a Jacobian matrix was used J =

[
δpee

0
δq1

, δpee
0

δq2

]
to derive the

pose dexterity index D =
∣∣JT · J

∣∣ and determine how far the current pose is from the null
space of the manipulator [29]. The reach of the pose R = (pee

0 )
T · pee

0 was also taken into
account, since the goal was to keep the end-effector and the contact point as far away from
the UAV body. Finally, the following equation is defined:

L =
(q2

1 − Q1max
2)(q2

2 − Q2max
2)

Q1max
2Q2max

2 , (6)

to measure how far away the given configuration is (i.e., q1, q2) from the joint limits
Q1max, Q2max. Normalizing D,R and L enables combining the three conditions into a

single manifold M = D ·R · L and find the optimal configuration q∗
M =

[
q∗1 q∗2 q∗3

]T
for

the desired approach angle δ. The described method is depicted in Figure 3 for the specific
case of the approach angle δ = 0◦, but can be extended to any value of the approach angle
through Equation (5).

As a side note, the manipulator attachment on the top of the UAV body was chosen
to be able to reach surfaces underneath the bridge. Although this shifts the center of
gravity upwards, the stability of the system is not compromised since the manipulator is
constructed of lightweight materials.

Figure 3. The visual decomposition of dexterity D, reach R, limit L and the overall combined surface.
This analysis is performed for δ = 0◦: (a) the dexterity D surface shows the measure of how far the
manipulator is from the null space. Values around zero are closer to the null space; (b) the reach
R surface shows how far the end-effector can move in a certain configuration. This value tends
towards zero as the arm approaches a folded configuration; (c) the limit L depicts how far a certain
configuration is from the physical limits of the manipulator joints; and (d) the combined manifold M

of the formerly described surfaces. Higher values offer better trade-off between dexterity, reach and
limit, defining the optimal manipulator configuration q∗

M.

3.2. Dynamics

The most complicated task of the aerial manipulator is attaching the sensor to a wall
and maintaining the required force reference while the two-component adhesive hardens.
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To successfully perform such a task, the coupled UAV-manipulator system dynamics have
to be addressed for the precise end-effector configuration planning.

Considering the UAV dynamics only, the derivative of the generalized coordinates

can be defined as q̇B =
[
(ṗB

W)T (ωB
W)T

]T ∈ R6. Here, the (ṗB
W)T is the linear velocity of

the body of the UAV in the world frame and the (ωB
W)T represents the angular velocity

of the UAV in the world frame. The UAV’s propulsion system consists of np propellers
rigidly attached to the body. Each propeller produces force and torque along the zB axis.
The vector of the propeller rotational velocities is simply defined as

ΩUAV =
[
Ω1 . . . Ωnp

]T ∈ R
np . (7)

Force and torque produced by each propeller are non-linear functions depending on
the rotational velocity ΩUAV. Rather than using the rotational velocities as control inputs,
they can be mapped to a more convenient space. Namely, the mapped control input space
can be written as

uUAV = K · diag(ΩUAV) · ΩUAV, (8)

where K ∈ R
4×np is the mapping matrix and uUAV =

[
u1 u2 u3 u4

]T
, where u4

represents the net thrust and u1, u2 and u3 are moments around the body frame axes.
As stated earlier, the manipulator consists of three rotational DoFs. Therefore, the joint

positions of the manipulator are defined as qM =
[
q1 q2 q3

]T
. The rotational velocity of

each joint is a time derivative of joint positions q̇M = dqM/dt. The torque of each joint is

considered the control input of the manipulator uM =
[
τ1 τ2 τ3

]T
.

The resulting generalized coordinates of the aerial manipulator can be written as

q =
[
qUAV qM

]T ∈ R9, and the velocities can be obtained in the same manner as

q̇ =
[
q̇UAV q̇M

]T ∈ R9. The resulting control inputs of the system can be expressed as

u =
[
uUAV uM

]T ∈ R7. Finally, the full system dynamics can be written as

M(q)q̈ + c(q, q̇) + g(q) = u, (9)

where M(q) ∈ R9×7 is the inertia matrix, c(q, q̇) ∈ R7 is the vector of centrifugal and
Coriolis forces, g(q) ∈ R7 is the gravitational term.

4. Control System

The overall control of the aerial manipulator consists of several nested control loops.
The complete controller overview, with motion planning and blob detection blocks, is
depicted in Figure 4.

4.1. Aerial Manipulator Control

At the inner most level, the UAV is controlled through cascade attitude and rate
controllers. The input to these controllers is the desired orientation and based on the state,
the output is the vector of the rotors’ angular velocities. The second level of control, which
uses the inner attitude control loop, consists of two additional cascades, the position and
the velocity control. These controllers receive a referent position and velocity feed-forward
value to generate the desired vehicle orientation and thrust. The manipulator joints are
controlled through standard Proportional, Integral, Derivative (PID) controllers; however,
in a real-world setting, servo motors with integrated control are typically used.

As mentioned earlier, it is important to track the desired force after contact with a wall
is achieved. To accomplish this, an adaptive impedance controller is employed to generate
an appropriate setpoint for the position controller. This controller receives a trajectory
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supplied by the mission planner, which steers the aerial manipulator towards the sensor
mounting target on the bridge.

Attitude and
rate control

Position and
velocity control

Adaptive
impedance

control

Motion
planning

Blob detection
and estimation

Manipulator
control

Aerial manipulator control

Figure 4. The overall functional schematic of the system. The aerial manipulator control subsystem
is necessary for the controlling position and attitude of the UAV, and manipulator joints. On top
of this controller, the adaptive impedance control is employed in order to track the desired force.
Motion planning generates an appropriate trajectory based on the target point supplied by the blob
detection algorithm.

4.2. Adaptive Impedance Control

The objective of the adaptive impedance controller is to ensure a stable physical
interaction between the aerial manipulator and the environment [30]. As mentioned earlier,
the standard UAV control scheme is based on position and attitude controllers. When
interacting with the environment, the desired contact force must be considered. The
position controlled system can be extended to follow the desired force by introducing an
impedance filter. The design of such a filter is explained here for a single DoF.

The behavior of the system is defined by the target impedance as

e(t) = m(ẍc(t)− ẍr(t)) + b(ẋc(t)− ẋr(t)) + k(xc(t)− xr(t)), (10)

where m, b and k are constants, xr(t) is the referent position, provided to the impedance
filter as an input, and xc(t) is the output of the impedance filter representing the position
command. The filter is designed as a linear second-order system with a dynamic rela-
tionship between the position and the contact force tracking error e(t) so that it mimics a
mass-spring–damper system. The contact force tracking error is defined as follows:

e(t) = fr(t)− f (t), (11)

where fr(t) is the other filter input defining the referent force, and f (t) is the measured (ex-
erted) contact force. If the environment is modeled as a first-order elastic system (equivalent
spring system) with unknown stiffness ke, the measured force can be approximated as

f (t) = ke(x(t)− xe(t)), (12)

where x(t) is the position of the manipulator and xe(t) is the position of the environment
in an unexcited state. By substituting Equation (12) in Equation (11), the position of the
aerial manipulator can be expressed as follows:

x(t) =
fr(t)− e(t)

ke
+ xe(t). (13)
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Assuming that the commanded position value can be achieved by the aerial manipula-
tor, i.e., x = xc, the substitution of Equation (13) in Equation (10), the system in the steady
state can be described as follows:

e(t) =
k · ke

k + ke

(
fr(t)
ke

+ xe(t)− xr(t)
)

. (14)

For a contact force error of zero in the steady state, the following must hold:

xr(t) =
fr(t)
ke

+ xe(t). (15)

In other words, the position setpoint has to be designed in such a way that it compen-
sates for the displacement of the environment due to the exerted contact force. To ensure
this, a value of the unknown environment stiffness ke is needed. Furthermore, ke plays a
fundamental role in the stability of the impedance filter Equation (10), which ultimately
affects the stability of the aerial manipulator while in contact with the environment. A sta-
ble contact between the aerial manipulator and the environment can be ensured using the
Hurwitz stability criterion, by designing the system with b/m > 0 and (k + ke)/m > 0.
However, since ke is unknown, an adaptation law for the position setpoint that guarantees
the contact stability while compensating for this hidden, unknown parameter is proposed.

The adaptation law is derived starting from Equation (15). An adaptive parameter
κ(t) is introduced so that:

xr(t) = κ(t) fr(t) + xe(t). (16)

It can be shown using the Lyapunov stability analysis that the following adaptation
dynamics equation for κ(t) will yield a stable system response:

kκ̇(t) + bκ̈(t) + m
...
κ (t) = −γσ(t) + γdσ̇(t). (17)

We refer the interested reader to the proof which can be found in the Appendix A.

5. Motion Planning

As discussed in Section 1.1, the main concept of this paper was to use a team of two
UAVs, each applying one component of the adhesive. To apply the “resin” component,
the UAV has to plan a collision-free trajectory and position itself in front of the target
area to start spraying. This is fundamentally different from mounting a sensor coated
with “hardener”. In the latter case, apart from planning a collision-free trajectory, the
manipulator-endowed UAV has to apply pressure for a certain amount of time for the two
components to mix.

From the perspective of motion planning, the planner needs to be augmented to
include a manipulator with three degrees of freedom, contact force and the weighing
parameter β. To successfully maintain the pressure, the planner relies on the impedance
controller described in Section 4.2. Furthermore, one of the requirements when mounting
the sensor on the wall is for the sensor to be perpendicular to the wall. Therefore, it is
necessary to take the underactuated nature of the multirotor UAVs into account during
the motion planning. Namely, the errors in the planned end-effector configuration were
mainly induced due to the roll and pitch angles while executing the planned motion. In our
previous work [28], we developed a model-based motion planner for aerial manipulators
that is capable of correcting the aforementioned end-effector deviations. In this paper, the
idea from [28] was extended to consider the impedance control when obtaining the full
state of the aerial manipulator.

122



Appl. Sci. 2021, 11, 8279

5.1. Waypoint Configuration

When dealing with an aerial manipulator, exerting some contact force inevitably yields
a high dimensional waypoint configuration. We define a single waypoint as a set of UAV
and joint poses, together with the force reference and motion distribution factor β:

w =
[
qT

B qT
M fT

r β
]T ∈ R

13, (18)

where qB ∈ R6 and qM ∈ R3 are generalized coordinates of the UAV and the manipulator

defined in Section 3.1. The force reference vector fr =
[

fx fy fz

]T ∈ R3 and weighing
scalar parameter β are required by the impedance controller. Furthermore, the impedance
controller assumes a step change of these values. Ideally, the change should occur at the
moment of contact since no force can be exerted without contact. Therefore, these values
are only changed at the final waypoint.

Apart from the desired force and the parameter β, the final waypoint must contain the
UAV position and orientation, as well as the manipulator joint configuration. Specifying
these values relies on the blob detection algorithm presented in Section 6. Namely, the
algorithm outputs the position and orientation of the detected blob in the world frame.
Following the manipulator dexterity and reach analysis described in Section 3.1, the optimal
manipulator configuration q∗

M is obtained based on the provided plane normal. The optimal
manipulator configuration is then used as the desired configuration for the final waypoint.
This way, during operation, the manipulator never reaches a fully extended or contracted
pose, which allows the impedance controller to command both the arm and the UAV to
achieve and maintain the desired force.

5.2. Trajectory Planning

There are three phases in the trajectory planning procedure. First, an initial trajectory
is planned based on the provided waypoints. Second, the initial trajectory is sent to a
simulated model in order to obtain the full state of the aerial manipulator during the
trajectory execution. Third, the end-effector configuration is corrected based on the full
state of the vehicle, and the final trajectory is sent to the target aerial manipulator.

Initial Trajectory

To execute a smooth motion towards the desired waypoint, we use a suitable time-
optimal path planning by reachability analysis (TOPP-RA) trajectory planner [31]. The
TOPP-RA algorithm searches for the time-optimal trajectory and is based on a “bang-bang”
principle on the generalized torque of each DoF. The planner is capable of receiving the
input waypoints of an arbitrary dimension and output a smooth trajectory. Each DoF has
to be provided with dynamical constraints in terms of velocity and acceleration, which are
respected during the trajectory generation process.

As mentioned, the input to the TOPP-RA trajectory is the path of a set of n ≥ 2 waypoints:

P =
{

wi | wi ∈ R
13, i ∈ (0, 1, . . . , n)

}
. (19)

Based on the dynamical constraints, the output of the TOPP-RA planner is a
sampled trajectory:

Ts =
{

t(kTs) | t(kTs) ∈ R
3×13, k ∈ (0, . . . , nt)

}
, (20)

where t =
[
(w)T (ẇ)T (ẅ)T

]T ∈ R3×13 is a single sampled trajectory point consisting
of position, velocity and acceleration; Ts is the sampling time; and nt is the number of
points in the sampled trajectory. Note that each trajectory point contains both roll and
pitch angles. Although these angles can be planned through the TOPP-RA algorithm,
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they are omitted at this point because of the underactuated nature of the multirotor UAV.
Nevertheless, they are used later in the paper when the model corrections are applied.

The impedance controller expects a step change in the force and weighing parameter
β referent values. To satisfy this requirement, large constraints for velocity and acceleration
are imposed for these DoFs. However, because other DoFs have constraints below their
physical limit, the overall force and β trajectory has a slower, dynamically smooth profile.
These profiles also have overshoots and undershoots which are not acceptable because
they are not within the hard constraints required for β. To tackle this problem, a simple
piecewise constant velocity interpolation was applied to the force and β. This way, a
large velocity constraint produces a step change which is a suitable input to the impedance
controller. A visual example of the difference between the TOPP-RA and piecewise constant
velocity interpolation is depicted in Figure 5.

Figure 5. Visual comparison between TOPP-RA and the piecewise constant velocity interpolation.
Waypoints for both trajectories are kept the same, and around t = 2.5 s, the middle waypoint(yellow
cross) is reached. Although the dynamical constraints are the same, TOPP-RA takes other degrees of
freedom into account and produces a trajectory with overshoot which is not suitable for parameter β.

5.3. Model-Based Corrections

The initial trajectory from Equation (20) is planned without any consideration about
the underactuated nature of the multirotor UAV. To obtain the unknowns, namely roll
and pitch angles, the initial trajectory can be executed in a simulation environment. The
chosen simulation environment is, in our case, Gazebo, because it is realistic and supports
the robotics operating system (ROS), which is the backbone of our implementation. The
simulated aerial manipulator is based on the mathematical model described in Section 3.
The standard cascade PID controllers are employed for low-level attitude and high-level
position control. The impedance controller is built on top of the position controller and pro-
vides a position reference based on the input trajectory. More details about the simulation
environment are provided in Section 7.

The first step is executing the initial trajectory in the aforementioned simulation
environment. While executing, the roll and pitch angles are recorded as they are needed for
obtaining the full state of the UAV. Rearranging Equation (2) and plugging the unknown
roll and pitch angles in the full state of the UAV, the transform of the end-effector in the
manipulator base frame can be obtained:

Tee
L0

= (TL0
B )−1 · (TB

W)−1 · Tee
W . (21)

Usingthe inverse kinematics of the manipulator, joint values qM for the desired end-
effector configuration are obtained. This way, the null space of the aerial manipulator is
used for the end-effector correction. Note that due to the configuration of the manipulator,
an exact solution of the inverse kinematics will not always exist. In such a case, an
approximate closest solution is used instead.

The final trajectory is constructed by replacing the initial qM with the corrected values.
This trajectory is afterwards sent to the target aerial manipulator.

The careful reader should note that the developed three DoF manipulator operates on
the x and z position in the body frame, as well as the pitch angle. This allows the impedance
controller to maintain the orientation perpendicular to the wall, while compensating for the
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UAV body motion in the x and z axes. However, the system will experience disturbances
and control errors which will act on the roll and pitch angle, and the lateral movement
along the body y axis. We can address these issues either with mechanical dampers or
by adding additional degrees of freedom to the manipulator, which will be explored in
future work.

6. Blob Detection

This section presents the methods we propose to detect the hardener blob position
and orientation. A modular object detection framework, as shown in Figure 6, is designed
to ensure a reliable blob pose detection. Since the detection is to be done on board the
UAVs, RGB-D cameras are selected. Therefore, the inputs to the framework are images
and organized point clouds obtained from the visual sensor. The remainder of this section
introduces the individual components of the framework and adds implementation details
where necessary.

Figure 6. The pipeline for the modular object detection framework. Inputs to the system are an
arbitrary number of sensor messages (image, depth, point cloud, etc.) along with sensor–world
frame transformations. Output is the detected blob pose in the world frame. The synchronizer and
detector are modular components, while the linear Kalman filter, world transformation and pose
tracker stay invariant.

The sensor message synchronizer is responsible for the time-based synchronization of
the given sensor message streams. In the case of blob detection, a module that synchronizes
images and organized pointclouds from an RGB-D camera is derived. This is necessary
since the algorithm detects the blob in both 2D image space and 3D point clouds, which
are not necessarily sampled simultaneously. The underlying implementation uses ROS
libraries to synchronize messages with an approximate time policy.

An object detector attempts to find a set of object poses using synchronized sensor
data. The module used in this paper detects blob poses and is implemented in the following
way. First, all the blob positions and radii are found in the image frame using the standard
blob detection functionality found in the OpenCV libraries. Second, the depth information
corresponding to the detected blobs is isolated from the organized point cloud. Finally,
blob positions are calculated as centroids of the corresponding depth positions, while the
orientation is obtained through the random sample consensus (RANSAC) algorithm from
the Point Cloud Library (PCL).

The remaining framework components are independent from synchronizer and detec-
tor modules. The pose tracker is used to track the obtained object’s poses through multiple
frames based on the closest Euclidean distance criterion. This component solves the issue
of multiple objects being visible, as it always outputs the pose of the currently tracked
object. Moreover, it increases the robustness of the system since it remembers the object
poses for a certain number of frames, which allows some leniency with the detector.

The goal of the world transformation component is to transform the tracked pose
from the sensor to the world frame using the estimated odometry from an external source
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that any UAV should have access to. Additionally, since the blob poses are to be sent as
references to the trajectory planner, it is important to correctly compute the blob orientation.
Since the blob is a flat surface, there are two equally correct possible orientations that can
be detected. Therefore, the blob orientation is chosen as follows:

Rblob =

{
Rblob if r1B · r1blob ≥ 0

Rblob · R180 otherwise
, (22)

where r1B is the heading component of the UAV rotation matrix expressed in world
coordinates RB =

[
r1B r2B r3B

]
and r1blob is the heading component of the blob rota-

tion matrix expressed in world coordinates Rblob =
[
r1blob r2blob r3blob

]
and R180 =

diag(−1,−1, 1).
Finally, a linear Kalman filter with a constant velocity model is used to further increase

the robustness of the system and provide smoother blob position estimates. The constant
velocity model for each axis is given as follows:

xk+1 = Fkxk + wk , Fk =

[
1 Ts

0 1

]
, (23)

where Ts is the discretization step, xk ∈ R2 is the state vector containing the position and
velocity along the corresponding axis and wk ∈ R2 is the process noise. The observation
model along a single axis is given as follows:

zk = Hxxk + vk , Hk =
[
1 0

]
, (24)

where zk ∈ R is the position observation along the corresponding axis and vk ∈ R is the
measurement noise.

If the detector is unable to provide measurements and the pose tracker removes the
pose from the tracking set, the linear Kalman filter is still able to provide blob
position estimates.

Experimental validation of the described methods is performed in an indoor Optitrack
environment with an Intel Realsense D435 RGB-D camera. To ensure ground truth is
available for detection validation, reflective markers are attached to both the camera and
the blob. In order to determine the transformation between the camera optical frame and
the reflective markers attached to the camera, an optimization-based calibration approach
is used as described in [32].

Results are shown in Figures 7 and 8. The experiments are performed with the UAV in
constant motion while looking at the general direction of the painted blob. Figure 7 shows
a relative difference between the ground truth UAV motion in the world frame and the
UAV motion as observed from the detected blob frame. Figure 8 presents the comparison
of ground truth and detected blob positions expressed in the world frame. It is important
to note that camera calibration errors can manifest themselves as static offsets between
the detected and ground truth blob positions in Figure 8. However, in this case, the visual
detection provided a reliable blob tracking results which is a direct consequence of careful
camera calibration.
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Figure 7. This figure shows the comparison of normalized motion of the UAV body frame as observed
from the Optitrack world frame and as observed from the detected blob frame labeled pW

B [k]− pW
B [0]

and pblob
B [k]− pblob

B [0], respectively.

Figure 8. This figure shows the comparison of the ground truth blob position and the blob position
estimate expressed in the Optitrack world frame. The root mean squared error across all three axes is
4.6 cm.
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7. Simulation

The environment used for simulating the UAV and manipulator dynamics, as well
as the contact with the environment, is the widely accepted Gazebo simulator. It is real-
istic and highly modular, with a large community and a support for the robot operating
system (ROS), which is also the primary implementation environment for impedance
control, motion planning and blob detection. Through ROS, Gazebo has a large variety
of developed plugins realistically simulating various sensors and actuators. All simu-
lations were conducted with Linux Ubuntu 18.04 operating system and ROS Melodic
middleware installed.

The UAV is modeled as a single rigid body with np propellers mounted at the end
of each arm. As propulsion units, these propellers generate thrust along the z axis of the
UAV body. To simulate the propeller dynamics, the rotors_simulator package is used. It
contains a plugin that models thrust based on the user-provided propeller parameters [33].
Furthermore, to obtain the UAV attitude and position, IMU and odometry plugins are
mounted on the vehicle. The manipulator was mounted on the body of the UAV and
consists of three joints connected with links. A rod type tool is mounted as the end-effector,
with a force-torque sensor required by the impedance controller. Furthermore, a monocular
camera with an infrared projector is also mounted for the blob detection.

7.1. End-Effector Motion Distribution Analysis

Given some end-effector configuration, the inverse kinematics is responsible for
finding the UAV position and yaw angle, as well as the manipulator joint values that
satisfy the desired configuration. The parameter β from Equation (3) defines a ratio of how
much the manipulator joints and UAV position and orientation contribute to achieving the
desired end-effector configuration, as described in Section 3.1. Recalling the values, β = 1
only moves the UAV in the direction of the desired end-effector configuration; and β = 0
uses the inverse kinematics of the manipulator to achieve the desired configuration.

To determine the influence of β on the overall system, an analysis was conducted with
different β values. The desired end-effector configuration was chosen to be in contact with
a plane perpendicular to the bridge wall which required the force reference along the x
axis. The waypoints for the trajectory planner were kept the same across all trials, and only
β was changed. The results of this analysis are depicted in Figure 9. As can be observed,
all trials produced very similar results with oscillating force upon contact and eventually
reaching the desired reference, providing us with no obvious conclusion regarding how to
select the optimal β. However, following the dexterity analysis from Section 3.1, and only
relying on the manipulator motion might drive the system close to its limits due to the
UAV body movement. On the other hand, the motion of the UAV induces disturbances in
the end-effector pose control. The manipulator is therefore responsible for compensating
errors introduced by the motion of the UAV body. Taking all of the aforementioned into
account, the value is chosen as β = 0.5 so that both the manipulator and the UAV are
simultaneously used to maintain a steady contact force.

Figure 9. Force response comparison for different values of the parameter β. The analysis was
conducted on a plane perpendicular to the ground where the force reference along the x axis
is required.
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7.2. Bridge Sensor Mounting

Since the concept of this paper was to mount inspection sensors on a bridge, the
simulation trials were tailored in the same direction. After spraying the first component, it
is necessary to achieve and maintain a stable contact while the second adhesive component
on the sensor dries. Since the manipulator is attached above the propellers, the workspace
of the manipulator is limited to contact above the UAV or on the plane perpendicular to
the ground.

Naturally, the first set of simulation trials were conducted by holding the desired force
on a plane perpendicular to the ground. In this case, the contact force only acts along the x
axis and the response is depicted in Figure 10. The time delay between the planned and
executed contact is present due to the impedance filter which slows down the dynamics of
the referent trajectory. After the initial contact, there are some oscillations and an overshoot
which diminish over time and the desired force reference is achieved.

Figure 10. Force response in case of a contact plane perpendicular to the ground, δ = 0◦.

The second set of simulation trials included an inclined contact plane. This requires
the UAV approach from below the plane and achieving contact perpendicular to the plane.
Since the plane is inclined for δ = 68◦, the planned force referent values have components
in both the x and z axes, as shown in Figure 11. Similarly to the previous example, the force
response has some oscillations around the instance of contact, but it eventually settles and
reaches the desired force reference.

Figure 11. Force response in the case of the contact plane inclined for δ = 68◦.

The simulation tests for δ = 0◦ and δ = 68◦ were performed n = 10 times for each
case, as depicted in Figure 12. The left portion of the figure is a dot product between the
normal of the blob rt and the end-effector orientation vector ree. If the value of the dot
product rt · ree = 1, the two vectors are parallel which results in a successful approach. For
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both angles, the dot product is very close to 1 and the orientation error is negligible. On
the right, the distance between the center of the target and contact point is shown. The
error distance is in both cases less than 0.1 m, which ensures the relatively high precision of
sensor mounting, well within margins for the bridge inspection. The accompanying video
of simulation tests can be found on our YouTube channel [34].

Figure 12. (Left): box and whiskers plot of the dot product between the blob plane normal vector rt

and the end-effector orientation vector ree; and (Right): box and whiskers plot of the distance from
the target point after contact.

8. Conclusions

This paper presents a step towards autonomous bridge inspection by investigating
the possibility of mounting various inspection sensors using an aerial manipulator. Cur-
rently, inspectors use specialized trucks with cranes and baskets in order to access the area
underneath the bridge. This inevitably leads to road closure which poses an inconvenience
for both inspectors and traffic. To alleviate this problem, the aforementioned aerial manip-
ulators can be used to access difficult-to-reach areas of the bridge. As mounting sensors
require forming a bond between the wall and sensor, we envision using a two-component
adhesive with a short cure time. Since the aerial manipulator has to achieve and maintain
contact with the sensor mount point, short cure times are desirable because of te limited
flight time of these platforms. Nevertheless, current flight times of outdoor multirotors
reach up to 30 min, which ensures enough time for the two adhesive components to form
the bond.

Although preliminary, the results of this paper seem promising. The visual detection
was extensively tested and reliably tracks the blob position. The adaptive impedance
controller is capable of maintaining the required force. Even though there are some
oscillations and settling times in the force response, in practical use, it does not make
much difference since the curing time of the adhesive is at least several minutes. The
trajectory planner was augmented to plan in the force space which allows for setting
the force reference step change before the contact. The simulation results show the high
repeatability of the overall system which gives us the confidence to perform experiments
in a real-world environment.

Our first step in future work was to perform experiments in a controlled laboratory
environment. The outdoor environment poses a different set of challenges including the
lower accuracy positioning system and unpredictable disturbances, i.e., wind gusts. Since
these factors will inevitably reflect on the overall end-effector accuracy, we are looking
into augmenting the manipulator to be able to compensate for lateral movements, as well
as roll and yaw angles. To further increase the system’s accuracy, the developed visual
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tracker will be used to improve feedback around the tracked blob on the bridge wall in
real-world experiments.
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Appendix A

Here, we show detailed proof that the adaptation law (17) is stable. Assuming that
THE referent force fr(t) is constant, fr(t) = Fr, the time derivatives of Equation (16) are:

ẋr(t) = κ̇(t)Fr + ẋe(t),

ẍr(t) = κ̈(t)Fr + ẍe(t),
(A1)

while the derivatives of Equation (13) yield:

ẋ(t) = −ė(t)
ke

+ ẋe(t),

ẍ(t) = −ë(t)
ke

+ ẍe(t).
(A2)

By susbstituting Equations (A1) and (A2) into Equation (10), the dynamics of the
contact force error can be obtained as

më(t) + bė(t) + (k + ke)e(t) = g(t), (A3)

where:
g(t) = Fr[k(1 − keκ(t))− ke(bκ̇(t) + mκ̈(t))], (A4)

and x = xc. The adaptation law thus determines the dynamics of the adaptation parameter
κ(t) and defines the dynamics of the contact force error. Formally, the adaptation law
should enforce g(t) −→ g∗ such that e(t) −→ 0 and κ(t) −→ 1/ke.

For the Lyapunov candidate:

V(t) =
1
2

[
p1e(t)2 + p2 ė2(t)

]
+

1
2γ

[g(t)− g∗]2, (A5)

with p1, p2 and γ as positive parameters, the condition V̇(t) ≤ 0 yields:

2
γ

g(t)ġ(t) + 2g(t)[p1e(t) + p2 ė(t)]− 2
γ

ġ(t)g∗ ≤ 0. (A6)
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After reordering, we obtain:

ġ(t)[g(t)− g∗] ≤ −γσ(t)g(t), (A7)

where σ(t) = [p1e(t) + p2 ė(t)]. By choosing:

ġ(t) = −γσ(t) + γdσ̇(t), (A8)

where γd is a positive constant, Lyapunov condition Equation (A7) becomes:

g(t) ≤ g∗, (A9)

i.e., for the adaptation law to be stable, g(t) should be bounded. Since xr, ẋr and ẍr
are bounded, so are e, ė and ë. Therefore, g(t) is also bounded, i.e., the condition in
Equation (A9) is satisfied. The adaptation law is finally obtained by taking the derivative
of Equation (A3), and substituting ġ(t) with Equation (A8), yields the (17). Parameters γ
and γd dictate the adaptation dynamics. Based on the measured contact force, the error
adaptation law Equation (17) estimates the adaptation parameter κ (reciprocal value of
the environment stiffness), which is then used in Equation (16) for calculating the referent
position xr.
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Abstract: The inspection of public infrastructure, such as viaducts and bridges, is crucial for their
proper maintenance given the heavy use of many of them. Current inspection techniques are very
costly and manual, requiring highly qualified personnel and involving many risks. This article
presents a novel solution for the detailed inspection of viaducts using aerial robotic platforms. The
system provides a highly automated visual inspection platform that does not rely on GPS and
could even fly underneath the infrastructure. Unlike commercially available solutions, our system
automatically references the inspection to a global coordinate system usable throughout the lifespan
of the infrastructure. In addition, the system includes another aerial platform with a robotic arm to
make contact inspections of detected defects, thus providing information that cannot be obtained
only with images. Both aerial robotic platforms feature flexibility in the choice of camera or contact
measurement sensors as the situation requires. The system was validated by performing inspection
flights on real viaducts.

Keywords: inspection; maintenance; UAV; aerial robotics; aerial robotic manipulation; viaduct;
LIDAR; photogrammetry; contact

1. Introduction

The inspection of viaducts and bridges is a very time-consuming and resource-
intensive activity. It requires heavy involvement from highly qualified and specifically
trained personnel. Additionally, these inspections pose health and safety risks that are
mainly derived from working at height and the difficulty of the operation. Current inspec-
tion methodologies involve the use of climbing operators, who, by means of ropes, hang
from the structure and perform the measurements required by the inspectors to evaluate
its current state (see Figure 1a). These works present many potential accident risks due to
the difficulty and technical level required to access certain complicated areas at heights,
the possible physical fatigue of the workers, human errors in the safety of the operation, or
even problems with the use of specific measuring tools.

An alternative method is the use of heavy machinery, like cherry pickers, truck-
mounted lifts, and cranes (see Figure 1b). This machinery requires new specialized person-
nel to operate it and perform inspections and does not eliminate the problem of having
to expose people to work at heights. The surfaces to be inspected are usually located at
a high altitude, and under it, several types of obstacles could be found, such as traffic of
vehicles or trains, water flows, or rough terrain. This means that the use of machinery has
to be done from the top surface of the structure, interrupting its service and increasing the
operational costs of the inspection.

Currently, the highly qualified staff required for inspections is normally composed
of civil engineers working for engineering firms specialized in structures. Every little
deformation, crack, or defect can be the cause of a potentially bigger critical problem, so
they must be identified as soon as possible. An example that requires high accuracy is
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the measurement of cracks width with an error smaller than 0.1 mm. Moreover, crack
depth can only be measured using contact sensors. However, visual inspection is the
most extended way of assessing the preliminary status of the viaduct before deciding if
specialized equipment is needed. This means that, in order to find the smallest defects,
the inspector must be very close to them. Furthermore, human subjectivity or the lack of
experience could lead to an undervaluation of the severity of a defect.

(a) (b)

(c)
Figure 1. Examples of current inspection methodologies. (a) Current method for the viaduct inspec-
tion with rope access, from Ayres Associates, Inc. [1]. (b) Current method for the viaduct inspection
using specialized machinery, from Forsgren Associates, Inc. [2]. (c) Proposed new methodology
using the flight platform AERO-CAM in Álora, Málaga (Spain) performing an inspection under a
viaduct deck.

This whole process presents many inefficiencies that can be minimized using aerial
robotic technologies combined with computer vision algorithms (e.g., artificial intelligence)
and other computerized technologies supporting the post-processing of the acquired data.
This article proposes an aerial robotic solution for gathering all the needed data to analyze
the status of a viaduct. Our proposed solution drastically improves the safety of the
inspections, as it does not involve the work at height of any human being or the use
of heavy machinery. It reduces inspection times and costs by reducing the number of
specialized people required to perform the inspection and avoiding the need to interrupt
the use of the structure. On the other hand, it improves the quality of the data obtained,
since it is the inspectors themselves who indicate the points to be inspected by the aerial
robotic platforms, which can always be quickly sent back to obtain more information if
necessary. In addition, the system is flexible to use the different sensors needed: either
cameras or sensors that require physical contact with the structure.
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1.1. Aerial Robots for Inspection

The use of autonomous unmanned aerial vehicles (UAVs) to capture images and their
subsequent use in infrastructure analysis is currently on the rise. After an exhaustive
search of the projects developed in the research world, relevant applications have been
found that make use of autonomous UAVs for image capture in the inspection of railway
tracks [3], where autonomous flights are carried out to follow the tracks, capturing images
for subsequent analysis. Other applications, like mining inspection obtained 3D maps [4],
make it possible to evaluate the earthworks carried out; wind turbines inspection for
evaluation of deformations or damage [5]; inspection of civil infrastructures capturing
images and their subsequent analysis through the use of neural networks to identify
possible cracks or landslides [6]. Finally, in [7], bridge inspection is studied in a similar way
as proposed in this article, where images are captured autonomously using a UAV platform
and then analyzed using photogrammetry software. The main limitation raised is that they
use Global Navigation Satellite System (GNSS) positioning to automate flights, while in
the system proposed in this article, the aircraft that captures images does not navigate with
GNSS but with onboard sensors such as LIDAR. The physical characteristics of the viaducts
cause the GNSS signal to be partially or totally degraded when flying near or under them.
These degradation problems with global positioning signals are discussed in [8], where
the most critical ones affecting this article are signal masking and multipath. Therefore,
the degradation of this signal leads to localization problems in the UAV in which it can
drift its flight or even make sudden changes in its positioning, seriously compromising the
safety and integrity of the operation. In addition, GNSS poses problems of repeatability of
inspection operations, since the number and position of available satellites varies over time.

There are currently some commercial systems for infrastructure inspection such as the
one offered by Skydio [9], which makes use of several onboard cameras to navigate and
perform the inspection autonomously. Unlike Skydio’s system, our system is able to refer-
ence the inspection to a global coordinate system that can be used from the construction of
the viaduct until the end of its life. This feature makes our methodology better suited to the
current workflow of inspectors, who already use total stations to check the displacements
of structures against global references defined during construction. Additionally, thanks to
the global coordinate system, the solution offers the possibility for more than one aircraft
to navigate and perform an inspection while maintaining the same references. By using
a generic gimbal, our system is much more flexible than Skydio’s system in the choice
and configuration of the required camera sensor, as it is not limited to the built-in camera.
In addition, our system uses an aerial robot that performs inspection by making physical
contact with the structure. This provides information that cannot be acquired by pictures
exclusively, such as precise measurements of crack depth and width, material hardness,
concrete humidity, etc.

In relation to this inspection by contact with an aerial robot, there are different lines
of research with a number of projects that focus on maintaining stability during physical
contact [10,11]. In [12] the predecessor aerial manipulator of the one used in this work is
presented, which was patented [13] and awarded with the EU Radar Innovation Award
2017 [14]. In [15], an aerial vehicle that operates overhead using a rigid arm, and that is
even capable of keeping in contact with the surface [16], is presented. In [17] an aerial
vehicle that operates at the bottom as well as at the front, is presented. Aerial manipulators
capable of operating in either direction are presented in [18]. Stable contact operations
have been achieved using a pusher trirotor in [19] or, a quadrotor in [20,21]. In [22] a long
rigid tool exerting force against a surface is applied.

1.2. Aerial Robots Localization

Different sensors can be used to achieve effective positioning of aerial robots. Total
stations can be used to localize an UAV in motion with respect to a reference system,
as in [23]. This presents several problems, such as the high cost of this tool, as well as
the dependence on flying continuously in line of sight with it or having an uninterrupted
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wireless communication system with the aerial robot. In addition, total stations only
provide position information, not orientation.

On the other hand, the localization problem can also be solved through monocular
or stereo visual cameras, as in [24,25]. The problem with visual cameras is that they
are totally dependent on external light conditions. This is especially problematic when
navigating near infrastructure because of the shadows and light changes it can cause. Other
localization systems use a LIDAR as the main sensor [26]. These sensors do not depend on
external light conditions, as they use lasers to measure distances. While their application
in autonomous driving is on the rise, their use in aerial robots is still limited because they
require more available payload and a more powerful onboard computer than cameras.
In [27], a comparison of several algorithms applied to aerial robots is made.

1.3. Article Introduction

This article proposes a novel solution for the detailed inspection of viaducts using
aerial robotics. This solution is an alternative to current inspection methodologies, im-
proving safety, costs, time, and data quality. Given the amount of details involved in this
solution, this article first provides a general overview and then focuses on the technical
and experimental aspects of the visual inspection.

The rest of the article is organized as follows. Section 2 describes the proposed viaduct
inspection system and the two aircraft involved. Section 3 presents a localization solution
that provides one of the aircraft with autonomous capabilities to perform a visual inspection
of a viaduct. Section 4 outlines the localization and inspection experiments and presents
the results used to assess the performance of the proposed solution. Finally, the conclusions
and future work are summarized in Section 5.

2. System Description

The proposed viaduct inspection system offers a comprehensive solution to check and
to evaluate the condition of these infrastructures through its integrated tools. A workflow
has been created that meets the needs to speed up, reduce the cost, and increase the
safety of these inspections. All the tasks are carried out with aerial robotic platforms
whose characteristics are chosen according to the task to be performed. These tasks can be
general and/or detailed photographs or make physical contact with the structure to take
measurements with sensors as required.

The workflow is shown in Figure 2 and is as follows. Given a viaduct of interest on
which an inspection should be performed, the proposed workflow begins with the creation
of a mission. During this phase, it is required to acquire a 3D map of the structure in
which the inspector can select the areas and points of interest. This 3D map is not only
useful for the creation and subsequent visualization of the mission, but it is also required
for the global localization of the aircraft. It is obtained with the help of a robotic total
station that establishes an arbitrary coordinate system and performs scans to obtain the
3D points around it. It is important to capture these data from different points of view to
obtain a complete point cloud of the viaduct. To facilitate the subsequent use of this map,
the reference system should be aligned with the ENU axes (x = East, y = North, z = Top).
If possible, it is desirable to obtain an approximate GNSS coordinate of the origin of the
point cloud to locate it globally. Otherwise, this can be done manually. The use of the total
station is then limited to one time only. Once the map has been created, it can be reused in
all subsequent inspections, provided that the viaduct has not suffered significant changes.

With the points and areas of interest selected on the 3D map created, this information
is sent to the aerial platform, which translates it to its local coordinate system and creates
the route of waypoints and actions necessary to carry out the inspection autonomously
capturing overlapping pictures. This mission is then a first general visual inspection of the
structure to locate any possible defect. This check is performed by taking general pictures
of the structure with high resolution in an automated way using the visual inspection
platform described in Section 2.1.
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Figure 2. General viaduct inspection workflow.

After the first general pictures are taken, they are analyzed to check the condition
of the viaduct, paying special attention to those areas where a defect is suspected. This
analysis can be performed manually by an inspector or automatically by applying an
automatic image defect detection algorithm, like [28,29]. After the analysis, a decision
should be made to determine if more detailed information on the defects found or suspect
areas are required. If so, more detailed visual or contact information may be obtained using
the visual or contact inspection platforms, respectively. In case more visual information is
required, the mission previously created by the inspector can be reused but using another
camera configuration that better collects the required information. For example, a different
lens can be used for the camera with a longer focal length to obtain better details of the
specific area. However, if the previous mission does not meet the requirements of the
new visual inspection, the inspector can create a new one with the 3D map and select the
previously found defects.

When the missions are finished and the visual information obtained is sufficient, our
proposed solution also considers the use of a specific platform for contact inspections. This
platform is described in Section 2.2 and has a robotic arm with an end effector on which
a sensor can be installed. In case of finding defects in the visual inspection that require a
deep analysis with specific sensors that require physical contact with the structure, this
platform is sent to those defects and captures data. When the contact inspection data is
analyzed, a decision is made as to whether further visual or contact information is required
or whether the inspection is terminated.

In short, the proposed workflow is an iterative process in which one can always return
to a suspect area to obtain more detailed information. All the inspections are carried out
by aerial robots specifically designed for each purpose. The viaduct inspection system
comprises two platforms that work sequentially as described previously. The following
sections describe these UAVs, showing their configuration and capabilities.
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2.1. Visual Inspection

The visual inspection UAV (see Figure 3) is known as AERO-CAM. This aircraft is
specialized in taking very high quality images of a structure. This UAV is equipped with a
stabilized camera which takes the images of desired areas.

Figure 3. AERO-CAM robot for visual inspection UAV.

The AERO-CAM platform is built from a DJI Matrice 600 Pro on which the neces-
sary components to operate have been installed. Since the DJI is a commercial platform,
the system is easily replicable. The standard configuration of the UAV has been preserved,
with both the autopilot and the rotors and blades being those recommended by DJI. The au-
topilot includes a GPS/GNSS receiver, a 9-axis IMU, a magnetometer, and a barometric
altimeter. In addition, it carries a Lightware Laser Altimeter for precision landing. Regard-
ing the camera system, the UAV is equipped with a Gremsy T3V2 gimbal [30] mounted
in the slot available above the platform and carrying a Sony Alpha 7 camera [31]. This
mounting location allows the gimbal-camera set to have a better available field of view
and can even take pictures pointing completely upwards, as opposed to mounting it on the
bottom of the UAV like most commercial camera drone systems. This is especially useful
when performing inspections under a viaduct as the UAV will be able to take pictures
of the bottom part of the deck. Depending on the space available for the flight and the
amount of detail to be obtained in each image, the camera can be equipped with different
lenses. This camera is managed by a Raspberry Pi Model 3B+ that implements a software
developed using using Sony’s Camera Remote SDK [32].

To provide the platform with autonomous capabilities, the UAV mounts an Ouster
OS0-128 LIDAR sensor [33] under the avionics with a custom anti-vibration structure. All
previously mentioned sensors are connected together with the autopilot to the onboard
computer, which is an Intel NUCi7. Finally, an Ubiquiti Rocket M5 is used for ground
communications and to connect the Rapsberry Pi and Intel NUC via Wi-Fi.

Both onboard computers run Ubuntu 18.04 and ROS Melodic and have their clocks
synchronized for greater accuracy in capturing images with metadata. The software of the
platform is programmed as nodes that communicate with each other. Figure 4 shows the
scheme of processes that operate in the system.

With all this equipment, the AERO-CAM is able to perform completely autonomous
visual inspections even in GNSS-denied environments. It is capable of taking off and
landing on its own, as well as carrying out the mission created from the 3D map of the
viaduct. These missions are composed of many waypoints that have an image associated
with them. Each time the UAV reaches a waypoint, it moves the gimbal and captures the
corresponding image autonomously.
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Figure 4. AERO-CAM general software architecture.

2.2. Contact Inspection

The aerial contact inspection robot is named AeroX [12] (see Figure 5). It is a special-
ized aircraft capable of contacting static surfaces. This UAV is composed of two different
platforms: the aerial platform and the Robotic Mobile Contact Platform (RMCP), which
will be in charge of the Ultrasonic Testing (UT) inspection for measuring the cracks’ depth.
The RMCP is attached at the end of the contact device of the aerial platform.

Figure 5. AeroX robot for contact inspection.
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AeroX is a novel aerial robotic manipulator that performs physical contact inspection
with unprecedented capabilities. It is composed of a robotic vehicle, a six degree-of-freedom
(DoF) robotic arm, and a robotic end-effector equipped with wheels and inspection sensors.
AeroX has a semi-autonomous operation, which provides interesting advantages in contact
inspection. In the free-flight mode, the pilot guides the robot until performing contact
with its end-effector on the surface to be inspected. During contact, AeroX is in its fully-
autonomous GNSS-free contact-flight mode, in which the robot keeps its relative position
with respect to the surface contact point using only its internal sensors. During autonomous
flight, the inspector—with uninterrupted contact—can move the end-effector on the surface
to accurately select the points to be inspected with sensors that require to be in contact with
or very close to the surface.

The AeroX controller is able to efficiently compensate perturbations thanks to its
design, which transmits the surface contact forces and perturbations to the robot center of
mass and allows small movements of the aerial part of the robot in every DoF to absorb
other perturbations such as wind. AeroX adopts a 4 coaxial rotor configuration and a
simple and efficient design which provides high stability, maneuverability, and robustness
to rotor failure. It can perform contact inspection on surfaces at any orientation, including
vertical, inclined, horizontal top or horizontal bottom, and its operation can be easily
integrated into current maintenance operations in many industries.

Although AeroX is part of the proposed solution for viaduct inspection, the technical
and experimental development of this article focuses on the AERO-CAM localization
algorithms. For more information about AeroX, please refer to [12].

3. Localization Solution

The proposed solution for the visual inspection of the viaduct requires the creation of
a previous 3D map using a total station. This map will be a point cloud that identifies the
reference coordinate origin for the entire inspection system. To create this map, operators
should ensure that the ENU coordinate system is followed. This map can be reused in
future inspections of the viaduct.

The UAV system has its own localization and navigation algorithm that provides the
transform {TLD} whose origin is the take-off point {L}. Since this location may vary, the com-
plete system requires a second localization system that establishes the 3D transformation,
{TGL}, between the initial UAV pose and the global reference system, {G}, expressed in ENU
coordinates at the origin of the map created by the total station. These transforms can be
visualized in Figure 6.

Figure 6. Full transformation system.
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Therefore, the AERO-CAM platform has two parallel localization processes to perform
the automatic inspection of the viaducts. The following subsections explain the details of
both processes.

3.1. Global Localization System

The function of the global localization system is to find the transform, {TGL}, which
establishes the connection between the global reference system of the viaduct 3D map and
the UAV localization system as expressed in Equation (1). Finding this transform is crucial,
as it will allow the aerial robot to safely navigate to those areas of interest selected by the
inspector without maintaining the same take-off position between flights. This process
eliminates total station dependency after the initial 3D map has been created/acquired.
In addition, since the viaduct can be found in an inaccessible area, the take-off position
may not be replicated between flights. This can occur even on inspections on different days
where changing terrain or weather conditions make it impossible to replicate the take-off
position accurately.

TGL = TGD ∗ T−1
LD (1)

TGD = TGL ∗ TLD (2)

This global localization system is designed to calculate the transform at the start of
each mission, just before the aerial robot takes off. Therefore, the transform, {TGL}, is fixed
and will only vary during the flight if another transform with better accuracy has been
obtained. During flight, this system continues to calculate the transform between the
UAV’s current position and the base map, {TGD}, as expressed in Equation (2), so that if the
accuracy of the transform improves, it gets updated. This last case can be also visualized in
Figure 6. This in-flight update is only applied with the confirmation of the inspector on the
ground, who personally checks whether the mean square error calculated by the global
positioning algorithm is better.

The global localization can be executed on a ground computer asynchronously, since
this calculation need not be instantaneous. In this case, the onboard computer sends the
data to the ground computer, which performs the calculations and sends the results back
to the aerial robot. This update has no direct impact on the relative localization of the
UAV, as this is not affected by the change of {TGL}. This update has no direct impact on the
ongoing flight of the UAV, as its relative localization and control are not affected. However,
the mission waypoints, which are referenced to {G}, are updated in the onboard computer.
Therefore, the UAV changes its target points to more accurate ones.

To find the correspondence between the 3D map generated by the total station and
the data from the onboard sensors, we apply an algorithm that makes use of the geometric
characteristics of the point clouds. Firstly, the point clouds are preprocessed to filter out
the sparse data noise by applying a filter that removes outliers if the number of neighbors
in a given radius (e.g., 0.1 m) is smaller than a given number, typically 15. Secondly,
the algorithm performs a distributed downsampling by applying a voxel grid filter and
tries to remove the ground points. The process of eliminating the ground points is carried
out by creating a parametrizable grid of squares that is filled with the z-value of the
lowest point within each square. For each square, all points with z-values between the
minimum and a given threshold (1.5 m) are removed. Then, the algorithm calculates
the FPFH (Fast Point Feature Histogram) descriptors [34] of the remaining distributed
points. These features encode the geometric properties of the k-nearest neighbors of a
given point using the average curvature of the multidimensional histogram around that
point. Among its advantages, these features are invariant in position and a certain level
of noise. After this feature extraction process, the Random Sample Consensus (RANSAC)
algorithm is applied to find a first approximation between both inputs. The result is then
corrected according to the problem-specific assumptions outlined below and refined via the
Iterative Closest Point (ICP) algorithm. These correction and refinement steps are applied
twice to further adjust the result. They are only refined twice as doing it more has not

143



Appl. Sci. 2021, 11, 8404

shown a substantial improvement of the result but an increase of computational load and
computational time. Depending on whether the initial guess is reliable and if, at the instant
of processing, the UAV is close to the structure, the RANSAC stage can be exchanged for
the ICP algorithm directly to obtain better results. To identify these refinement stages,
they are named ICP1, ICP2, and ICP3, with ICP1 being the one that can be exchanged
for RANSAC, as explained before. Figure 7 shows a block diagram of the main steps of
the algorithm.

Preprocessing
Features

Extraction + 
RANSAC

Transform
Correction ICP

Total Station Map

Lidar Map

Figure 7. Global localization algorithm.

To improve this process, some assumptions are made that simplify the problem and
work in all possible scenarios:

• The total station 3D map is filtered manually so that it only contains information about
the viaduct. This prevents unwanted objects from appearing.

• The total station map’s origin and the UAV’s take-off point are aligned with the
horizon, so they both have 0 degrees in pitch and roll.

• The absolute yaw orientation of the UAV is known thanks to an onboard magnetome-
ter. Therefore, the approximate rotation matrix between the LIDAR and the total
station map is known beforehand.

• The GNSS position of the total station map’s origin is known approximately. If the
drone has GNSS coverage at the take-off point, an initial guess for its position can also
be obtained.

The introduction of the above assumptions mainly corrects the orientation before
starting the alignment process, thus reducing the problem to almost pure translation.
In addition, even minimal GNSS coverage at the take-off point provides an initial guess
that makes the problem converge more accurately and faster. In case no GNSS coverage is
available, the approximate coordinate of the take-off point with respect to the total station
3D map can be entered manually.

In addition to the above assumptions, in case of significant changes between reality
and the reference map obtained with the total station due to catastrophes or severe struc-
tural failures, the discordant areas of the reference map should be removed. Alternatively,
a map of the new state of the structure can be created with the same reference origin as the
previous one.

3.2. Relative Localization System

The purpose of the relative localization system is to find the transform {TLD}, which
describes the motion of the aerial robot from its take-off point. This take-off point will be
located near the viaduct, on a flat surface parallel to the horizon so that the UAV can take off
safely. This localization is performed using only current readings from the onboard sensors
and does not require any prior data. It is desirable that this localization is as accurate
as possible and minimizes drift over time, as much as possible, to avoid a significant
divergence between the UAV’s perceived and actual poses.

The relative localization system makes use of the LIDAR and a 9-axis IMU to calculate
the UAV’s pose at each instant. The algorithm operates at high frequency in real time,
updating the pose at the same frequency as the IMU, which in the case of AERO-CAM is
400 Hz. The LIDAR is set to an operating frequency of 10 Hz. This algorithm is executed
entirely onboard the aerial robot in the equipped Intel NUC. Despite running in real time,
this algorithm has the highest processing load among the programs executed. It is of vital
importance to the system, as it provides localization feedback to the UAV control algorithm,
so that it can ensure a stable flight while navigating autonomously to the desired target
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points. The localization algorithm is based on LIO-SAM [35] and its general architecture is
adapted to AERO-CAM as shown in Figure 8.

This architecture establishes a tightly coupled fusion between the LIDAR and the IMU,
building a factor graph in which the measurements made by the sensors are integrated
to build and optimize the map, as shown in Figure 9. The factor graph is optimized
using smoothing and mapping a Bayes tree with iSAM2 [36]. The IMU pre-integration
is based on [37]. Since the double integration of IMU measurements leads to large drift,
the architecture proposes its short-term integration instead, correcting its bias thanks to the
localization at lower frequency in the built map using the information of the LIDAR point
cloud. In order to process everything in real time, the algorithm discards LIDAR readings
if they are not sufficiently displaced (typically 1 m and 0.2 radians) with respect to the
previous reading (known as LIDAR keyframes). In this way, a lot of redundant information
that would otherwise increase the computational load is discarded. Between LIDAR
keyframes, the IMU readings are integrated, converging in a node of the graph that
would be the state of the location at that given instant. Unlike the original algorithm,
the adaptation for AERO-CAM does not introduce GPS/GNSS factors since the signal
quality is totally impaired during the inspection flight due to the structure itself. Another
difference with the original algorithm is that the loop closure option is disabled to avoid
possible jumps in the odometry. The main reason is that this odometry is used to close the
control loop so as to avoid as many peaks and spikes as possible, as it is safety critical to
smooth the flight near the viaduct during the inspection. However, this particularization
of the algorithm can lead to larger drifts in the calculated odometry. To overcome this
problem, inspection flights are assumed to have a controlled duration with a planned route
close to the viaduct, thus providing a rich point cloud which will help to minimize drift.

Odometry

400 Hz

10 Hz

400 Hz

IMU
Preintegration

Pointcloud
Projection

Features
Extraction

Map Building 
& Optimization

Figure 8. LIO-SAM adapted architecture.
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| | | | | | | | | | |…| Drone State

Lidar Keyframes

IMU Factor

Lidar Frames

IMU Meassurements

Lidar Factor

| | | | | | | | | | |…| 

Figure 9. LIO-SAM adapted factor graph.

As already mentioned, the result of all this processing is the relative localization of the
aerial robot with a high frequency (400 Hz) that serves the control algorithm to proceed
with the AERO-CAM. This publication does not intend to go into the details of the original
LIO-SAM implementation. For more details, please refer to [35].

4. Experimental Results

The experimentation phase of this article was carried out with the AERO-CAM plat-
form, performing the various experiments described next. Real flights around and under
two viaducts were performed to evaluate the localization solution. On the one hand, there
is the railway viaduct Arroyo del Espinazo in Álora, Málaga (Spain). This viaduct was
inaugurated in 2006 and is currently in use. It has a length of 1.2 km with a maximum pillar
height of 93 m and a width of 14 m. The pillars are equidistantly distributed and have a
hollow square cross-section. On the other hand, there is the road viaduct Puente de las Navas
in Algodonales, Cádiz (Spain). This viaduct was built in the 1980s and is still active with
the A-384 road passing over it; therefore, it withstands daily traffic. It is approximately
350 m long and consists of cylindrical pillars supporting in pairs three longitudinal beams
on which the deck rests. Both viaducts are in a good state of conservation, presenting small
aesthetic defects in the concrete during the inspections without danger. The utility of the
experimental inspections is focused on predictive maintenance, being able to return in the
future to carry out the same inspection and compare the evolution. The flights in Álora
were pilot assisted in order to perform realistic routes while those in Algodonales were
fully autonomous. A preliminary map of the viaducts was created using a Leica Nova
MS50 total station.

The trajectory followed in these experiments consists of a take-off close to the viaduct
and a flight inspection of different areas that may include changes in altitude. Figure 10
shows some of these trajectories. In order to obtain the ground truth of the trajectory
followed by the platform, a prism was installed on it and, using the Leica total station,
the position with respect to the origin of the viaduct map was tracked. Note that the total
station only provides position data, as it cannot estimate orientation. This position data is
provided at 20 Hz.
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(a)

(b)

(c)

(d)
Figure 10. Examples of trajectories followed from take-off to landing. The maneuvers were performed under a deck of the
Algodonales and Álora viaducts. The graphs on the left illustrate X-Y, center X-Z and right X-Y-Z. (a) Alora sequence 5,
(b) Alora sequence 7, (c) Algodonales sequence 3, (d) Algodonales sequence 4.
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4.1. Global Localization

The experiments to test the global localization algorithm consisted of extracting
LIDAR readings from the aerial platform for different time instants and inputting them
for computation. These instants include moments before take-off and during flight and
landing. To illustrate this process, Figure 11 shows two alignment examples at take-off.

On the one hand, the initial alignment of the total station 3D map and the LIDAR data
readouts are shown, taking into account the assumptions introduced in Section 3.1. On the
other hand, both point clouds aligned with the algorithm results are shown.

During the experimentation, the execution of the global localization algorithms was
carried out on a laptop with a 4-core Intel Core i7-8564U CPU and 8 GB of RAM. The exe-
cution and convergence time of the algorithm varied between 12 and 25 s for each resulting
transform. This duration is not a problem since the first iteration is performed before
take-off. The rest of them can be performed during the flight and update the transform at
convenience, as explained in Section 3.1.

The performance evaluation of the global localization algorithm is carried out by
studying the mean error between matches after each ICP step. All tested cases converge
to a valid solution. Tables 1 and 2 show the metrics obtained for Algodonales and Álora,
respectively. As explained in Section 3, the ICP1 step is not always executed, so it is denoted
in the tables as “*” when there is no data. The so called “Proportional Correspondence”
metrics (Prop. Corr.) shows the number of correspondences in that ICP stage divided
by the size of the LIDAR point cloud at that instant in time. The MSE metrics represents
the mean square error of the correspondences after applying the transform obtained at
that stage.

(a) (b)
Figure 11. Global localization examples at take-off. Red points are the LIDAR reading. (a) Algo-
donales, (b) Álora.

Table 1. Algodonales global localization metrics.

Seq
ICP1 ICP2 ICP3

Prop. Corr. MSE Prop. Corr. MSE Prop. Corr. MSE

take-off_0 * * 0.38 0.1551 0.34 0.0252

middle_0 * * 0.45 0.3004 0.33 0.0354

ending_0 * * 0.58 0.2141 0.56 0.0230

Table 2. Álora global localization metrics.

Seq
ICP1 ICP2 ICP3

Prop. Corr. MSE Prop. Corr. MSE Prop. Corr. MSE

take-off_0 0.98 0.0615 0.98 0.0328 0.96 0.0051

take-off_1 0.97 0.0060 0.97 0.0060 0.97 0.0044

beginning_0 * * 0.83 0.0370 0.86 0.0082

middle_0 * * 0.73 0.0312 0.73 0.0087

ending_0 * * 0.65 0.0283 0.65 0.0107
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Additionally, during these instants, the position given by the total station—which
has the same reference system as the 3D map—was obtained. This position serves as a
ground truth to check the output of the global localization algorithm, since the output of
this algorithm should correspond with the reading of the total station. Again, since the total
station does not provide orientation, only the transitional part is considered. Tables 3 and 4
show the obtained results.

Table 3. Comparative table between the ground truth obtained by the total station and the output of
the global location algorithm for the Algodonales viaduct.

Seq
Ground Truth [m] Algorithm Estimation [m] Distance [m]

x y z x y z Δx Δy Δz Total

take-off_0 −9.30 −27.64 0.51 −9.20 −27.59 0.34 −0.10 −0.05 0.17 0.20

middle_0 −0.29 −27.75 2.29 −0.38 −27.63 2.12 0.09 −0.12 0.17 0.23

ending_0 14.73 −31.02 2.39 14.70 −31.18 2.27 0.03 0.16 0.12 0.20

Table 4. Comparative table between the ground truth obtained by the total station and the output of
the global location algorithm for the Álora viaduct.

Seq
Ground Truth [m] Algorithm Estimation [m] Distance [m]

x y z x y z Δx Δy Δz Total

take-off_0 −13.99 −5.20 2.92 −14.10 −5.35 2.37 0.11 0.15 0.55 0.58

take-off_1 −10.24 −7.39 4.97 −10.59 −7.37 4.43 0.35 −0.02 0.54 0.64

beginning_0 −5.19 −7.75 5.13 −5.46 −7.87 4.72 0.27 0.12 0.41 0.51

middle_0 4.62 −9.74 5.59 4.60 −9.78 5.10 0.02 0.04 0.49 0.49

ending_0 23.45 −20.41 5.24 23.37 −20.35 4.76 0.08 −0.06 0.48 0.49

The results are considered valid since the algorithm is able to converge correctly in
the proposed realistic cases. The advantage of the global localization system is that, if run
before take-off, the operator can visually validate the obtained result and proceed with the
inspection if there is no problem. Tables 3 and 4 show how the final 3D error is between
0.2 and 0.64 m for the tested cases, the z-axis (vertical) being the most affected. The results
are considered good since the uncertainty of the point clouds and of the algorithm itself
must be taken into account. While the total station error is in the order of millimeters
(always proportional to the distance), the LIDAR points have an error of ±1.5–5 cm (both
errors according to the manufacturers), which may influence the result.

4.2. Relative Localization

In the experiments to test the relative localization, the position data estimated by the
algorithm were compared with the ground truth from the total station. It should be taken
into account that the latter can only provide positions without orientation, so only the
translation part is compared. The comparison between the two sets was made with a time
association of the positions and a scale-free alignment was performed with the Umeyama
algorithm [38]. The EVO framework [39] was used to facilitate this task. The metrics
used are the APE (Absolute Position Error), to evaluate the global consistency, and the RPE
(Relative Position Error), to evaluate the local one. For the RPE, an increment of 0.5 m
was selected for the calculations. For both metrics, data such as maximum peak, mean,
standard deviation, and RMSE (Root Mean Square Error) were obtained. Tables 5 and 6 show
the results.
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Table 5. Algodonales dataset description and localization errors.

Seq
Description APE [m] RPE [m] (Δ = 0.5 m)

Dist [m] Time [s] Max Mean Std RMSE Max Mean Std RMSE

seq0 175.65 376.7 0.49 0.11 0.07 0.13 1.1 0.25 0.2 0.32

seq1 227.92 397.85 0.45 0.13 0.06 0.14 0.94 0.4 0.2 0.45

seq2 182.02 419.7 0.36 0.12 0.05 0.13 1.0 0.54 0.27 0.61

seq3 276.3 526.14 1.04 0.36 0.16 0.4 1.62 0.56 0.25 0.61

seq4 251.91 515.85 0.52 0.12 0.06 0.14 0.99 0.54 0.23 0.59

Table 6. Álora dataset description and localization errors.

Seq
Description APE [m] RPE [m] (Δ = 0.5 m)

Dist [m] Time [s] Max Mean Std RMSE Max Mean Std RMSE

seq0 93.18 260.52 0.44 0.12 0.08 0.14 0.49 0.16 0.1 0.19

seq1 204.47 486.57 0.85 0.14 0.09 0.17 1.35 0.16 0.08 0.18

seq2 119.83 334.97 0.38 0.12 0.06 0.13 0.35 0.13 0.06 0.14

seq4 280.93 547.72 0.66 0.17 0.08 0.18 10.36 0.18 0.31 0.36

seq5 324.76 644.37 0.73 0.16 0.09 0.18 0.48 0.17 0.11 0.2

seq6 108.96 211.71 0.79 0.13 0.12 0.18 0.57 0.23 0.12 0.26

seq7 113.4 160.51 0.75 0.18 0.13 0.22 0.69 0.25 0.11 0.27

4.3. Inspection Result

The results obtained after performing a mission show the tracking of the planned
trajectory by taking images of the viaduct. Each image obtained saves metadata containing
the exact pose and instant in which they were taken with respect to the 3D map of the
viaduct. In this way, it is always possible to review the inspection performed and to know
the exact location to which each image belongs, with respect to the 3D map. Figure 12 illus-
trates one of the experiments performed. Specifically, it refers to Algodonales sequence 2,
where a flight was performed under the viaduct deck, along the external part of the viaduct.
Each vertical arrow indicates the pose of the camera for each acquired image. The green
line represents the trajectory of the AERO-CAM.

The pictures shown in Figure 12b,c show an example of the visual information ob-
tained with the AERO-CAM. Both pictures show different parts of the lower part of the
viaduct deck, which is a difficult area to access. Figure 12b focuses on one of the cross
beams, while picture Figure 12c shows the outer side of the deck. As explained above,
the quality and level of detail of these pictures depend on the choice and configuration of
the camera as well as the distance to the structure configured in the mission. In this case,
an 85 mm lens has been used with a distance to the structure of about 2 m. This results
in pictures with a resolution of 9504 × 6336 pixels in which the detail density per pixel is
very high.

The distribution of the pictures along the structure is also crucial for a possible later
analysis by performing a reconstruction of the structure through photogrammetry. All
pictures have enough overlap between them to make this possible. The overlap is not only
beneficial for possible photogrammetry but also allows the same point to be analyzed from
different pictures, adding more redundancy and information to the system.
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(a)

(b) (c)
Figure 12. Algodonales sequence 2 inspection result. (a) shows the 3D model with the followed
route (green) and the location of the acquired pictures (blue planes). (b,c) show two examples of the
acquired pictures.

5. Conclusions

This work demonstrates that it is possible to perform an inspection of a viaduct with
aerial robots as an alternative to current methodologies, saving time and cost and improving
the safety and quality of data obtained. The design and development of the AERO-CAM
and AeroX inspection platforms was quite successful, since together they cover the sensor
needs of a viaduct: either looking for possible defects or analyzing existing ones.

In addition, the provision of autonomous capabilities to the platforms, especially to the
AERO-CAM, greatly facilitates the work and provides more flexibility than conventional
methods. These capabilities also reduce the number of specialized people needed to operate
these platforms, thus improving their safety and speed of use.

Thanks to the choice of a LIDAR-type sensor for the autonomous capabilities of the
AERO-CAM, the platform is fully versatile to operate in variable lighting situations, either
due to weather conditions or to possible shadows and lighting changes that may be caused
by the viaducts themselves. In addition, the system does not rely on a total station for
the flight of the robotic platforms. Likewise, the camera installed in its gimbal can be
configured to adapt to the different level of detail required or even be replaced by another
one without having to redesign the platform.

As future developments, although the localization presented in this article provides
good and sufficient results in terms of accuracy and calculation speed, the AERO-CAM
does not consider taking off autonomously from areas where its LIDAR cannot see the
structure, as the global localization would fail. This means that, until the system is able to
locate itself, the pilot has to fly the UAV to the viaduct. Therefore, other strategies can be
developed to complement the localization system to overcome these edge cases.

On the other hand, another line of work is the inclusion of a detect and avoid system
to provide the AERO-CAM with more advanced intelligent capabilities when executing
missions. Currently, the system relies on the fact that the mission designed by the inspector
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is free of obstacles and the waypoints keep a safe distance from the viaduct, but it could
make use of the LIDAR readings to detect potential hazards on the route and re-plan it in
real time.
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Abstract: This paper presents a novel method of procuring and processing data for the assessment of
civil structures via vibration monitoring. This includes the development of a custom sensor package
designed to minimize the size/weight while being fully self-sufficient (i.e., not relying on external
power). The developed package is delivered to the structure utilizing a customized Unmanned
Aircraft System (UAS), otherwise known as a drone. The sensor package features an electropermanent
magnet for securing it to the civil structure while a second magnet is used to secure the package to
the drone during flight. The novel B-Spline Impulse Response Function (BIRF) technique was utilized
to extract the Dynamic Signature Response (DSR) from the data collected by the sensor package.
Experimental results are presented to validate this method and show the feasibility of deploying the
sensor package on structures and collecting data valuable for Structural Health Monitoring (SHM)
data processing. The advantages and limitations of the proposed techniques are discussed, and
recommendations for further developments are made.

Keywords: Structural Health Monitoring; Unmanned Aircraft System; drone; damage detection;
electropermanent magnet; B-spline impulse response function; Dynamic Signature Response

1. Introduction

This work presents an innovative process by which the health status of difficult-to-
access structures (e.g., bridges) can be determined, utilizing a wireless sensor package for
data acquisition, deployed by an Unmanned Aircraft System (UAS) (commonly known
as a drone), which provides data for Dynamic Signature Response (DSR) techniques for
damage detection. This sensor technology is a compact and low-cost sensor package with
an onboard power supply that allows wireless acceleration data collection, eliminating
the need for wired connection to the power grid. The sensor package is equipped with
an electropermanent magnet that facilitates the rapid installation to various points on the
underside of a metal structure or any structure outfitted with metal plates. The sensor
package is deployed and retrieved using a drone designed to operate under structures
and deliver the packages safely to regions that may not otherwise be readily accessible
(such as the underside of bridges that cross rivers or busy highways). The data collected
by the sensor package is then analyzed with damage detection algorithms that process
the vibration data and extract the DSR, which depends only on the structural condition.
Based on the correlation between data collected at a prior, known, and healthy, state and
the current state, Level 1 damage detection (the presence of damage in the structure) can
be determined [1].

This paper is organized as follows: Section 2 provides the relevant background on struc-
tural health assessment using drones and vibration-based sensing algorithms. In Section 3,
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we present the development of the novel sensor package, the UAS for sensor deployment,
and the data processing algorithm for the structural vibration data collected. The experi-
mental validation of the proposed system along with experimental results are presented and
discussed in Section 4. Finally, in Section 5, we conclude the paper and discuss future work.

2. Background

2.1. Accelerometer-Based Sensing

Accelerometers have countless uses, from flipping the screen orientation on smart-
phones to keeping planes on their trajectory in flight. Accelerometers also play a crucial
role in Structural Health Monitoring (SHM). Researchers have created many methods
of determining the condition of a structure using the vibration signature [2]. However,
hardware implementations of such methods are limited due to multiple factors including
size, cost, and power requirements. The high-sensitivity, low-noise electronics required to
make such measurements are relatively large, expensive, and require experienced person-
nel to operate [2]. Attempts to make more compact systems and increase the resolution
and sensitivity are included in the references of this work [3,4]. However, these compact
systems can be labor-intensive and dangerous to deploy in remote areas. Such areas also
make it impossible to connect these systems to the power grid, creating a need for wireless
and power-independent sensor packages.

Accelerometers are electromechanical devices that detect the change in acceleration in a
given direction. Piezoelectric (PE) and Integrated Electronics Piezoelectric (IEPE) accelerom-
eters use internal crystals and the piezoelectric effect to generate a charge related to the
acceleration introduced to the system. There are also piezoresistive accelerometers that vary
their resistance in relation to an input acceleration. The third common type of accelerometers
are the Capacitive Microelectromechanical Systems (MEMSs). These accelerometers have
a suspended microstructure, embedded in the Integrated Circuit (IC), with a small mass
that is free to vibrate and measure the change of capacitance of the microstructure due to
acceleration [5]. DC coupling of capacitive MEMS accelerometers allows for the detection
of low-frequency signals, which is critical when measuring the vibration signature of large
structures, which typically resonate at frequencies below 1 Hz. Furthermore, MEMSs are
capable of detecting steady-state acceleration [6,7] in addition to allowing the integration
and double integration of their outputs to determine velocity and displacement, which is im-
portant for quantifying the stresses and loads on structures. Figure 1 compares performance
versus qualitative cost estimates for the three main types of accelerometers. For this work,
a MEMS accelerometer was chosen for its reliability, affordability, and ease-of-use.

Figure 1. Comparison of performance versus cost for the three main types of accelerometers.
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2.2. Unmanned Aircraft Systems in SHM

One of the major challenges in SHM is accessing remote areas or difficult-to-access
segments of structures. UAS (drones) are increasingly used as a solution to this problem.
Thus far, much of the research considering drones in SHM applications has focused on the
use of onboard cameras for image acquisition [8,9]. The assessment is then performed by a
qualified engineer through visual inspection of the images with or without the use of image
processing software. Another approach is to use a drone to hold a reflector prism against
the bridge for total station measurements instead of holding the prism manually [10].
In this case, the prism is affixed directly to the UAS in a configuration described as a helping
hand [11]. Moreover, Unmanned Aerial Manipulators (UAMs) are a new type of drone that
achieve higher precision by utilizing a gripper or multifingered end effector to provide
additional degrees of freedom over helping hands [11].

Jimenez-Cano et al. [10] presented an application of drones for SHM in which a
dynamic model and controller were developed to achieve contact between the manipulator
arm and the underside of a structure. They proposed to use an ultrasound sensor, attached
to the end effector, to assess the depth of cracks in the structure. During the experiments,
the proposed aerial manipulator was able to maintain continuous contact with the structure,
which is necessary for the assessment; however, the experiments were performed without
the actual ultrasound sensor. In another study by Bodie et al. [12], a contact-based UAS
measured the electrical potential difference between materials in a sample of concrete as a
method of nondestructive testing.

In addition to these contact-based methods, there is ongoing research into the de-
ployment and retrieval of sensors by drones. For SHM applications, these sensors can be
any of the variety of options considered in the previous subsection. For example in [13],
a drone was developed with a hooked gripper able to attach a dummy package with a
preprepared adhesive to a target by using the arm to apply pressure to the package against
the desired surface. The package was then removed using a loop attached to the package,
with which the hook can engage, and then, reverse thrust was used to remove it from
the surface. Closer to this work, drones were attached directly to civil structures using
electropermanent magnets for the collection of vibration data from civil structures [14].
In this case, an electropermanent magnet was utilized to maintain contact between the
drone and the underside of the structure until the onboard systems have completed the
data collection. However, the sensor package was integrated with the UAS and not treated
as a separate system for deployment.

2.3. Vibration-Based SHM

SHM refers to activities used to diagnose structures over time. Structural damage
can be detected by investigating the dynamic properties of the structure. The change in
the modal parameters (e.g., frequencies, mode shapes, and modal damping) indicates
the change of the physical properties of the structure (e.g., mass, damping, stiffness) [15].
Methods for SHM can be divided into local and global methods; local methods are used
in locations where damage is expected, while global methods are used to detect damage
through monitoring changes in the structure’s dynamic fingerprint [16]. Vibration-based
damage detection methods are classified into four levels based on what the method is able
to do [17]:

• Level 1: indicates that damage is present;
• Level 2: identifies the location of the damage;
• Level 3: quantifies the severity of the damage;
• Level 4: finds the remaining lifetime of the structure.

Research developments in early damage detection focus on model-based and data-
based methods. Model-based methods assume that a detailed numerical model of the
structure is available, and the model parameters are updated based on measurements
obtained from the physical structure [15,18]. Data-driven methods use in situ monitoring
to identify changes in the structure’s response characteristics and correlate those changes
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to the location (Level 2) and severity (Level 3) of damage [18–20]. Contactless techniques
are also being developed to capture the pure dynamic response of the structure without
added masses or stiffening due to the attached sensors [21].

In this work, a data-driven method is investigated to detect Level 1 damage using
time-domain responses. The B-Spline Response Function (BIRF) technique [22–25] was
implemented to extract the DSR of the structure from experimental vibration measurements.
The DSR is a unique characteristic of the structure and will remain the same if the geometry,
materials, and boundary conditions of the structure are not altered. The DSR is independent
of the actual loads that caused the vibration. Therefore, the DSR represents the current
state and condition of a structure. Comparing the DSR before and after damage can be
used for damage detection.

3. System Development

The goal of this work was to develop a system that can identify structural damage
using vibration data collected by wireless sensor packages deployed with drones. This
section presents the three main elements of this system: sensor package, drone, and method
for damage identification.

3.1. Sensor Package

The sensor package consisted of three components: (i) electronics for data gathering,
storage, and wireless control, (ii) a docking mechanism based on an electropermanent
magnet, and (iii) the power supply (battery). These components are presented in Figures 2
and 3, while Table 1 summarizes the main features of the sensor package. A compact
3D-printed frame was built to house these components, forming the standalone sensor
package shown in Figure 4 (black box).

Table 1. Summary of the sensor package features.

Sample Size Rate of Data Collection Resolution Sensitivity Steady-State Power Package Weight

74,000 Samples 28 kHz 16-bit 5400 LSB/g 0.296 W 380 g

The sensor package features the ARM Cortex-M7 processor onboard the Teensy 4.0
high-performance microcontroller. The system utilizes the 600 MHz clock speed of the
Teensy 4.0 and the Serial Communication Interface (SPI) to communicate between the
modules and achieve a data collection rate up to 28 kHz. The sensor package also includes
three control options (Figure 2): a PWM port used for wireless control, a digital 5 V as a
hard-wired trigger, and manual controls for testing and calibration purposes.

Figure 2. Block diagram of the sensor package circuit schematic.
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Figure 3. Constituent components of the sensor package.

Power is supplied using a DC-DC buck converter (MP1584EN manufactured by
Monolithic Power Systems) and a lithium polymer battery (Lumenier 7.4V 1000 mAh),
as shown in Figure 3. This battery currently runs the sensor package for about 11 h on a
single charge. The deployment period can be prolonged by utilizing standby mode where
unused modules are turned off to conserve energy. In cold weather though, testing has
shown that batteries tend to discharge relatively faster, in turn requiring a more restrictive
power conservation schedule, limiting the number of tests conducted per deployment.

The docking mechanism consists of an electropermanent magnet (NicaDrone EPM V3
R5C) able to mount the sensor package onto metal surfaces (Electropermanent Magnet #1
in Figure 4). The package collects acceleration data using a MEMS accelerometer (Murata
SCA3300-d01) mounted to the metal frame of the electropermanent magnet to ensure
contact with the structure being examined. The system can collect up to 74,000 samples as
one continuous dataset, before having to transfer the data onto the onboard nonvolatile
memory (SD card), a process that takes approximately 3.288 s.

Figure 4. The docking and retrieval system of the sensor package featuring two electropermanent
magnets: #1 on the top of the package, used to mount it to the underside of structures; and #2 on the
drone docking platform, used to secure, transfer, deliver, and retrieve the package.

3.2. UAS Platform

The standalone sensor package does not require connection to the power grid, so it
can be deployed to any structure. Traditional (human operator) deployment and retrieval
though may be challenging in remote locations. For example, in remote bridges, a lift from
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the ground is required to reach the underside (which may be impractical if the bridge
crosses a body of water or a busy highway) or a crane on the topside of the bridge, which can
position the operator underneath the structure. Both methods are risky and require costly
equipment and roads to be shut down to make the underside of the structure accessible.
A drone platform has been developed to overcome these limitations and securely deploy
and retrieve sensor packages in difficult-to-access areas.

The drone platform was based on the DJI F550, a hexacopter with six standard 2312E
motors, shown in Figure 5 [26]. Pixhawk 4 was used as the flight controller, and the system
was operated via the ArduPilot Mission Planner. Onboard sensors included an IMU,
accelerometers, gyroscope, magnetometer, and barometer to provide data for a variety of
parameters including drone orientation and altitude. There was also an external GPS used
for global positioning when the signal was available. The FrSky X8R radio was used as the
onboard receiver to communicate with the FrSky 2.4 GHz Taranis X9D radio controller for
manual flight commands. The sensor package, as previously described, was attached to the
UAS via a second electropermanent magnet (#2 in Figure 4), which was controlled using
one of the RC servo ports available on the power management board of the Pixhawk 4.

Figure 5. Overview of the custom Unmanned Aircraft System (UAS or drone) developed for sensor
deployment and retrieval.

The system was designed to work as follows: On the ArduPilot Mission Planner, two
channels from the FrSky Taranis were set to send high, low, and neutral commands to
the two magnets. During the high command, the magnet begins the charging sequence,
which can only be completed once it is in contact with a ferromagnetic surface. Once the
magnet is mounted on the metallic surface, this command can be shifted to neutral as the
electropermanent magnet will remain magnetized until the low command is sent. When
the low command is sent, it will disengage the magnet.

During operations, the sensor package is delivered onboard the drone (Magnet #2
engaged) to the desired point on the structure where Magnet #1 arms and connects the
sensor package and drone to the structure. Once the package is secured in place, Magnet #2
disengages, and the drone detaches and flies away. The sensor package then periodically
collects and stores acceleration data for DSR processing. When this operation is complete,
the drone conducts a retrieval sequence by reversing the docking procedure. A summary
of the status of both magnets in each phase of operations is given in Table 2.
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Table 2. Operation status for Electropermanent Magnets #1 and #2 for each sensor package and UAS position.

Electropermanent Magnet #1 Electropermanent Magnet #2 Sensor Package UAS

Unmagnetized Magnetized Attached to UAS At delivery
Magnetized Unmagnetized Attached to structure Package deployed

To assist with the retrieval of the sensor package, the UAS was outfitted with a 3D
printed alignment tool (docking platform in Figure 4). The alignment tool features angled
walls, which help to center the sensor package over the electropermanent magnet and
prevent the sensor package from coming into contact with the propellers.

3.3. Method of Damage Identification

The Dynamic Signature Response (DSR) of a system is a characteristic response of
the system and was first introduced by Rizos et al. [23] as the B-Spline Impulse Response
Function (BIRF) for soil–structure interaction analysis. The BIRF is a time-varying function
that is defined between any two points in a mechanical system. It represents the time
history of the response of one of the two points due to a unit amplitude B-spline excitation
applied to the other point [23,24,27,28]. The B-spline functions are piecewise smooth
polynomials of order k and belong to a family of base functions used in data interpolation
and approximation. They are defined with respect to a time knot sequence tn, n = 1, 2, . . .,
by the recursive formula,

Bk
n(t) =

{
1, if tn < t < tn+1

0, elsewhere
k = 1, (1)

Bk
n(t) =

(
t − tn

tn+k−1 − tn

)
Bk−1

n (t) +
(

tn+k − t
tn+k − tn+1

)
Bk−1

n+1(t), k > 1. (2)

The Bk
n-spline polynomials are of degree k − 1 and have k − 2 continuous derivatives.

While the BIRFs are computed efficiently in numerical models of physical systems [23,28,29],
it is almost impossible to measure the BIRFs directly in physical systems due to the difficulty
of accurately reproducing the B-spline loading on the physical system. The BIRF between two
points of a mechanical system, however, can be extracted from vibration tests that acquire
the time history record of a response, R, and excitation, f, at the two points. For example,
the fourth-order-based BIRF is computed in a discrete form at a time step N as:

BIRFN =

(
RN −

N−2

∑
n=1

BIRFn fN−n+2 + BIRFN−1( f3 − f1)

)
/( f2 + 2 f1), (3)

where subscripts indicate the time step at which the corresponding functions are evaluated.
Details of the method along with verification and validation studies were presented in
Alkharousi et al. [30,31].

Structural assessment procedures through dynamic testing focus on identifying changes
in the dynamic properties of the system through modal analysis and/or model updating
techniques. In Equation (3), the BIRFs are independent of any external excitations and are
considered the DSRs that capture the current state of the dynamic system. Any changes
in the current state of the structure are captured as changes in its DSRs. Therefore, if the
response time history, R, and the corresponding excitation, f, are known through vibration
test measurements conducted before and after a damage-inducing event, the difference in
the corresponding DSR is an indication of damage [30,31].

The computation of the BIRF shown in Equation (3) represents in essence a discrete
deconvolution of the response signal, and the BIRF can be perceived as an equivalent time
domain transfer function of the system that captures all frequencies in the range defined by
the sampling time interval. It is noted and had been demonstrated that the analysis of only
a short duration segment of the recorded response is adequate for change detection through
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the DSR algorithm, compared to mainstream methods that require, in most cases, the entire
response record from multiple sensors. However, the noise inherent to the time history
response records may have to be removed through filtering before the DSR is extracted.
Nevertheless, the computing demand of the proposed method is very low, minimizing the
postprocessing times, leading potentially to damage detection in real time, and facilitating
the integration to the damage detection algorithms in the overall proposed system.

4. Experimental Validation and Results

In order to validate the developed system (drone, sensor package, damage detection
algorithm), we created a laboratory experimental testbed and designed experiments to col-
lect and analyze data. The goal was to show the feasibility of the drone-based deployment
and retrieval of our sensor package, as well as the extraction of damage information from
the collected vibration data.

4.1. Test Apparatus

A test apparatus was constructed in the lab to replicate a bridge with a metallic surface,
as shown in Figure 6. The structure was 6.5 ft tall and 6.5 ft wide (2 m × 2 m) with a 2 ft
by 4 ft (60 cm × 120 cm) steel plate mounted in the center to serve as a docking platform.
Figure 7 shows a schematic of this plate. An electromagnetic shaker (Ling Dynamic Systems
V408) was permanently mounted on top of the plate and used to excite the structure during
our experiments. The test apparatus was placed inside a drone cage where the OptiTrack
Motion Capture system was used for rigid body tracking. This system can provide accurate
pose data (position and orientation) for our drone flights.

Figure 6. Overview of the test apparatus with key components annotated.
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Figure 7. Schematic of the steel plate structure used in the experiments featuring the sensor package
placement and the relative location of the supporting bolts used to simulate damage.

4.2. Drone-Based Deployment Validation

In this experiment, we aimed to validate the use of the drone for the sensor package
deployment. The experiment was designed as follows: The drone approaches the structure
and conducts the docking sequence described in Section 3.2, then mounts the sensor
package to the structure. After sufficient time for data collection has passed, the UAS
approaches the structure again and reverses the docking sequence to retrieve the package.
When the package has been retrieved, the entire system lands, and the test is complete.
During this experiment, the electromagnetic shaker was set to excite the structure at 11.3 Hz
while we collected acceleration data from the sensor package and displacement data from
the OptiTrack Motion Capture system. Due to the underside of the structure being outside
of the OptiTrack field of view, only the UAS position and orientation were tracked using
the OptiTrack system.

The results are presented in Figure 8. The first 25 s of the test were used to coordinate
the data collection and ensure that the electropermanent magnets were properly set before
takeoff. Adjustments were performed to properly align the UAS with the structure before
making contact at 38 s, at which point, the UAS maintained contact until the 48 s mark
(area II) to ensure the engagement of the electropermanent magnet on the sensor package
and the disengaging of the electropermanent magnet on the UAS. Once the magnets were
set, the UAS left the sensor package on the structure from the 38 s mark until the 75 s mark
(area III). During this time, the UAS hovered near the structure to allow the sensor package
to perform data collection without interference from the hanging mass of the UAS.

After allowing sufficient time for data collection, the UAS began the retrieval process
by making contact with the package at 75 s. Contact was again maintained for 10 s to
confirm the change in the electropermanent magnet state (area IV). For retrieval, the magnet
on the UAS was engaged to maintain hold of the sensor package during landing prior to
the magnet on the sensor package disengaging, allowing the system to begin its descent.
This descent was performed immediately after securing the sensor package, and the drone
landed at 94 s, completing the flight test.

The acceleration of the sensor package presented in Figure 8 substantiated these
movements showing intense vibration when the package was onboard the UAS and
significantly smaller acceleration while in contact with a structure, indicating successful
deployment. Experimental results showed the feasibility of the method, which can now be
further developed [26].
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Figure 8. UAS deployment of the sensor package showing (a) acceleration of the sensor package,
(b) displacement of the UAS, and (c) photos of the sensor deployment and retrieval experiment.

4.3. Sensor Package Validation

This experiment aimed at validating the accuracy of acceleration data collected by
the sensor package. For this purpose, the sensor package was manually mounted along
with a PCB accelerometer onto the steel plate, which was excited by the electromagnetic
shaker (as shown in Figure 6). Using a data acquisition module, the excitation signal
was swept from 1–20 Hz over a test period of 50 s. Due to the limited sample size of the
sensor package (74,000 samples), a sampling frequency of 1480 Hz was used as a result
of the limited buffer size onboard the sensor package. The validation was conducted
utilizing a frequency response function of the sensor package data over the reference PCB
accelerometer, shown in Figure 9. The results indicated an exponentially increasing error as
the frequency approached zero. At lower frequencies (<5 Hz), the acceleration signal was
below the sensitivity of the sensor package (5400 LSB/g), resulting in the large error shown.
This could be mitigated in future designs by utilizing a higher accuracy accelerometer and
decreasing the damping caused by the sensor package frame.

164



Appl. Sci. 2021, 11, 8560

Figure 9. Frequency response function of the sensor package for 1–20 Hz excitation.

4.4. Damage Detection Validation

This experiment was designed to validate the ability of the sensor package to collect
meaningful data for SHM applications. Since the system was developed to detect Level
1 damage, the sensor package needed to collect data before and after the structure had
sustained damage. To simulate damage, three bolts supporting the steel plate were removed,
as shown in Figure 7. This experiment also utilized the electromagnetic shaker to generate
harmonic excitation forces. Additionally, a load cell (Ling Dynamic Systems V408) was
placed between the shaker and the plate to record the force transmitted to the structure
to provide ground truth measurements. The sensor package was then manually mounted
directly underneath the electromagnetic shaker and load cell, in the position a0 shown in
Figure 7. The shaker was first actuated at 7 Hz for 4 s and then stopped to allow the structure
to vibrate freely. This was repeated at 14 Hz for both the undamaged and damaged structure.

The collected data underwent preprocessing in which the data from each experiment
were smoothed through a 50-point rolling average and resampled to a total of 200 points
to be considered as the response, RN , in Equation (3). The associated forcing function, fN ,
in Equation (3) can be either the load cell record or the voltage signal that drives the linear
actuator [31]. In this paper, the load cell record was utilized. Equation (3) can now be
implemented on each record to extract the DSR of the structure. It has been shown that
damage can be detected by processing even a short segment of the record [31], provided
that the time step of the acquisition is adequate to capture the maximum desired frequency
affecting the response.

Figure 10 shows a 400-step segment of the DSR of the undamaged structure. Each
DSR was extracted from the acceleration time history sampled in each of the three tests
with the 14 Hz excitation force. As expected, the three DSR signals were almost identical
and showed a high correlation (R2 = 0.989). This indicated that the state of the structure
had not changed between acquisitions, and therefore, no damage was present. Figure 11
compares the DSR of the damaged and undamaged structure to the 14 Hz excitation force.
These two BIRFs showed no correlation, indicating a change in the structural condition;
thus, the presence of damage is detected.

In Figures 10 and 11, the damage detection algorithm operated on a 0.8 s window of
the free vibration structural response with an acquisition step of 2 × 10−3 s. This allowed
for approximately 10 sampling points within a response cycle, and thus, this was the
minimum acquisition step required to capture frequencies up to approximately 300 Hz. It is
noted that the structural response record was resampled to 1/4th of the original sampling
frequency. It is also noted that an even shorter segment of the structural response could
potentially be used in the damage detection algorithm.
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Figure 10. The Dynamic Signature Response (DSR) extracted from 400 steps of the free vibration
phase of the response of the undamaged structure excited by a 14 Hz harmonic force.

Figure 11. The DSR extracted from 400 steps of the free vibration phase of the response of the
undamaged and damaged structure excited by a 14 Hz harmonic force.

Table 3 summarizes the R2 correlation coefficients of the BIRFs extracted from all
tests for the two excitation frequencies on the undamaged and damaged structure. It was
observed that all BIRFs correlated well (R2 > 0.8) when extracted from responses of either
the undamaged or damaged structure, for both frequencies. However, the correlation was
completely lost (R2 ≈ 0) when the BIRFs of the undamaged and damaged structures were
compared, regardless of the excitation.
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Table 3. Correlation coefficients between BIRFs of the undamaged and damaged structure for the 7 Hz and 14 Hz
excitation frequencies.

Before Damage After Damage

7 Hz 14 Hz 7 Hz 14 Hz

Test 1 2 3 1 2 3 1 2 3 1 2 3

Be
fo

re
D

am
ag

e

7
H

z 1 1.000 0.883 0.890 0.900 0.888 0.895 0.092 0.080 0.086 0.084 0.087 0.079
2 1.000 0.891 0.909 0.898 0.905 0.098 0.086 0.090 0.083 0.087 0.086
3 1.000 0.865 0.864 0.865 0.086 0.078 0.079 0.083 0.096 0.078

14
H

z 1 1.000 0.989 0.991 0.097 0.095 0.094 0.087 0.091 0.087
2 1.000 0.990 0.095 0.096 0.093 0.088 0.088 0.085
3 1.000 0.099 0.098 0.096 0.092 0.088 0.081

A
ft

er
D

am
ag

e

7
H

z 1 1.000 0.879 0.892 0.813 0.798 0.815
2 1.000 0.906 0.812 0.809 0.839
3 1.000 0.805 0.787 0.813

14
H

z 1 1.000 0.921 0.927
2 1.000 0.910
3 1.000

5. Conclusions

This paper presented an initial prototype and the associated methodologies for a
sensor package that can be deployed via a drone onto civil structures for structural health
monitoring. Alongside this demonstration, Level 1 damage detection (the presence of
damage in the structure) was performed using a novel BIRF technique to extract the DSR
from data collected by reference accelerometers. Through manual flights, the feasibility of
delivering and retrieving a sensor package from the underside of a structure was proven.
Similarly, experimental validation showed that the BIRF method is an effective method for
determining damage based on data collected from any sensor package.

In future work, the landing mechanism of the UAS system will be fully automated,
instead of relying on manual flight controls. The sensitivity of the sensor package will be
improved, and wireless communication and data transfer will be added. The use of elastomers
will be considered in an effort to reduce the effect of drone vibrations on the measurements.
As for the damage detection algorithm, future work will focus on expanding the methodology
to include damage quantification and damage localization, which relate to Level 2 and 3
damage detection, respectively.
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Abstract: This paper addresses the problem of unilateral contact interaction by an under-actuated
quadrotor UAV equipped with a passive tool in a bilateral teleoperation scheme. To solve the
challenging control problem of force regulation in contact interaction while maintaining flight
stability and keeping the contact, we use a parallel position/force control method, commensurate to
the system dynamics and constraints in which using the compliant structure of the end-effector the
rotational degrees of freedom are also utilized to attain a broader range of feasible forces. In a bilateral
teleoperation framework, the proposed control method regulates the aerial manipulator position
in free flight and the applied force in contact interaction. On the master side, the human operator
is provided with force haptic feedback to enhance his/her situational awareness. The validity of
the theory and efficacy of the solution are shown by experimental results. This control architecture,
integrated with a suitable perception/localization pipeline, could be used to perform outdoor aerial
teleoperation tasks in hazardous and/or remote sites of interest.

Keywords: aerial robotics; aerial manipulation; force control; bilateral teleoperation; haptics; quadrotor

1. Introduction

Aerial robotics has become increasingly popular in research, industry, and for com-
mercial applications. Beyond the traditional visual inspection functionality that made them
widely used and appreciated, aerial robots have recently received profound interest for
applications which require to seek, establish, and maintain some sort of physical interaction
with the environment in order to fulfill a certain task. Relevant examples are epitomized
by maintenance operations in the energy sector, for example, oil, gas, refinery, and power
plants, in particular, to perform non-destructive tests that require keeping some sensors in
touch with objects not easily accessible by a human, due to their installation altitude, and
also in hazardous environments [1,2]. Apart from their growing use in industrial and civil
sites, these systems are starting to also be employed for the in-contact documentation of
historical buildings [3]. Other applications of aerial interaction involve the transportation
of cable-suspended payloads [4] and packages for search and rescue missions [5].

Aerial manipulation is the deliberately controlled physical interaction of an aerial
manipulator with objects in its environment. For an extensive overview of the works on
this topic, the interested reader is referred to [6,7]. By aerial manipulator we mean a small
size Vertical Take-Off and Landing (VTOL) Unmanned Aerial Vehicle (UAV) equipped with
a manipulation tool. This manipulation tool is either an active robotic arm manipulator or
a passive tool.

Appl. Sci. 2021, 11, 8955. https://doi.org/10.3390/app11198955 https://www.mdpi.com/journal/applsci171



Appl. Sci. 2021, 11, 8955

When dexterous manipulation by an aerial manipulator is not required, for example,
when the robot is intended to apply desired force vectors to an object in order to push,
inspect, or probe its surface, or when the normal grippers are not effective, for example, for
an object with a wide flat surface, the use of a lightweight passive tool is preferable to a
heavier active arm manipulator, as the smaller payload imposed to the aerial robot results
in a more energy-efficient system and longer operational flight time. Moreover, simplicity
and low weight of a passive tool allow the usage of a broader range of UAVs.

Despite significant achievements in the fully autonomous control of drones, limited
problem-solving capabilities, inadequacy in unexpected environmental conditions, le-
gal restrictions, and imperfect position control [8] often require the presence of human
operator(s) in aerial manipulation tasks. In bilateral teleoperation schemes, the human
capabilities are enhanced by providing them with tangible interaction information of the
remote side in the form of force and motion feedbacks (haptic feedback), besides the
traditional visual feedback.

In this paper, we propose an aerial manipulation solution using passive tools with a
compliant end-effector. Applying a desired force profile in a uni-lateral contact, and at the
same time maintaining the flight stability, that is, position and orientation control, and keep-
ing the contact stable, that is, to avoid losing contact and sliding over the contact surface,
represents a challenging control problem, especially when it is performed with an under-
actuated aerial manipulator in a bilateral teleoperation loop. Fully-actuated aerial manipu-
lators have been demonstrated to be more effective for this kind of application [8–11] but
consume more energy due to internal forces. That is why the use of under-actuated UAVs
is investigated in this work. Our aerial manipulator is a quadrotor UAV equipped with a
lightweight passive tool rigidly attached to the top of it (Figures 1 and 2). The end-effector
has a mechanical damper on its surface to smooth free flight to contact transition, and a
passive compliant spherical joint to keep the contact while changing the orientation. This
compliant mechanism, along with appropriate control policy conforming with the system
constraints, allows involving all the robot’s degrees of freedom to generate the desired
force vector. The desired motion and force of the aerial manipulator are attained using a
parallel position/force control scheme within a bilateral teleoperation control framework.

The proposed control scheme regulates the aerial manipulator pose in free flight and
the applied force in contact conditions. A human operator using a haptic device (with
a limited workspace) commands the aerial manipulator pose (with virtually unlimited
workspace) in free flight. When the aerial manipulator’s end-effector comes in contact
with the environment, the haptic device movement is interpreted as desired force. Position
control in free flight and force control in contact are achieved by utilizing a cascaded
parallel position/force controller. The reference pose is composed by the operator’s pose
command (free flight pose command) and the output of a force controller in an outer
loop. To avoid losing the contact, the desired force is always kept in a feasible range that
satisfies the friction and compliance constraints. On the master side, the human operator
is provided with force feedback proportional to the robot’s velocity in free flight and the
applied force in contact.

The aerial tele-manipulation system presented in this paper may contribute to address-
ing and solving a broad class of relevant use-case applications where a UAV is remotely
operated in hardly accessible and life-threatening sites, for example, at high altitudes, by a
human safely located in a protected place, thus relieving him/her from potentially danger-
ous tasks. A conceptual example is depicted in Figure 1. Apart from the aforementioned
applications of remote sensor placement, contact holding and remote button pushing,
another idea that could be envisioned is to employ such a system to push boxes located on
a shelf onto a conveyor belt, in an industrial warehouse scenario. Thanks to the enhanced
situational awareness guaranteed by the haptic feedback, the operator could easily regulate
the force applied to the load. Furthermore, the designed control law would ensure that the
contact is maintained throughout the manipulation. As should be appreciated, many other
relevant applications involving the aforementioned conditions can be easily conceived.
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Figure 1. A conceptual example of aerial tele-manipulation with a passive tool: an aerial robot
equipped with a lightweight passive tool tasked to press an emergency shut down push button.

Figure 2. The passive lightweight tool with compliant end-effector used to convert a normal VTOL
UAV to an aerial manipulator.

The rest of the paper is organized as follows. The next subsection reviews the related
works and the contribution of the paper. Section 2 explains the platform and its dynamic
model in the teleoperation system. Section 3 presents the proposed control approach, the
stability analysis of which is presented in Section 4. Experimental results are presented in
Section 5, while concluding remarks and hints about intended future works are outlined in
Section 6.

Related Works and Contribution

There has been a growing interest in aerial robots with physical interaction in the past
few years, and many research projects such as [12] have focused on this context. In the
following, we try to concisely provide a general overview of the state of the art of this
broad topic, focusing then on the works more closely related to the one presented in this
paper. Aerial physical interaction with the environment can be macro-categorized as:

(i) using active manipulators; and
(ii) using passive tools;

and naturally, different mechanical solutions demand different controllers.
To mention some examples belonging to the first group, in [13] the authors designed

and installed a small parallel manipulator on one side of a VTOL, while the use of one and
two serial manipulators to grasp objects was proposed in [14] and in [15], respectively. In
these works, the authors implemented and validated different instances of hybrid force
control. A visual servoing approach to control a quadrotor equipped with a serial manipu-
lator is suggested by [16], while a passivity-based adaptive controller, which can be applied
to both position and velocity control to guide a quadrotor aerial manipulator, is utilized
by [17]. Furthermore, the behavioral control of an aerial manipulator is presented in [18].
In the multi-robot scenario, a team of quadrotors, equipped with serial manipulators,
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controlled by a visual servoing technique, is demonstrated in [19]. Differently from these
works, we tackle the scenario of aerial tele-manipulation with haptic feedback of an object
of interest via parallel/force control, using a passive tool.

In the second group, which encompasses the research presented in this paper, different
works have focused on solutions to applications requiring less dexterous manipulation
capabilities, but with the benefits of being more cost-effective, versatile, and lightweight,
thus allowing for longer operational flight time. In [20], a quadrotor UAV equipped with
a rigid tool, controlled based on a mapping between the desired vehicle attitude and the
commanded force, is used to establish contacts with the environment. The control strategy
therein is designed as a variation of near-hovering control, and does not take into account
the friction cone constraints that allow maintenance of the contact between the robot tool-
tip and the environment, while instead our strategy does. The authors of [21] propose
instead an interesting combination of both mechanical design and control strategy to
handle collisions and interaction in a more compliant way, without focusing on direct force
control. A hybrid position/force control framework for a quadrotor is presented in [22],
which allows the exertion of forces with the quadrotor airframe, without any tool, on the
environment. A similar control approach is also adopted in [23] for the very relevant task
of tool operation with quadrotors. Planning and control for an aerial robot in contact with
its environment, based again on a hybrid position/force switching controller, is presented
in [24], where obstacle avoidance is also performed. The control schemes of [22–24] are
based on the decoupling of axes of the applied force and motion; that is, force is applied in
the motion constrained axes while on the other axes the motion is controlled. Differently
from [22–24] and other similar approaches, in this work, we do consider friction constraints
in a compliant uni-lateral contact to avoid slipping of the tool in the non-constrained axes
of motion and to maintain the contact, which allows us to generate 3D force vectors. For
this reason, we use a parallel (and not hybrid) position/force control approach, which also
deploys rotational degrees of freedom to attain a broader feasible range of forces. It is worth
noting that the traditional parallel position/force controller applied to generic six-DoF
grounded manipulators is not directly applicable to our system, as it is an under-actuated
floating robot. All the wrench components of the contact interaction are transmitted to the
robot CoM and affect its orientation, by which the position is controlled, which makes the
problem more challenging, especially in the transition from free flight to contact interaction
and vice versa.

Furthermore, in all the aforementioned papers, the use of haptic feedback is not envi-
sioned. Haptic teleoperation of UAVs is mainly used for obstacle avoidance in free flight,
aiming to improve the situational awareness of the human operator using haptic feedback,
such as the generic hierarchical passive teleoperation control architecture presented in [25].
We use haptic feedback not only to improve the performance of position tracking in free
flight, but also to reflect the applied force, in order to let the user feel the force in the contact
interaction, which eventually leads to a more accurate tele-manipulation. The stability
analysis and experimental results validate the proposed bilateral teleoperation scheme for
aerial manipulation using passive tools.

To the best of our knowledge, the problem of teleoperating VTOL UAVs with haptic
feedback to establish contact and apply forces on objects of interest while ensuring the
compliance with friction constraints and avoiding slipping has not yet been deeply investi-
gated by the community researching aerial physical interaction. We introduced the aerial
haptic tele-manipulation idea in [26]. The present paper completes, improves, and extends
this concept in the following ways:

(1) the force control in [26] is based on a mapping that calculates the appropriate robot’s
desired orientation to generate the desired force; in this work, we use a more efficient
sensor-based closed-loop force control;

(2) the force controller considers the limited friction of the end-effector and object
surfaces, and utilizes the independently controlled yaw motion, which allows a
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wider range of feasible force commands by using the passive compliant spherical
joint mechanism of the end-effector, enforcing the contact maintenance;

(3) the stability analysis of the system is presented;
(4) this work presents experimental results of tracking 3D force vectors applied to both

stationary and moving objects.

2. Dynamic Model

The bilateral teleoperation system consists of: a human operator, a haptic device
(master), an aerial manipulator (slave), and the remote environment (cf. Section 3). This
section presents the dynamic model of the aerial manipulator (a quadrotor UAV equipped
with a passive lightweight tool) in contact with the environment. The tool is rigidly
connected to the top of the quadrotor, and a lightweight rigid link ensures enough room
between the propellers and the end-effector to allow safe contact with the environment.
A compliant spherical joint connects the lightweight rigid link to the end-effector, and an
elastic shock absorber damper along with the compliant joint help to establish smoother
contacts (Figure 2). In the following we assume that the spherical joint rotation is small, so
the springs remain in their linear region, the weight of the tool is negligible, and the tool
link is rigid.

Let us define the world frame W : {OW , xw, yw, zw}, the body frame B : {OB , xb, yb, zb}
for the robot, and the contact frame C : {OC , o, t, n} placed at the contact point (Figure 3).
The position of OB in W is indicated with p = [x y z]� ∈ R3, R ∈ SO(3) is the rotation
matrix representing the orientation of B in W . We consider the RPY parameterization of R,
that is, η := [φ θ ψ]� ∈ R3, where φ, θ, ψ are the roll, pitch and yaw angles, respectively,
and are bounded as −π

2 < φ < π
2 , −π

2 < θ < π
2 , and −π < ψ ≤ π. The end-effector

position expressed in W is pe = p + Rd, where d is the end-effector position vector in B.
The angular velocity of B, denoted by ω ∈ R3, is related to the derivative of Euler angles η̇
by ω = E(η)η̇ where E(η) ∈ R3×3 is defined according to R. The robot dynamics can be
expressed in terms of robot pose x = [p� η�]� ∈ R6, in W , as follows.

Ms(x)ẍ + Cs(x, ẋ)ẋ + g(x) = w + we, (1)

where Ms = diag{mI3×3, M}, with M = E� JE, is the inertia matrix in which m ∈ R+,
J ∈ R3×3 are the robot mass and moment of inertia matrix, Cs = diag{03×3, C}, with
C = E�(JĖ + S(Eη̇)JE) includes the Coriolis/centripetal dynamics in which S(a) is the
skew-symmetric matrix of a generic vector a; g = [mgz�w , 03]

� is the gravity vector with g
being the gravity acceleration constant. w = [(uzRzb)

�, u�
η ]

� is the robot control wrench
in which the magnitude of the total thrust acting along the zb direction is denoted with
uz ∈ R+, and uη ∈ R3 is the rotational control moment. we = [ f�t (S(d) ft + τr)�]�
is the external wrench applied to the system. The wrench applied to the end-effector
is modeled as spring wrench ( ft, τr), expressed in W as ft = −Rw

c Ktδpc and τr =
−Rw

c Krδηc, where Rw
c is the rotation matrix representing the orientation of C w.r.t. W ,

and Kt = diag{kto, ktt, ktn}, Kr = diag{kro, krt, krn} are the diagonal stiffness matrices,
δpc = [δo δt δn]� is the compression of the linear spring, and δηc = [δηo δηt δηn]� is the
compression of the angular spring, expressed in C, respectively.

We consider the soft finger model for the contact in which all three components of force
and the normal component of the torque are transmitted in the contact independently [27].
Considering this model and the force torque balance for the end-effector, the wrench
transmitted by the end-effector, that is, applied force f = [ fo ft fn]� and torque τ =
[0 0 τn]�, in C, can be obtained as:

{
f = − f c

t − 1
‖d‖2 S(dc)τc

r = Ktδpc + 1
‖d‖2 S(dc)Krδηc

τn = krnδηn.
(2)
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Equation (2) is used in the next section to define the control inputs of the force
controller. The constraints of the force and torque to keep the contact are as follows:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0 ≤ fn√
f 2
o + f 2

t /μs ≤ fn

|τn|/μt ≤ fn√
τ2

o + τ2
t /rd ≤ fn,

(3)

where μs and μt are the linear and angular friction coefficients of the end-effector surface
with the object surface, and rd is the end-effector surface disk radius. The first constraint
is the unilateral condition, the second one is to avoid translation slippage, the third one
is to avoid rotational slippage, and the last one is to prevent the disk lifting up. The
constraint (3) is used in the next section to modify the desired force vector in order to keep
the contact.

Figure 3. The coordinate frames, and components in the dynamic model of the aerial manipulator in
contact with an object.

The dynamic model of the haptic interface, that is, the master robot, considering an
inverse dynamic controller with gravity and nonlinear compensation [28], in the operational
workspace, can be described as

Mm ẍm + KmD ẋm = KmP x̃m + fh − fc, (4)

where xm ∈ Rnm (nm is the number of master robot’s actuated DOFs is the master device
pose, x̃m is the pose error, Mm is the diagonalized inertia matrix, KmP, KmD are the PD-
controller gains regulating the desired master robot pose, fh is the force applied by the
human operator and fc is the reflected teleoperation force.

3. Control System

The proposed bilateral teleoperation scheme controls the robot’s position in the free
flight, in an unlimited workspace using a limited workspace haptic device, and regu-
lates the force tracking during physical interaction, keeping the contact based on the
human operator’s commanded force. The human operator is provided with force feedback
proportional to the velocity in free flight and the applied force in contact. The overall
teleoperation scheme is depicted in Figure 4, and the parallel position/force controller is
shown in Figure 5.
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Figure 4. The bilateral teleoperation scheme with a parallel position/force controller in the slave side
to control an aerial manipulator.

-

Figure 5. Parallel position/force controller for an aerial manipulator, in the remote side of the
teleoperation scheme.

3.1. Position Control

The position control of the mechanically under-actuated quadrotor is implemented
using a two layer cascade controller. The orientation is controlled using PID in the inner
loop, and the outer loop provides the inner loop with reference roll and pitch (φd, θd)
to control the robot planar motion using a gravity-compensated-PD. The yaw motion is
controlled independently.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uz =
m

cos(φ) cos(θ) (g − kpzz̃ − kdzż)

ux = −kpxx̃ − kdxẋ
uy = −kpyỹ − kdyẏ[

sin(φd)

sin(θd)

]
= m

uz

[
sin(ψ) − cos(ψ)
cos(ψ)
cos(φ)

sin(ψ)
cos(φ)

][
uy

ux

]

uη = −KD η̇ − KPη̃− KI
∫ t

0 η̃(s)ds,

(5)

where p − pd = [x̃ ỹ z̃]� is the position error with pd ∈ R3 being the desired position,
kpx, kdx, kpy, kdy, kpz, kdz,∈ R+ are proportional and derivative gains, η̃ = η − ηd is the
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orientation error with ηd = [φd, θd, ψd]
� being the desired orientation, and KP, KD, KI are

the proportional, derivative, and integral diagonal gain matrices to regulate the attitude.

3.2. Force Control

The force is regulated by providing the internal position control loop with an appropriate
reference. The robot’s desired position pd and desired yaw ψd are four commanded states of
the system, noting that the system is mechanically under-actuated. As depicted in Figure 5,
the outer force regulating the feedback loop generates additional terms (p f , ψ f ), depending
on the force error, that are added to the previously commanded pose (pp, ψp) in the free
flight. As we aimed at contact interaction with the environment using the end-effector, we
command the end-effector pose; therefore, we convert the end-effector pose to the COM pose
by including the term −Rd in the desired pose. Thus, pd and ψd are expressed as:{

pd = pp + p f − Rd
ψd = ψp + ψ f .

(6)

In the sequel, we see how pp, ψp, p f , and ψ f are generated from the user command,
given by xm, based on the aerial manipulator contact condition.

When the robot is in free flight condition, the master robot position (xm) is interpreted
as a position command; while when the end-effector comes in contact xm is interpreted as
the desired force. In order to distinguish the two conditions, let us introduce the contact
function u( f , fd) as:

u(tk) =

⎧⎪⎨
⎪⎩

1 if fn(tk) > 0 & fn(tk−1) > ε

0 if fn(tk) = 0 & fd,n(tk) < −ε

u(tk−1) otherwise.

(7)

This hysteresis-like function is intended to prevent the chattering phenomenon in
the attachment and detachment phases. In Equation (7), fn(tk) is the normal component
of the measured contact force at tk instance and fn(tk−1) is the previous sample of the
same measurement; fd,n(tk) is the normal component of the commanded force, u(tk−1)
is the previous output of the function (u(0) = 0), and ε ∈ R+ is a small positive value.
In the contact condition, if the commanded normal component of the force is negative
( fd,n(tk) < −ε) and the normal component of the applied force is zero, the detachment
takes place. During free flight u(t) = 0 and the component of the desired position that is
intended to control the aerial manipulator position in free flight is generated by integrating
the master position as:

pp = pd(t0) +
∫ t

t0

(1 − u(t))K f
pxm dt, (8)

where K f
p is a 3 × 3 matrix that rotates and scales the master robot motion appropriately.

The aerial manipulator heading ψp in free flight is directly commanded by the user, through
mapping one of the master robot motions, similar to pp.

When the end-effector establishes a contact u(t) = 1, and thus (1 − u(t)) = 0, in this
case the integral stores the end-effector position at the contact moment, and the motion of
the master robot during the contact interaction is used to command the desired force. The
force commanded by the human operator, f ∗d ∈ R3, expressed in C, is generated as:

f ∗d = u(t)K f
f xm, (9)

where K f
f is a 3 × 3 matrix that rotates and scales the master robot motion appropriately.

To prevent the desired force violating the contact constraint (3), the commanded force
is modified as follows:
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fd =

⎧⎨
⎩

f ∗d if 1
μs

√
( f ∗o )2 + ( f ∗t )2 + 1√

r2
d+μ2

t

|τ| ≤ f ∗n

σ( f ∗d ) otherwise,
(10)

where f ∗d = [ f ∗o , f ∗t , f ∗n ]�, and σ( f ∗d ) is a function projecting the desired commanded force
f ∗d to the surface of the contact constraints (3) as follows:

σ( f ∗d ) = cos(α) f ∗d + sin(α)(S(a) f ∗d ) + (1 − cos(α))(a� f ∗d )a +
1√

r2
d + μ2

t

|τ|n, (11)

where a = (S( f ∗d )n)/||(S( f ∗d )n)|| is the unit axis of rotation, α = β − γ is the required
angle to rotate f ∗d around a to project it on the surface of the friction cone, β is the angle
between f ∗d and n, and γ = tan−1(μs) is the translational friction cone angle. This function
minimally increases the normal component (by adding (r2

d + μ2
t )

−0.5|τ|n) to avoid torsional
slippage and lifting up the end-effector disk, and applies the minimum rotation to its
direction to keep it within the feasible force range.

The next step to generate p f and ψ f is to feed the force error f̃ = f − fd = [ f̃o f̃t f̃n]�
to a PI-controller as:

u f = −KP f f̃ − KI f

∫ t

0
f̃ dt, (12)

where KP f , KI f ∈ R3×3 are proportional and integral diagonal gain matrices, respectively.
The PI-output u f = [uo ut un]�—after appropriate transformations—generates p f and ψ f .

At the contact moment, in which the springs are in rest position, we define the
contact frame C which is its orientation w.r.t. B represented by rotation matrix Rb

c . Let
d = [dx, 0, dz]�; we can always define C with a constant Rb

c such that dc = [do, 0, dn]�.
Expanding (2) we get:

⎧⎪⎪⎨
⎪⎪⎩

fo(δo, δηt) = ktoδo − dnkrt
‖d‖2 δηt

ft(δt, δηo, δηn) =
dnkro
‖d‖2 δηo + kttδt − dokrn

‖d‖2 δηn

fn(δn, δηt) = ktnδn + dokrt
‖d‖2 δηt.

(13)

Therefore, fn and fo can be regulated by commanding the motion along n and t,
respectively. To control ft, we choose δηo, and the reason is: due to the under-actuation
of the quadrotor, changing δt requires changing the roll and pitch angles of the aerial
manipulator and this results in applying an undesirable moment around the normal axis of
the contact frame. The usage of rotation to generate the desired force also leads to a wider
range of feasible forces, as it not only relies on the limited linear friction of the end-effector
and object surfaces. δηo can be considered as changing the yaw angle ψ (see Figure 3).
Therefore, p f and ψ f can be obtained as follows:

{
p f = R�Rb

c [u0 0 un]�

ψ f = ut.
(14)

3.3. Master Control and Haptic Feedback

The input of the master robot (haptic device), as expressed by (4), receives two ele-
ments from the teleoperation scheme: the human force fh and the haptic feedback force
fc, which is itself constituted by two parts fPD, and fp f . The term fPD is a negative pro-
portional derivative term, based on master position xm, that is intended to bring back the
device to its zero position gently when the device is not moved by the operator, so that the
quadrotor will not move or apply force when the haptic device handle is released. On the
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other hand, fp f is the haptic feedback given to the user depending on the velocity in free
flight or force error in contact. The haptic feedack fc is synthesized as:

fc = fPD + fp f = (KPhxm + KDh ẋm) + (Kb
f f + (1 − u)Kb

p ṗ), (15)

where Kb
f , Kb

p, KPh, KDh ∈ R3×3 are positive diagonal gains.

4. Stability Analysis

We first show the stability of the rotational dynamics in contact, then the stability
of the force controller, and finally the stability of the teleoperation scheme. In order to
facilitate the tractability, let C and W coincide, Rw

c = I3, and at the contact instance Rb
c = I

(see Figure 3).

4.1. Rotational Stability

The angular dynamics M(η)η̈+ C(η, η̇)η̇+ Krη+ τf = uη , where τf = −S(d) ft has
the following properties:

• M is symmetric positive definite and bounded as μM ≤ ‖M‖ ≤ γM; where μM, γM are
its minimum and maximum eigenvalues. Moreover, M is strictly diagonally dominant
(SDD), that is Mii > Σi =j|Mij|;

• Ṁ − 2C is skew-symmetric, or Ṁ = C + C�;
• ‖C(η, η̇)‖ ≤ δc‖η̇‖, where δc ≤ 2σmax(J);
• the rotational stiffness matrix is bounded as μk ≤ ‖Kr‖ ≤ γk.

Theorem 1. Applying the rotational part of the control law (5) to the aerial manipulator described
by (1), its rotational dynamic is locally asymptotically stable such that η̃, η̇ → 0 and

∫ t
0 η̃(s)ds →

−K−1
I (Krη+ τf ) as t → ∞.

Proof. Let ζ = [Δη�η̃�η̇�]�, where Δη =
∫ t

0 η̃(s)ds + K−1
I (Krη + τf ), and consider the

following scalar function:

V(ζ) =
1
2

ζ�Pζ , (16)

where the symmetric matrix P is defined as follows:

P =

⎡
⎣ KI K12 εM

K12 K22 εM
εM εM M

⎤
⎦ , (17)

with ε = kε
μM
γM

and 0 < kε < 0.5, K12 = KI + εKD − Kr, and K22 = KP + εKD − K12K−1
I Kr.

Let Ks = ks I for s = {P, I, D} with ks > 0; in a range satisfying inequities,

0 < kD < μK
ε − γM, ε < μK

γM
kp > kI +

γK
kI
(εkD − μK) + εγM.

(18)

P becomes SDD with positive diagonal elements, and is therefore positive definite.
Thus, V(ζ) is a positive definite function and hence a Lyapunov function candidate, which
is radially unbounded and satisfies the Rayleigh–Ritz inequality [29] as:

μP‖ζ‖2 ≤ V(ζ) ≤ γP‖ζ‖2 , (19)

where μP and γP are the minimum and maximum eigenvalues of P. The time derivative of
the Lyapunov candidate (16) is:

V̇ = −ζ�Qζ + ζ�B[τ̇�
f η̇�d ]

� , (20)
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with

B =

⎡
⎣ I −K12

K12 −K22
εK−1

I M −εM

⎤
⎦ (21)

Q =

⎡
⎣ εKI

1
2 ((ε − 1)KI + εKP) − 1

2 εC�
1
2 ((ε − 1)KI + εKP) εKP − (KI + εKD − Kr) − 1

2 ε(C� + M)

− 1
2 εC� − 1

2 ε(C� + M) KD − εM(I + K−1
I Kr),

⎤
⎦ (22)

In the following we shall show that:

V̇(ζ) ≤ −ζ�1 Q1ζ1 + ζ�B[τ̇�
f η̇�d ]

� , (23)

where ζ1 = [‖Δη‖ ‖η̃‖ ‖η̇‖]� and

Q1 =

⎡
⎢⎣ εkI

1
2 ((ε − 1)kI + εkP)

1
2 εδC‖η̇‖

1
2 ((ε − 1)kI + εkP) ε(kP − kD) + μK − kI

1
2 ε(γM + δC‖η̇‖)

1
2 εδC‖η̇‖ 1

2 ε(γM + δC‖η̇‖) kD − εγM(1 + γK
kI
)

⎤
⎥⎦. (24)

To obtain (23), we choose kP, kI , kD such that:

ε(2μK + γM) < kI < μK
( 1

ε − ε)kI < kP < 2μK + γM
εγM( 3

2 + γK
kI
) < kD < μK(1 − ε)

. (25)

Consequently, ε must be chosen such that

ε < min

{
μK − kI

μK − kP
2 + γM

2

,
2
3

μK(2μK + γM)− γKγM
γM(2μK + γM)

,
μM

2γM
,

μK
γM

}
. (26)

Then, it is also assumed that the spherical joint mechanical stiffness is chosen properly
in accordance with the system moment of inertia such that μK > γM

2 (1 + γM
μK

), which can
be simplified as σmin(Kr) > γM, which simply means that the higher the inertia, the stiffer
the spring that must be chosen. Let μv = min{kI − εkP, εkP + 2(μK − εkD)− (ε + 1)kI −
εγM, kD − 3

2 εγM − εγMγK
kI

}, for trajectories bounded by:

‖η̇‖ ≤ 1
δC

μv. (27)

Q1 will be SDD with positive diagonal elements, and therefore positive definite. Thus,
we can conclude:

V̇(t, ζ) ≤ −μ‖ζ‖2 + κ‖ζ‖ , (28)

where μ = σmin(Q1) and κ = δB1δ f + δB2δv with δB1 = max{1, kI + εkD −μK, kP + εγM/kI},
δB2 = max{kI + εkD − μK, kP + εkD − μK(kI + εkD − μK)/kI , εγM},
and ‖η̇d‖ ≤ δv is the upper bound on the norm of η̇d. ‖τ̇f ‖ ≤ δ f is the upper bound
on the norm of the τ̇f , which is a reasonable assumption considering that the rotational
dynamics is faster than translational [30]. Let W be the positive root of V = W2, as in [31],
considering (19) we can state Ẇ ≤ − μ

2γP
W + κ

2
√

μP
, which means:

W(t) ≤ W(0)e−
μ

2γP
t − κ

2
√

μP

∫ t

0
e−

μ
2γP

(t−s)ds ≤ W(0)e−
μ

2γP
t
+

κγP√
μPμ

. (29)
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Considering (19), we can ensure that (27) is satisfied if W(0)+ κγP√
μPμ ≤ 1

δC
μv. Therefore,

choosing sufficiently large kP, and sufficiently small kI and kD such that (18) and (25) are
satisfied, the solution of the error system converges to zero asymptotically.

4.2. Force Control Stability

The stability of the force dynamic in the closed-loop force controlled system is in-
vestigated in a decentralized manner, that is, each component of the force is analyzed
independently by considering the effect of other state variables as disturbances.

4.2.1. Force Along n-Axis

The forces along n-axis is controlled by translational pose command along n, from (13)
we have

fn = ktnn + kjηt , (30)

where kj =
dokrt
‖d‖2 . If we substitute the pose controller in (30), assuming the gravity term

compensated by feedback linearizing term, the dynamics will be:

mnn̈ + ktnn = −kpñ − kdṅ , (31)

where mn = m is derived from (1). Substituting n and its derivatives, in the left hand side
of (31), with fn from (30), and control terms, in the right hand side, with (12) we obtain:

m f f̈n + b f ḟn + k f fn = −k1

∫ t

0
f̃n − k2 f̃n + hn(η̈t, η̇t, ηt) , (32)

where m f = mnk−1
tn , b f = kdk−1

tn , k f = (1 + kpk−1
tn ), hn = (mnk−1

tn kjη̈t + kdk−1
tn kjη̇t + (1 +

kp)k−1
tn kjηj), and k1 = kpkI f , k2 = kpkP f .
One can express (32) in the frequency domain by introducing the controller transfer

function C(s) = k2 +
k1
s and plant transfer function G(s) = 1/(m f s2 + b f s + k f ), where

(s = σ + jω). The system output f (s) is then obtained as:

f (s) =
G(s)C(s)

1 + G(s)C(s)
fd(s) +

1
1 + G(s)C(s)

h(s) . (33)

For the stability of the system, the characteristic polynomial of the system, that is,
s(m f s2 + b f s+ k f ) + (k2s+ k1), must have all roots with a real negative part and, to achieve
this, according to the Routh–Hurwitz stability criterion it is required that:

kP f +
1

kP
+

1
ktn

>
m
kD

kI f . (34)

Choosing sufficiently high PD gains and an appropriately low I-gain for slowly-
varying force commands, that is, s → 0, we obtain G(s)C(s)

1+G(s)C(s) → 1, 1
1+G(s)C(s) → 0, thus

f → fd.

4.2.2. Force Along o-Axis

The forces along o-axis are controlled by the translational pose command along o and
the stability analysis is the same as the force along the n − axis.

4.2.3. Force Along t-Axis

The forces along the t-axis are controlled by the rotational pose command around o,
that is, ηo = ψ considering the frame convention. From (14) one can write:

ft = koψ + [ktt krn][t ηn]
� , (35)
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where ko =
dnkro
‖d‖2 and krn = dokr,n

‖d‖2 . If we substitute the orientation controller in the dynamic
model, considering the results of Theorem 1, we obtain:

m33ψ̈ + (c33 + kD)ψ̇ = −kpψ̃ − (c31φ̇ + c32θ̇) , (36)

where mij, cij are extracted from M and C. It is worth noting that m33 and c33 are constant
with respect to ψ and its derivatives. Substituting ψ and from (35) in (36) we get:

m33

ko
f̈t +

kD + c33

ko
ḟt +

kP
ko

ft = −k1

∫ t

0
f̃t − k2 f̃t + ht , (37)

with

ht = −(c31φ̇ + c32θ̇) + (m33kt
ko

ẗ + kt(kD+c33)
ko

ṫ + ktkP
ko

t)+

+(m33kn
ko

η̈n +
kn(kD+c33)

ko
η̇n +

knkP
ko

ηn) .
(38)

Following the same procedure of force along the n-axis, the Routh–Hurwitz criterion
enforces the controller coefficients to be chosen as:

kP f +
1
ko

>
m33

kD + c33
kI f , (39)

which is fulfilled by setting appropriately high proportional and derivative gains and
sufficiently low integral gain, and for slowly-varying force commands ft → fd.

Choosing coefficients according to (34) and (39) makes the system over damped, that
is, without overshoot, which is that f is not getting higher than fd. Thus, if fd is the output
of (10), contact maintenance is ensured.

4.3. Stability of Teleoperator in Contact Interaction

During the contact interaction, from (4) we can define the dynamics of the master
robot and its controller in the frequency domain as: Gr(s) = Mms2 + KmDs, Cm(s) = KmP.
The haptic feedback in the master side (PD term) could also be expressed as: Ch(s) =
KhP + KhDs. We have shown that the force interaction dynamics and force controller in the
remote side could be expressed as: Gs(s) = diag(Mf s2 + Bf s+K f )

−1, Cm(s) = K2 +K1
1
s .

We define the transfer function of the master robot and its controller as: Gm(s) = CmGr(I +
CmGr)−1. The internal stability of the system requires that the roots of the denominator
of Gm all have real negative parts, for which KmP, KmD > 0 suffice. The overall transfer
function of the master side, with force input and position output, is defined as:

G1(s) = Gm(I + GmCh)
−1 . (40)

The characteristic polynomial of G1 is (MmKmPKhD)s3 + (MmKmP(1 + KhP)
+ KmPKmDKhD)s2 + (KmDKmPKhP + KmPKmD)s + 1. For internal stability, the controller
coefficients must conform with the following constraint:

kmDkmPkhP + kmPkmD > σmax(Mm)khP
σmin(Mm)(1+khP)+kmDkhD

. (41)

The transfer function of the slave side, with force input and force output, is obtained
as: G2(s) = GsCs(I + GsCs)−1. Its internal stability constraints are expressed by (34) and
(39). The teleoperator output f (see Figure 6), can be obtained as:

f (s) = G2K f
f G1(I + G2K f

f G1Kb
f )

−1 fh(s)

+(I + GsCs)
−1h(s). (42)
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The constraint (34), (39) and (41) gives all the poles of G1 and G2 a negative real part;
therefore, G1 and G2 are strictly positive real and thus passive systems, and the negative
feedback interconnection of a passive system is a passive system [32]; thus, (42), that is, the
teleoperator in the contact interaction, is stable.

Figure 6. Block diagram of teleoperation system using the aerial manipulator in free flight (left) and
in contact interaction (right).

4.4. Stability of Teleoperator in Free Flight

During the free flight, assuming fast rotational dynamics compared to translational
dynamics, and gravity compensation, we may express the slave robot and its controller
as Gs(s) = Ms2 + KDs and Cs(s) = Kp, the input to Gs is the integrated value of scaled
xm, and the force feedback to the master side is the robot velocity. Therefore, G2 can be
expressed as (Figure 6):

G2 = (
1
s

I)(GsCs(I + GsCs)
−1)(Is) = GsCs(I + GsCs)

−1, (43)

which is internally stable by choosing pose controller gains kP, kD > 0. The master side
of the teleoperator is the same as in the contact interaction; therefore, G1 does not change.
Considering velocity ṗ as the output of the system, it can be obtained as:

sp(s) = G2K f
pG1(I + G2K f

pG1Kb
p)

−1 fh. (44)

sp(s), that is, velocity in frequency domain, is the system output constituted by the
negative feedback interconnection of passive systems G1 and G2. Therefore, the teleoperator
in free flight is passive and stable.

5. Experimental Results

In order to evaluate the proposed aerial tele-manipulation solution, and to assess
the functionalities of the proposed controller in the bilateral teleoperation scheme, two
experiments with fixed and movable objects were performed. In the first experiment, a
human operator drives the aerial manipulator to establish a contact with a stationary target
and applies force to it, receiving force feedback. In the second experiment, the human
operator drives the quadrotor to establish a contact with a wheeled cart and pushes it to
generate motion, while receiving force feedback.

We encourage the interested reader to watch the video of the experiments in the
multimedia attachment to this paper, cf. Supplementary Materials, to better appreciate the
presented validation.

5.1. Experimental Setup

Our aerial manipulator was equipped with a lightweight tool (Figure 2) with a total
weight of 0.05 kg. It was rigidly connected to the top of a quadrotor UAV with 1.0 kg
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weight. The quadrotor platform used for the experiments was a Mikrokopter© x4 platform
(HiSystems GmbH). The distance vector from the quadrotor COM to the end-effector
surface was d = [0 m, 0.5 m and 0.2 m]. The link lengths were d1 = 0.51 m, and d2 = 0.02 m
long. A compliant spherical joint, that connects the lightweight rigid link to the end-effector,
and an elastic shock absorber damper on the end-effector helped to establish smooth
contacts. The end-effector surface was covered by a high friction material to expand the
feasible force vector range.

The robot positioning was performed by a Vicon tracking system (Vicon Capture
Systems, London, UK). The quadrotor thrust and rotational controller was implemented
on its onboard microcontroller (Atmel AVR 8-bit, ATmega-1284, running at 20 MHz), based
on the inertial sensors of the robot, the rest of the control law was implemented on an
external PC (Core i7, 16GB RAM, running Ubuntu 14), communicating with the robot
using a pair of Zig-Bee transceiver chips. An Omega.3 haptic device (Force Dimension,
Nyon, Switzerland) was used as the master device. We used the force/torque ATI sensor
(ATI Industrial Automation, Apex, NC, USA) embedded inside the object to measure the
applied force by the aerial manipulator. The software was implemented in the ROS, and all
control loops ran at a frequency of 100 Hz.

5.2. Results
5.2.1. Stationary Object Experiment

Initially the quadrotor was located at the origin of the global coordinate, while the object,
which was a 0.15 m × 0.15 m plate, was located at [1.0 m, 0.0 m and −0.85 m] with downward
pointing zw. The human operator drove the quadrotor towards the object, and once the robot
reached the object, the driver commanded a variable continuous force vector, by means of the
haptics device. Finally, the human operator commanded the robot to leave the object, and
brought it back to free flight. Figure 7-top shows the snapshots of different moments of the
experiment, while Figures 8-left, 9-left, and 10-left show the results of the experiment.

t=20 s t=24 s t=30 s t=97 s t=100 s(a) (b) (c) (e)(d)

t=7 s t=17 s t=19 s t=20 s t=21 s(  a) (b) (c) (d) (e)' ' ' ' '

Figure 7. Snapshots of stationary object (top) and movable object (bottom) experiments. The experiments aimed to dock
and apply a commanded time-varying force to the objects. (a,a’) In free flight, (b,b’) establishing a contact with the object,
(c,c’) applying force vectors, (d,d’) releasing the contact, and (e,e’) in free flight again.

Figure 8a shows the position tracking during the experiment, while the position error
is explicitly reported in Figure 9-left, for the reader’s convenience. As can be seen, before
the contact event, and after the quadrotor leaves the object, the position error is low, that
is, bounded below 7 cm, while during the contact there is significant position error, that
is, ≈35 cm, specifically in x-direction which corresponds to the normal component of
force. It is worth underlining the fact that, during the interaction, the position error does
not provide relevant information for evaluating the controller’s performance, as during
that phase the platform is force-controlled, and the position error represents a necessary
condition to guarantee the force tracking. As a matter of fact, a higher position error
during the contact with stationary object means a higher thrust and a higher pitch angle is
demanded, which results in larger applied forces.

Figure 8b shows the contact maintenance function output, which keeps the desired
force vector inside the friction cone. It can bee seen that, when the commanded force
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violates the friction constraints of (10), the normal component of the desired commanded
force is increased while the other two tangential components are decreased, and the desired
norms of the input ( f ∗d ) and output ( fd) are equal.

Figure 8c shows the force tracking control result during the experiment. As is evident,
the force tracking performance is very good (average absolute error of 0.11 N, which
represents less than 10% relative error, and a maximum absolute error of 0.51 N). The
contact transition is shown in a separate window inside Figure 8c, which introduces a
very smooth contact transition with only a small single bouncing event. Note that in the
transition phase of the robot force control with a rigid environment, having a small amount
of bouncing and inadvertent losses of contact are common, even for grounded robotic arm
manipulators with non-zero reaching velocity [33].

The haptic feedback components are shown in Figure 10-left. The master position (the
position of the haptic device’s handle with respect to the center of its workspace) is shown
in creating the spring-damper force fPD that brings back the master device’s handle to the
center of its workspace (Figure 10a). The position tracking error of the aerial manipulator
in the free flight condition along with the force applied to the object in contact create the
second constitutive component of the haptic feedback fp f , which is shown in Figure 10b.
The haptic feedback in the contact condition is equal to the measured force from the force
sensor with the opposite direction.

'

'

'

Figure 8. Stationary object experiment (left): docking and applying a force commanded by the human operator to a
stationary object: (a) position tracking, (b) contact maintenance, that is, keeping of the desired force within the friction cone,
and (c) force tracking. Movable object experiment (right): docking and applying force to a movable object in order to push
it 1 m away: (a’) position tracking, (b’) contact maintenance, that is, keeping of the desired force within the friction cone,
and (c’) force tracking.
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Figure 9. Position error in the stationary object experiment (left) and movable object experiment (right): as can be seen, the
error is bigger during the interaction phase, in both cases, as a consequence of the force tracking. Furthermore, the error is
higher in the movable object experiment, in particular during the undocking phase.

'

'

Figure 10. Stationary (left) and movable (right) object experiments: (a,a’) spring–damper force brings back the master
device’s handle to the center of its workspace, (b,b’) the haptic feedback fp f that renders the applied force to the object in
contact and position error in free flight.

5.2.2. Movable Object Experiment

In the second experiment, the robot was initially located at the global frame origin. The
movable object, which was a cart with plate of 0.15 m × 0.15 m attached to it, was located at
[0.5 m, 0.0 m and −0.90 m], with downward pointing zw. The human operator was driving
the quadrotor towards the cart, and once the robot reached the cart, the driver pushed it
until it passed 1.0 m, and eventually the driver commanded the robot to leave the object,
and brought the robot back to free flight. Figure 7-bottom shows the snapshots of this
experiment, while Figures 8-right, 9-right, and 10-right depict the results of the experiment.

Figure 8a’ shows the position tracking during the experiment. The difference between
the new situation (a movable object) compared to the previous experiment (a stationary ob-
ject) can be seen through this plot, where after establishing the contact, while the quadrotor
is applying the force to the object (cart), its position is not changing until the moment (in
this experiment at 14.5 s) the applied force overcomes the static friction of the cart wheels
with the ground. Then, the cart (and the aerial manipulator too) experiences an accelerated
motion. The position error is explicitly reported in Figure 9-right), for the reader’s conve-
nience. As in the previous scenario, before the interaction the error is relatively close to zero,
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that is, bounded below 7 cm, while during the contact there is significant position error,
that is, ≈50 cm, specifically in x-direction which corresponds to the normal component of
force. As already mentioned, this is in accordance with the fact that, in this phase, the robot
is tracking the desired force provided by the user, and not the desired position. During
the undocking phase, namely when the human operator sees the accelerating cart passing
the goal line and pushes back the handle of the haptic device in order to bring the robot
back, a peak of ≈75 cm is reached due to a small false contact detection, after which the
position error converges back to its typical free-flight values. The large error value in the
detachment phase can be improved by limiting the integral term of the PI-force controller,
and increasing the proportional gain of PI-controller, or also using a more agile controller in
the inner position loop. It is worth noting that, in this experiment, the goal was to evaluate
the efficiency of the proposed controller in applying force to objects in order to move them
in a way the human operator wants, rather than performing precise force tracking.

In relation to this last point, another meaningful note is that the two experiments
here discussed were explicitly designed and performed with the main goal of validating
the presented aerial robotic solution in indoor laboratory conditions, which imply the use
of a motion capture system for state estimation, a cabled connection between the robot
and the ground workstation, and the absence of non-negligible external disturbances.
Under these conditions, we basically experienced a rate of success of 100%. A more fair
and comprehensive validation and testing of the this system in outdoor, mocap-denied,
and realistic scenarios in the presence of external disturbances and using only onboard
computation, which is not in the scope of this paper, will be the subject of future work.

Figure 8b’ shows the contact maintenance function input and output forces. Since the
main purpose is to push the cart, the major component of the commanded force is along
the normal direction; therefore, most of the time the feasible commanded force is the same
as the desired commanded force by the human operator and, as is evident from Figure 8c’,
the contact is kept during the force interaction.

The force tracking control results, shown in Figure 8c’, represent a more difficult task
compared to the previous task (force tracking control in contact with a stationary object).
As can be seen, while the cart is stationary, that is, when the force applied by the quadrotor
end-effector is compensated for by the friction of the cart wheels with the surface, the force
tracking has a similar performance to the previous experiment. On the other hand, once the
cart starts to move the error increases. However, considering the particular application of
this experiment, which aims at pushing a cart forward, as far as the contact is kept and the
operator is able to accomplish the task, the experiment is considered successful, although
the average of the absolute force error norm is 0.5 N, that is a 20% relative error.

The haptic feedback components are shown in Figure 10-right. fPD is depicted in
Figure 10a’, and the haptic feedback component related to the slave side, fp f , is shown
in Figure 10b’. As is evident, the magnitude of the latter is generally bigger than the
magnitude of the former, allowing the human operator to be aware of the aerial manipulator
condition in the master side (this is also true for the experiment with the stationary object).
Haptic feedback in this experiment is even more important for the human operator to not
lose the contact, as fp f allows the human operator to feel the applied force during the
contact interaction. When the perceived force is small, it means that the contact is weak,
and the human operator can command a higher force to ensure the contact maintenance.

5.3. Discussion

The experimental results validated the capability and efficacy of the aerial manipulator
with a passive tool in free flight pose tracking and in contact force tracking while keeping
the contact and maintaining the flight stability. After performing several experiments
to investigate the properties of the system and the controller, the following results from
interpreting observations were obtained. In the free flight phase, the autonomous control of
pose is not very precise, and there are position/velocity errors that prevent the autonomous
controller from doing very fine tasks, even in the case of knowing the environment perfectly.
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This happens due to the existence of aerodynamics disturbances and unmodeled dynamics
that are not incorporated in the controller design. However, a human teleoperated aerial
system is capable of doing such tasks, thanks to superior human learning and sensory
motor capabilities. A similar observation has been made in [8].

The contact establishing phase (docking) involves bouncing; this is a natural behavior
because the reaction force of the contact is directly applied to the robot CoM that is a
floating (hovering) object, and this results in jumping back; unlike grounded manipulators
this force is not transmitted to the ground. To mitigate this effect, velocity slowing-down
policy and physical shock absorber on the end-effector surface is used, that results in a
smooth transition and reduces the bouncing effect significantly. Moreover, deploying fPD
in the haptic feedback prevents the operator from loosely grasping the master robot, which
could increase the effect. Note that in establishing a contact with non-zero reaching velocity,
having a small amount of bouncing is commonly acceptable, even for grounded robotic
arm manipulators [33].

Contact maintenance function, in conjunction with appropriate gain tunings (to avoid
overshoots as mentioned in the stability analysis section) plays an important role; without
respecting these constraints the end-effector could slide on the surface. Therefore, using
this function is necessary if the task involves keeping the contact, unlike the hybrid position-
force controllers such as in [2,24,34] in which it is desirable to slide over the surface.

The force error constituted by a non-zero-mean part (DC) and a high frequency signal
(AC). The DC part is the effect of the not-force-controlled axes of motion (due to the under-
actuation and uni-lateral contact), and the AC part is because of the propeller rotational
(aero)dynamics. The DC part can be decreased by choosing appropriately large gains,
while increasing these gains increases the AC part. Therefore, care is to be taken in tuning
the controller to achieve an acceptable trade-off depending on the task.

The detachment phase also showed some bouncing effects, which is due to the time it
takes to deplete the integral term, and imprecise free flight position control in the vicinity
of the object. This effect is mitigated by deploying the switch function (7), and by bounding
the integral term and choosing a small coefficient for it while choosing appropriately big
proportional and derivative terms. A similar phenomenon is also observed in the case of
grounded manipulators controlled by the parallel position/force control method in [35]
and referred to as the sticky-effect.

The proposed controller can also be utilized in redundant omni-directional or partially
omni-directional aerial manipulators, such as [1,8], by keeping their position controllers
and providing it with a reference based on the presented force controller that considers
contact maintenance and deploying orientation to generate the desired force.

6. Conclusions and Future Works

The topic of aerial physical interaction using a typical under-actuated VTOL UAV
equipped with a passive tool was considered in this paper. We use a simple passive light
weight tool, instrumented with a compliant end-effector, rigidly attached to the top of
an aerial robot. We propose a control method in a bilateral teleoperation scheme to let a
human operator drive the aerial manipulator in a remote environment, controlling the
position of the robot in free flight and regulating the force applied to the object in contact
interaction while maintaining the flight stability and keeping the contact. For this purpose,
a parallel position/force controller is utilized, which also uses the rotational dynamic
axes, that is, yaw motion, to generate the desired force that allows maintenance of the
contact with a wider range of forces. On the one hand, theoretical proof of the stability of
controlled system is derived and presented. On the other, experiments on driving the aerial
robot toward the desired point, docking, and applying the desired forces to stationary
and movable objects represented the feasibility and efficacy of the proposed solution. The
human operator is provided with force haptic feedback proportional to the velocity in free
flight and the applied force in contact, allowing for an improved situational awareness.
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Future work will involve vision based outdoor implementation of the proposed
approach, and investigating bandwidth and delay effects in haptic teleoperation based on
passivity theories such as [36]. Performing more complex tasks cooperatively with a team
of aerial manipulators will also be considered.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.3390/
app11198955/s1, Video S1: The video of the experiments in the multimedia.
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Featured Application: Drones can be a very useful tool to help mosquito control tasks in areas

where these insects are an important vector of disease transmission. Storing sterile mosquitoes

in drones and releasing them in targeted areas where previous suppression of wild populations

has been performed can be a major advance in this methodology. This is part of the sterile insect

techniques (SIT) which have been demonstrated to be an environmentally friendly solution for

the control of insect pests. However, the use of drones in the areas where these operations are

foreseen is limited by the fact that we have a regulation that advances at a slower pace than

technology. Of particular interest is the case of the suppression of mosquito populations in urban

areas below the transmission threshold, where drones and their operating conditions must meet

demanding safety requirements. This article presents the current regulatory situation in Europe

that affects drone operations and its applicability to the case of the release of sterile mosquitoes

to control the population of these insects in two different scenarios: urban and rural areas.

Abstract: In recent years, several countries have developed the use of sterile insect techniques (SIT)
to fight against mosquitoes that transmit diseases. From a technical and economic point of view,
the use of drones in the aerial release of sterile mosquitoes leads to important improvements in
aerial coverage and savings in operational costs due to the requirement of fewer release sites and
field staff. However, these operations are under the European drone regulation, one of the most
advanced in the world. The main contribution and novelty of this paper with respect to previous
work is the analysis of the SIT application with drones under the European risk-based regulation in
two scenarios: urban and rural areas. The specific operations risk assessment (SORA) methodology
has been applied to assess the risk of drone operations in these scenarios. The paper presents the
operational requirements for aerial release of mosquitoes with drones along with the regulatory
considerations that must be applied. Finally, an overview of the conditions in operation that could
relax risks and mitigation measures is also discussed.

Keywords: mosquitoes’ control; drones; drone regulation; unmanned aircraft systems (UAS); U-space;
SORA methodology; sterile insect technique (SIT)

1. Introduction

Mosquitoes are considered one of the deadliest reservoirs of vector borne disease in
the world. According to the World Health Organisation (WHO), several million of deaths
and hundreds of millions of cases occur each year from mosquito-borne diseases. Mosquito
control is essential to reduce the transmission of diseases such as malaria, dengue fever,
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and Zika. In [1] the main, mosquito-borne diseases are shown with a summary of statistics
and places where mosquito pest control is essential.

Different techniques have been used in recent years to control mosquitoes that transmit
human disease. Most mosquito control techniques require the use of insecticides with
high costs associated in terms of personnel and time. Furthermore, the presence of these
toxic products has a large impact not only on human health but also on the environment.
Concerns about resistance to pyrethroids in recent years [2] have led researchers to explore
alternative solutions, such as the sterile insect technique (SIT) for mosquito control. The
release of sterile insects to contain and suppress [3] mosquito populations was proposed by
Dahmana and Mediannikov (2020) [4]. This technology has been used for a long time, for
example, in 1980 in a program in El Salvador [5], but the required logistics have limited its
applicability in practice.

The use of drones is seen as a promising tool for the release of sterile insect populations
into targeted environments. Furthermore, these releases are carried out repeatedly over
a certain period. The ease of use of drones and their ability to access any environment from
the air make them a viable system in this mosquito control technique. Drones may provide
a means of releasing sterile mosquitoes over large areas due to the ability of drones to travel
long distances in short periods of time. A standard DJI Phantom 4 type light drone can fly
for 25 min, being able to travel up to 25 km. Furthermore, one of the main advantages of
using drones is that they can reach inaccessible areas where humans cannot.

There are some interesting works on this aspect. In [6] a fully automated system for
releasing adult mosquitoes with a DJI M600 drone in a region of Brazil was reported. The
system enabled a homogeneous dispersal of sterile male Aedes aegypti while maintaining
their quality, leading to a homogeneous sterile-to-wild male ratio due to their aggregation
at the same sites. This article concluded that the use of drones for the release of sterile
mosquitoes leads to important improvements in aerial coverage and savings in operational
costs due to the requirement of fewer release sites and field staff. One of the first works in
this direction, dating back to 2017, can be found in [7] when the WeRobotics organization
modified a DJI Matrice 600 drone to integrate a sterile mosquito release mechanism.

The effect of storage conditions on the survival of male Aedes aegypti mosquitoes
during transport was studied in [8]. During transport from the rearing facility to the
release site and during actual release in the field, damage to male mosquitoes should be
minimized to preserve their reproductive competitiveness. The short flight range of male
Aedes aegypti requires elaborate release strategies, such as release via drones. The authors
conducted shipping in a ‘real-life’ setting to determine a good storage temperature and a
compaction rate for the survival of the mosquitoes. In [9], optimized chilling conditions
for handling male adults of Aedes albopictus prior to release were analyzed. The authors
claimed that further studies are required to develop drone release systems specific for
chilled mosquitoes to improve release efficiency, as well as to compare the population
suppression efficiency between release of postchilled and nonchilled males in the field.
In any case, the weight of the payload for the UAS was not high and some low-cost
solutions [10,11] could be applied.

The sterile insect technique is also used to control the codling moth pests and the
authors of [12] evaluated the use of small uncrewed aircraft systems (UAS) for the release
of sterile codling moths. Sterile codling moths released from higher altitudes were more
widely distributed and drifted more in strong winds, compared to those released from
lower altitudes. Most of the released insects were recaptured in a 50 m wide swath under
the release route. Recapture rates for aerially released insects were 40–70% higher compared
to those released from the ground. The authors claimed that drones provide a promising
alternative to ground release and conventional aircraft for the release of sterile codling
moths. For the same pest, in [13] the authors compared the recapture rate of sterile moths
following their release by four methods, and the efficiency of each system. The methods
were the following: a fixed-wing unmanned plane flying ~40–45 m high at 70 km/h, an
unmanned hexacopter travelling 20 m high at 25 km/h, and manually from the ground via
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bicycles or motor vehicles. The highest recapture rate followed delivery by hexacopter, then
bicycle, vehicle, and plane, whereas the methods in ascending order of time per hectare for
delivery were the following: plane and vehicle, hexacopter, then bicycle.

From an analysis of the state of the art, drone technology is mature enough from a
technical point of view to perform the SIT application. However, the use of drones for
the release of sterile insects is affected by the new regulation that has been approved at
the European level [14] and came into force in January 2021. Then, the main contribution
and novelty of this paper with respect to previous work is the risk analysis needed to
put this application in practice with drones in rural and urban areas under the European
drone regulation.

The European Aviation Safety Agency (EASA) is responsible for implementing, main-
taining and monitoring compliance with newly established rules. Historically, each Eu-
ropean Union (EU) member state maintained its own drone regulation at national level.
Recently, a new EU regulation was approved that affects all member states equally. This
new regulation was developed in the spirit of harmonizing rules and promoting the growth
of the drone sector. The European regulation applies to any drone regardless of its mass and
use. Drone operations are classified according to risk and are broken down into three opera-
tional categories. Table 1 shows this categorization.

Table 1. Categorization of drone operations in the new European regulation.

Category Risk

Open Low-risk operation
Specific Medium-risk operation

Certified High-risk operation, similar to manned aviation operations

In addition to this, EASA has published the acceptable means of compliance (AMC)
and guidance material (GM) [15], which complement the regulation and explains in detail
the different categories set out above. The document entitled Specific Operations Risk
Assessment (SORA) details the methodology for assessing the risk of drone operations. In
this regard, several papers about risk analysis and SORA can be found in the literature.
Reference [16] analyzes the application of SORA for a multi-UAS airframe inspection (AFI)
operation, which involves the deployment of multiple UAS with autonomous features
within an airport. In [17], the authors present the most important risks related to conducting
operations with the use of UAS by first responders (FRs), while reference [18] presents
the application of the SORA methodology for media production with a small UAS team.
In addition, [19] describes the application of SORA to the flight of large remotely piloted
aircraft systems (RPAS) in Australian airspace highlighting its distinguishing factors.

The paper is structured as follows. First, the current European drone regulation will be
explained in detail in Section 2. Materials and methods are described in Section 3, where the
SORA methodology will be shown as a basis to assess the risk of drone operation and help
categorize the operation. Then, the concept of U-Space will be introduced in Section 4 since
it is the framework that will help integrate drone operations into the airspace. Section 5
explains the results of the application of the SORA methodology to some typical mosquito-
related operations. Finally, Section 6 closes the paper with a discussion of the analysis.

2. Current European Drone Regulation

As mentioned above, the European Commission adopted a new set of provisions
for the use of drones within the Single European Sky strategy, which is an initiative of
the European Commission aiming to reform the current air traffic management system in
most of Europe. The aim is not only to guarantee standards on the safety, efficiency, and
environmental impact of the air traffic, but also to integrate drones safely into airspace.

EU legislation has been radically amended in recent years. In July 2018, European
lawmakers passed the new Regulation (EU) 2018/1139 on common rules in the field of
civil aviation, which included a new mandate for the EU EASA on drones and urban air
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mobility [14]. This regulation adopts a new comprehensive legal strategy for the drone
sector and repeals Reg. (EC) 2008/216 [20], which only concerned drones with a take-off
weight of more than 150 kg, while drones with a maximum take-off weight of less than
150 kg were within the jurisdiction of the member states.

Since neither the EU Parliament nor the EU Council had any objections, both the
Implementing and Delegated Acts (Commission Delegated Regulation (EU) 2019/945 [21]
and Commission Implementing Regulation (EU) 2019/947 [22]) were published in June
2019 and entered into force on 1 July 2019. Drone operators were required to register
either in the member state of their residence or where the drone operator registered their
main place of business by July 2020. These regulations were gradually enforced over the
course of a one-year transition period from their date of publication. This transition period
provided Member States and drone operators with time to prepare before full regulatory
enforcement in 2022.

The new EU regulatory framework covers all types of existing and future drone
operations, enabling operators—once authorized in their state of registration—to freely
circulate between Member States. The purpose of introducing these new regulations is
to ensure the safety of drone operations, as well as to protect the privacy of EU citizens,
with respect to personal data protection and the environment while allowing free access to
airspace. The new regulations establish technical and operational requirements, provisions
for drone operations, and personnel (minimum requirements and operator training), includ-
ing both pilots and organizations. The EU regulatory framework defines drone capabilities,
types of operation and labels these into three broad risk-based categories (open, specific,
and certified) following the distinction suggested by EASA in the Opinion 01/2018 [23].
These three categories of operations are based on the levels of risk involved per drone flight,
and each adopts a varied regulatory approach, with drone flight operational limitations
decreasing with the requirement for greater authorization from a member state’s national
aviation authority.

Regulation 2019/947 presents a comprehensive system of unified legal regulations
that classifies drone operations into the above-mentioned three categories based on differ-
ent criteria:

• Open (Article 4 of Regulation 2019/947). Operations in this category shall not be
subject to any prior operational authorization, nor to an operational declaration by the
drone operator before the operation if the following conditions are met. The drone
belongs to one of the classes set out in the Delegated Regulation (EU) 2019/945 or is
privately built or meets the conditions defined in Article 20 of Regulation 2019/947.
The unmanned aircraft has a maximum take-off mass of less than 25 kg, and the
remote pilot keeps the unmanned aircraft in visual line of sight (VLOS) conditions at
all times except when flying in follow-me mode or when using an unmanned aircraft
observer. During open operations, the remote pilot ensures that the unmanned aircraft
is maintained within 120 m from the closest point on the surface of the Earth (except
when it overflies an obstacle upon request to its owner) and at a safe distance from
people (never flying over crowds). The unmanned aircraft cannot carry dangerous
goods and does not drop any material. Open operations are further divided into
three subcategories: A1 (fly over people), A2 (fly close to people) and A3 (fly far
from people).

• Specific (Article 5 of Regulation 2019/947). Operations fall into this category as long
as the concept of operation exceeds the limitations defined in the open category. The
drone operator shall apply to obtain an operational authorization from the competent
authority in the member state where it is registered, submitting a risk assessment
including adequate mitigating measures. This risk assessment approach allows han-
dling new technologies and operations such as beyond visual line of sight (BVLOS),
fully autonomous drones, urban areas, etc. However, if the operation complies with
one of the standard scenarios (STS) defined by EASA, the drone operator shall not be
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required to obtain the above-mentioned operational authorization, and a declaration
(responsible) by the drone operator will be sufficient. EASA has defined two STS:

◦ STS01: VLOS operation in a controlled ground area in an urban environment;
◦ STS02: BVLOS operation in a controlled ground area in a sparsely populated

environment.

Apart from that, an operational authorization or a declaration shall not be required for
drone operators holding a light UAS operator certificate (LUC) with appropriate privileges,
which is valid in all EU member states without additional demonstrations.

• Certified (Article 6 of Regulation 2019/947). An operation is classified as being in the
certified category when, according to the risk assessment, the operation cannot take
place without a certificate for the operator, a certificate for the airworthiness of the
drone, and a license for the remote pilot (unless fully autonomous). In any case, the
following operations are within the certified category: operations over assemblies of
people with an aircraft of characteristic dimensions of 3 m or more, transportation of
people, and transportation of dangerous goods if, in case of accident, they pose a high
risk for third parties.

In October 2019, EASA published its guidance material (GM) and a description of the
means of complying with the regulation (acceptable means of compliance (AMC)). The
AMC shed light on how to carry out the SORA, which is required for operation, depending
on the ‘specific’ category under scrutiny. Along the same lines, EASA has published
some predefined risk assessments as AMC to Article 11, to cover most common drone
operations. The intent is to simplify the burden for drone operators, paving the way for the
full implementation of the new legal framework.

Finally, there are some points to be remarked: there is no distinction between profes-
sional and leisure activities with drones or between experimental flights and aerial works.

3. Materials and Methods: The SORA Risk Analysis Methodology

In the current regulatory framework for drones or UAS in Europe, a risk-based ap-
proach is used to assess the safety of drone operations. The SORA methodology has been
developed by the Joint Authorities for Rulemaking of Unmanned Systems (JARUS) and
focuses primarily on the specific category.

The SORA is a multistage process of risk assessment aiming at risk analysis of certain
unmanned aircraft operations, as well as defining necessary mitigations and levels of
robustness. The application of this methodology is an acceptable means of evaluating the
risks associated with the operation of a drone within the specific category and to determine
the acceptability of the proposed operation. In this section, a general description of the
SORA methodology is presented.

3.1. Introduction to SORA

JARUS pursues a consensus from various national aviation authorities and stake-
holders on a common procedure to identify and qualitatively assess safety risks for drone
operations. In particular, JARUS developed SORA [24] in 2019.

Any risk assessment methodology uses a schema based on the ISO 31000 standard,
providing a reference framework and guiding the general risk management process (see
Figure 1).
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Figure 1. General aspects of risk management from ISO 31000. The risk management process involves
the systematic application of policies, procedures and practices to the activities of communicating
and consulting, establishing the context and assessing, treating, monitoring, reviewing, recording
and reporting risk.

SORA is a method based on a holistic risk model that provides a generic framework to
identify possible hazards and threats, as well as relevant harm and threat barriers applicable
to drone operation. The aim is to establish a sufficient level of confidence that a specific
operation can be carried out safely. To achieve this, SORA requires first the applicant to
collect and provide the relevant technical, operational, and system information needed to
assess the risk associated with the intended operation of the drone.

Some key aspects related to the applicability of the methodology are the following.

• It aims to assess the safety risks involved in the operation of drones of any class, size,
and type of operation and particularly suited, but not limited to ‘specific’ operations
for which a risk and hazard assessment is required.

• The safety risks associated with collisions between drones and manned aircraft are
within the scope of the methodology.

• Security aspects are excluded when not limited to those confined by the airworthiness
of the systems (e.g., aspects relevant to the protection from unlawful electromag-
netic interference).

• Privacy aspects are excluded from the applicability of this methodology.

3.2. The SORA Process

The SORA methodology provides a logical process for analyzing the proposed concept
of operations (ConOps) and establishing an adequate level of confidence that the operation
can be conducted with an acceptable level of risk. There are ten steps that support the
SORA methodology, as shown in Figure 2. The process begins with the ConOps description,
which provides the relevant technical, operational, and system information needed to
assess the risk associated with the intended operation of the drone, both ground risk and
air risk.
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Figure 2. The SORA process adapted from [24] shows the ten steps that support the SORA methodology.

The ground risk class (GRC) is the intrinsic ground risk of the drone related to the risk
of a person being struck by the drone (in the case of loss of drone control with a reasonable
assumption of safety). To compute it, the applicant needs to identify the maximum drone
characteristic dimension (e.g., wingspan for fixed wing, blade diameter for rotorcraft,
maximum dimension for multicopters, etc.) and the knowledge of the intended operational
scenario (VLOS or BVLOS; population density of the overflown areas). Intrinsic risks can
be controlled and reduced by mitigations. The mitigations used to modify the intrinsic
GRC have a direct effect on the safety objectives associated with a particular operation and,
therefore, are important to ensure its robustness. The final determination of the GRC is
based on the availability of these mitigations for operation.

The air risk class (ARC), understood as the intrinsic risk of mid-air collision, determines
the air risk category. Identification of the ARC must take into account the impact on other
air traffic and air traffic management (the altitude of the operation; controlled versus
uncontrolled airspace; aerodrome versus non-aerodrome environment; airspace over urban
versus rural environment). The ARC may be lowered by applying strategic and tactical
mitigation means (detect and avoid systems or alternate means) resulting in the residual
ARC. Strategic conflict strategies will deal with the planning at a global level of the route
that the drone must follow to execute the mission, while tactical conflict strategies will
deal with reactive local maneuvers that are executed during the flight to fulfill certain
functionalities, such as avoiding possible encounters with other aircraft.

After determining the final GRC and residual ARC, it is now possible to derive the
specific assurance and integrity levels (SAIL) associated with the proposed ConOps. The
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SAIL represents the level of confidence that the operation will remain under control. On the
other hand, the SAIL is also used to evaluate the defenses within the operation in the form
of operational safety objectives (OSO) and to determine the associated level of robustness.
These OSOs appear in the SORA as a list of objectives that have historically been used to
ensure safe drone operations regarding technical issues, external systems supporting the
operation, the effects of human errors, and the effects of adverse operating conditions.

In this paper we address two different scenarios that are highly representative of
mosquitoes-related operations. First, it is considered the case of an urban environment
targeted for a SIT mosquito program. Usually, large cities and their surroundings are im-
mersed within the airspace associated with airports. Therefore, the operation is considered
to be carried out in controlled airspace. The following conditions for the urban scenario
constitute the ConOps for this case:

• VLOS: The operation takes place within the visual line of sight of the pilot;
• Moderately populated environment;
• Inside of controlled airspace;
• VLL: very low level operation, flights below 150 m of altitude.

The other case is in rural environments, without people around, which are aligned
with population control in areas where this type of insect reproduces: lakes, humid areas,
areas with dense vegetation, etc. In this case, the operational conditions that are considered
as inputs for the ConOps are the following:

• BVLOS: the operation takes place beyond the visual line of sight of the pilot, without
observers who can help the pilot;

• Sparsely populated environment;
• Out of controlled airspace;
• VLL: very low level operation, flights below 150 m of altitude.

4. Integration into Airspace (U-Space)

As indicated in [25], the expected number of drone operations in the European market
is expected to reach 10 billion euros per year by 2035 and more than 15 billion euros per year
by 2050. This volume of operations will pose safety, security and airspace integration issues
in European airspace, especially at low flight levels (which are currently defined as altitudes
below 150 m) with drones belonging mostly to open and specific categories.

Many organizations are iteratively maturing their approach to address this volume of
drone operations, as outlined in various concepts developed by bodies such as the Single
European Sky Airspace Research (SESAR) Joint Undertaking (JU) through the CORUS
project [26], the Federal Aviation Administration (FAA) [27], and global standardization
bodies such as the Global UTM Association (GUTMA) [28].

In Europe, safe drone traffic management and its safe operation within the existing
air traffic environment in a harmonized manner across the European airspace are ensured
by U-space (outside Europe, this concept is commonly referred to as unmanned traffic
management or UTM). In [29], SESAR JU defined U-space in a blueprint as a set of services
based on high levels of digitization, as well as automation of functions and procedures
designed to guarantee access to airspace for a large number of drones in a safe and efficient
way, with an initial focus on operations at very low levels (VLL), with a maximum height
above ground level of 150 m. Then, U-space is a technological framework designed to
facilitate any type of operation, in all classes of airspace and in any environment, even
the most congested, while providing an appropriate interface for manned aviation and air
traffic control.

The ConOps (concept of operations) for U-space was developed in the CORUS project
and published on 30 September 2019 [26]. CORUS was focused on drones belonging to
open or specific categories that operate in VLL, which are split into three types according
to the services provided (see Figure 3):

• X: No conflict resolution service is offered;
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• Y: Only preflight conflict resolution is offered;
• Z: Preflight conflict resolution and in-flight separation are offered.

Figure 3. Classification of airspace adapted from the CORUS project [26]. The VLL airspace is divided
into X, Y, Z volumes: X (low risk), Y (higher risk—access only with approved operation plan and
specific technical requirements per volume) and Z (highest risk—access only with approved operation
plan being Zu under U-space and Za the ATC controlled airspace).

Type Y airspace will be available from U2 and will facilitate VLOS, EVLOS (extended
visual line of sight) and BVLOS flight. The risk mitigations provided by U-space mean that
the Y airspace is more amenable to other flight modes than X.

Type Z airspace may be subdivided into Zu and Za, controlled by UTM and air traffic
management (ATM), respectively. Za is simply a normal controlled airspace and is therefore
immediately available. Zu airspace will be available from U3.

Because U-space provides more risk mitigations for Z type, it is more amenable to
other flight modes, and allows higher density operations than Y airspace. Z allows VLOS
and EVLOS and facilitates BVLOS and automatic drone flight.

Finally, EASA issued Opinion No 01/2020 [30] on 13 March 2020, which proposed a
draft of the high-level regulatory framework for U space, closely linked to the two existing
drone regulations [21,22]. The opinion proposed a first set of what were considered
by EASA as the minimum necessary rules, which are to be complemented later with
further provisions enabling a more mature state of airspace integration. The objective
of the opinion was to create and harmonize the necessary conditions for manned and
unmanned aircraft to operate safely in the U-space airspace focusing on strategic and
pretactical traffic management techniques in order to mitigate the risk of collisions by
requiring adapted services and sharing essential traffic information. In this sense, the
opinion acknowledged that ensuring that U-space participants are cooperative is required
until further development of detect and avoid (DAA) systems to ensure safe operations, in
particular for BVLOS operations.

The airspace in which aircrafts fly can be classified as controlled airspace in which
air traffic control (ATC) services such as clearance and traffic information. However, in
uncontrolled airspace, there are no such services for manned aircraft. With the integration
of U-Space in the future, when the member states designate a volume of airspace as U-space
airspace, there will be a restriction: both for drone operators, to use U-space services to
fly in that airspace; and for manned aircraft operators, to make available their position at
regular intervals.
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Based on the evaluation conducted by EASA of existing U-space services and their
maturity, the following U-space services are considered necessary and mandatory to ensure
safe and efficient operations in each U-space airspace implementation: network identi-
fication, geoawareness, traffic information, and drone flight authorization. In addition,
member states may decide that additional U-space services are needed to support safe and
efficient drone operations in specific volumes of U-space airspace implementation. They
can decide to mandate them based on their risk assessment.

5. Results: Application of the European Drone Regulation to Mosquito Release Operations

This section will show the results of the application of the SORA methodology to
the scenarios previously presented in Section 3.2: urban and rural scenarios. One of the
main parameters for the application of the SORA analysis is the size of the drone. In
both scenarios, a very small size drone is considered, with a characteristic dimension
smaller than 1m or typical kinetic energy expected less than 700 J. In this category, drones
with up to approximately 2 kg of weight can be included, which can have enough payload
capacity and high endurance to perform mosquito release operations from the air according
to the state of the art in Section 1. The release of mosquitoes from the drone does not
require heavy systems to be integrated on the aircraft, nor do mosquitoes weigh too much,
thus very small size drones are suitable. In the following, it should be noticed that for the
characteristics of the drone and other parameters we consider ranges instead of particular
values. The goal is to make the analysis broader and more useful to the drone community.

The SORA methodology is performed for each scenario, and the following subsections
show the main results. In addition to that, a final overview of the conditions in the
operation that could relax risks and mitigation measures is presented. Instead of showing
the detailed steps of the SORA methodology, an added value of this paper is to summarize
the main points. To this end, a division of the SORA into three fundamental parts is
considered: evaluation of the GRC, evaluation of the ARC and the TMPR (tactical mitigation
performance requirements), and final evaluation of the SAIL and identification of the OSOs.

5.1. Urban Scenario

Once the ConOps was defined in Section 3.2, it is possible to start with the application
of the SORA methodology to analyze the level of risk of the operation, as well as to identify
the mitigating measures to reach an acceptable risk in order to carry out the operation safely.

For the GRC evaluation, the drone is considered to fly over a controlled ground area.
This means the ground area where the drone is operated and within which the operator
can ensure that only the involved persons are present. In this way, taking into account
the size considered for the drone, the resulting GRC is one. This is the lowest value of
the GRC in the final evaluation table, so it is considered acceptable in this case. When
controlling the ground area is not feasible, the GRC increases a lot since the case would
turn to VLOS in a populated environment, resulting in a GRC of four. In this case, some
mitigation measures should be applied to reduce this GRC, such as the integration of a
parachute and the creation of ground risk buffers, which should both be approved by the
authority through analysis and results.

Regarding the risk assessment in air, considering the type of VLL operation and in
controlled airspace, an ARC-c is obtained. It is possible to apply both strategic and tactical
mitigations to try to reduce that ARC level. First, strategic mitigations can be applied due to
operational restrictions that may imply the geographical limitation of the volume in which
the operation takes place or the temporal limitation to establish specific terms in which
the operation is executed. It is also possible to establish strategic mitigation measures by
establishing common structures and rules for all aircraft that will share such airspace. The
last possibility is to apply tactical mitigations, which correspond to the measures that are
applied once the aircraft is in flight, to reduce the risk of an encounter with another aircraft.
This includes measures such as situational awareness through VLOS or alternative detect
and avoid (DAA) systems.
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According to [15], if the applicant considers that the assigned initial ARC is correct,
which makes sense in this scenario, then that initial ARC becomes the final one, resulting in
an ARC-c. This has implications at the level of the TMPR. In this scenario, the fact that the
operation is VLOS is considered as an acceptable tactical mitigation for all levels of ARC.
Despite this, the operator is advised to consider additional means to increase situational
awareness of the air traffic operating in the vicinity. Additionally, the operator is required
to have a conflict resolution scheme in which the applicant explains the methods used for
detection and defines the criteria and decision-making in the case of possible encounters.

Once the GRC and ARC have been defined, it is possible to determine the SAIL
associated with the operation. Taking into account the previous consideration, the result
obtained is SAIL IV. This implies that the robustness levels required for the different OSOs
are between medium (M) and high (H), meaning that the requirements that must be met in
relation to the technical aspects of the drone and operation, operational procedures, pilot
competencies, design, dependence on external systems such as GPS, human error, and
operational conditions are moderately demanding and, in some cases, very demanding.
This high level of SAIL is mainly because most cities have airports in their proximity and
therefore are immersed in controlled airspace, which implies a high ARC and, therefore,
a high SAIL. This also occurs for all levels of GRC less than or equal to 2, that is, for aircraft
less than 25 kg, as can be seen in the SAIL allocation table shown in Table 2. Section 5.3 will
show other alternatives for this kind of operation that offer more relaxed conditions.

Table 2. The SAIL determination table adapted from [24] is used to obtain the SAIL assigned to a
particular ConOps.

Residual ARC

Final GRC a b c d

≤2 I II IV VI
3 II II IV VI
4 III III IV VI
5 IV IV IV VI
6 V V V VI
7 VI VI VI VI

>7 Category C operation

This result comes from the formal application of the SORA to the ConOps described,
with the result as analyzed being a fairly high SAIL for the reasons that have been discussed.
However, it is possible to consider one of the STS published by EASA for this scenario,
under which, as explained in Section 2, the regime is declarative by the operator and it
is not necessary to have an operational authorization, which would greatly facilitate the
operation in the regulatory aspect. The STS-01 scenario is the one that best fits the ConOps
described, with the following characteristics: VLOS operation at a maximum height of
120 m, at a ground speed of less than 5 m/s, over controlled ground areas that can be in
a populated environment, using drones with maximum weight up to 25 kg. Hence, the
operator must declare that the conditions of its operation comply with the characteristics
of STS-01.

The difference from the previous formal application of SORA is that in STS-01 the ARC
level considered is ARC-b, which finally results in a much lower final SAIL (SAIL II). In
order to consider this ARC-b, the airspace in which operations are intended to be conducted
must have a low probability of the drone encountering manned aircraft or other airspace
users. Even in urban areas with controlled airspace, as it is the analyzed airspace, this could
be achieved by means of limiting the altitude of the operation (for example, fly always
below the highest surrounding buildings) or following coordination procedures with ATC
of the nearby airport/aerodrome. However, other restrictions imposed by the STS-01
definition are required, such as the control of the ground area from uninvolved people.
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For this STS-01 it has been proposed that drones operating under this scenario should
carry a C5 class mark. The main requirements that apply to class C5 drones are as follows.

• Be an aircraft other than a fixed-wing aircraft, with less than 25 kg of weight, which is
the case considered in our analysis;

• Be equipped with a geo-awareness function;
• Provide to the remote pilot clear information about height of the drone above surface

or take-off point;
• Limit the groundspeed to not more than 5 m/s;
• Limit the maximum height above take-off point or surface to 120 m;
• Provide means to the remote pilot to terminate the flight of the drone;
• Provide means to the remote pilot to monitor the quality of the command and control

link, providing alerts in case of degradation or loss of communications.

Thus, by complying with the conditions described for STS-01, which fit very well
with the ConOps described above, the operator could use this scenario and work under
a declarative regime, which greatly speeds up all the bureaucracy associated with the
operation in all aspects.

5.2. Rural Scenario

According to the ConOps presented in Section 3.2, for the assessment of the GRC, the
drone is considered to fly over a sparsely populated area. This means that the flight is
not executed over a populated environment and there is no need to control the presence
of uninvolved persons in the area of operation of the drone. In this way, and taking into
account the size considered for the drone, the resulting GRC is three. As in the previous
case, it is possible to apply mitigating measures to reduce this GRC, such as integrating
a parachute into the drone, but considering the SAIL determination table, there is not much
difference between GRC 2 and 3 in terms of final SAIL, for levels of ARC-b or higher, so it
is considered a nonessential mitigating measure.

As for the evaluation of the ARC in this scenario, considering the type of VLL operation
and in noncontrolled airspace, an ARC-b is obtained. As in the previous case, tactical and
strategic mitigation measures can be applied to try to reduce the level of ARC obtained.
In this case, it is noted that lowering ARC-b to ARC-a is a complicated process, since the
ARC-a level corresponds to an atypical or segregated airspace where the probability of
encountering another aircraft is practically zero. Therefore, even if measures are applied
to mitigate the risk of encounter in the air, the level of ARC-b is considered adequate for
this scenario.

In this case, the evaluation of the TMPR is important because it is a BVLOS flight.
Because the resulting ARC is ARC-b, the robustness level assignment for TMPR is low, as it
is considered an airspace where the probability of encountering another aircraft is low but
not negligible. Operations with a low TMPR level are supported by technology designed
to help the pilot detect other traffic. This is where detect and avoid (DAA) systems come
in, which can be based on ground systems, such as U-Space, or air systems such as the
transponder called automatic dependent surveillance—broadcast (ADS-B) or the traffic
awareness and collision avoidance system from FLARM (https://flarm.com/ (accessed
on 1 December 2021)) for general aviation, light aircrafts, and drones. This ARC imposes
low performance requirements for the DAA system; hence, in this case, the DAA system
is required to detect approximately 50% of all possible aircrafts present in the operational
volume in which an encounter could occur.

Having already obtained the final levels of GRC and ARC, it is possible to proceed with
the determination of the SAIL. In this case, the resulting level is SAIL II, so it is an operation
with lower risk levels than the case previously considered of the urban environment. This
means that the robustness levels required for the different OSOs are low (L), and even
many of them are optional (O). Certain objectives with a medium level of robustness (M)
are appreciated corresponding mainly to operational procedures. As can be checked in
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Table 2, for ARC-b, the SAIL level is II for GRC 3 and GRC 2, so drones with weight less
than 25 kg can be considered with the same level of risk in this scenario.

5.3. Alternatives to Relax Risk Levels

Certain operational conditions can help relax risk levels and have less demanding
mitigating measures. The environment in which the release of sterile mosquitoes is the most
important is the urban scenario. At the same time, this scenario is the most complex due to
the conditions that exist in this case: normally they are immersed in the airspaces affected
by the nearby airports, they are populated environments with the presence of people on
the ground, and there is more possibility of traffic from other aircraft (emergency, medical
and police helicopters, etc.). However, it is important to note here that there is a current
discussion between the different stakeholders on how to redefine and redistribute airspace.
Currently, controlled airspace in urban areas covers most of the urban volume from ground
to high altitude due to the proximity of their airports, so any drone that wants to fly in
VLL would be in controlled airspace. That is why the drone and airspace community is
studying relaxing the airspace distribution and starting from different heights depending
on the distance to the airport, establishing a kind of cone to categorize the airspace.

According to the European drone regulation [14], drone operations can be included in
the open category if they are considered low risk operations. The main characteristics of
this kind of operation are that the drone should have a CE mark, weigh less than 25 kg and
be operated in VLOS or assisted by an observer, and that the maximum height is 120 m.
Today, the ASD-STAN organization has established a D05/WG08 working group called the
UAS unmanned aircraft system, in which standardization activities are being developed
for the definition of means of compliance to obtain the CE mark. Furthermore, there is one
major restriction regarding the impossibility of carrying dangerous goods or dropping any
material. This last aspect is crucial when it comes to discerning with the aviation authority
the possibility of including this type of mosquito release operation in the open category.
This must be further discussed with the aviation authority to reach an agreement.

By analyzing the different operational alternatives of the open category for mosquito
release operations, options that include flights in urban environments will be highlighted.
Within the subcategories into which the open category is divided, those particularities that
affect the urban environment are as follow.

• Subcategory A1: The drone can fly in urban areas but not over an assembly of people
and is trying to reduce overflying uninvolved persons. If uninvolved persons are
overflown, the remote pilot must reduce as much as possible the time during which
the drone overflies those persons. Apart from that, maximum take off weight (MTOW)
of drones in this subcategory can be up to 900 g.

• Subcategory A2: The drone can fly in urban areas, but a safety distance of at least 30 m
must be maintained with respect to the uninvolved people in the operation. In this
case, the drone can weigh up to 4 kg.

The STS-01 standard scenario analyzed above in Section 5.1 is considered to be an
extension of the A2 subcategory of the open category because of the similarities in the
conditions and requirements that are posed. However, operations in an urban environment
can fall under these two subcategories within the open category as long as they comply
with the airspace restrictions imposed by the national civil aviation authority. This is the
point that differentiates these subcategories from the STS-01 approach raised in Section 5.1,
since most authorities reject the possibility of flying the open category in controlled airspace,
in which most cities with nearby airports are immersed. Therefore, there is a current trend
of redefinition of airspace in cities, which would allow the dimensions of these controlled
spaces to be relaxed by not reaching the ground when there is a certain distance from the
airport. This would allow flying in the open category in an urban environment under
the criteria previously defined in most cities, as long as there is a certain distance from
the aerodromes.
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6. Discussion

This article presented the current legal framework in the EU for the use of drones as
an innovative tool for the release of sterile mosquitoes within a SIT operational program
against human disease transmitting mosquitoes in two different environments: urban and
rural. Targeting urban environments for sterile mosquito release is a promising scenario
due to the density of human populations. Additionally, drones are characterized by their
ease of use and versatility of operation, and can significantly help release these mosquitoes
in hard-to-reach areas and distribute them evenly over a given zone.

We analyzed the current European drone regulation and its impact on possible
mosquito release operations. This regulation is based on the risk of the operation, and not in
the weight of the drone, so it opens the possibility, for example, to fly drones in urban areas
in the open category as explained in Section 5.3, which has been really complex until now.
In addition, the SORA methodology proposed by the JARUS organization and accepted by
the EASA authority within its auxiliary material to the regulations was described. SORA
is a tool for analyzing the risks of drone operations, evaluating their level of safety, and
identifying possible mitigating measures to achieve the desired level of safety. In addition,
the concept of U-Space is introduced as a set of services that will help to manage drone
air traffic.

Finally, the European regulation establishes common standards for all member states
that will help harmonize and encourage the drone market. This new regulatory framework
will affect all drone operations, including the release of sterile mosquitoes. As analyzed in
this article, there are different alternatives for this operation that, depending on the risk of
the operation, will fundamentally determine its classification in an open or specific category.
Among the key criteria that determine this risk are drone weight, airspace classification
(controlled or uncontrolled), operational scenario (presence of people or not), VLOS or
BVLOS flight, flight height, etc.
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