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This paper describes the state-of-the art in the area of unmanned aerial systems and aerial manipula-
tors, of underwater robot manipulator systems. A brief introduction is given on the use of manipulators in
various offshore industries for different subsea intervention applications. It provides a comprehensive sum-
mary of existing commercial and prototype underwater manipulators, covering relevant aspects such as
design features, their capabilities and merits, and provides a detailed comparison. This is followed by a
thorough analysis of advantages and disadvantages of both electrically and hydraulically actuated manipu-
lators. Furthermore, a detailed description of commercially available underwater manipulator control
systems is presented in order to provide a realistic picture of the existing technology and its limitation. In
addition, an extensive bibliography covering research results in the field of control algorithms is presented,
including low level motion control, high level kinematic control and motion planning schemes along with the
implementation issues.
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B cmamuve onucano cospemennoe cocmosinue 8 oonacmu OECRUIOMHBIX ABUAYUOHHBIX KOMIIEKCO8 U
B030VUIHBIX MAHUNYIAMOPO8, CUCHEM NOOB0OHLIX POOOMOG-MAHUNYAAMOPOS. Jlano Kpamkoe 6sedenue 6
UCNONIb308AHUE MAHUNYIAMOPOS 8 PA3IUUHbIX OMPACHAX 0N PA3IUYHLIX NPUTONCEHUU 8030YUWHO20 U NOO-
600H020 npocmpancmea. llpedcmasnen ucuepnvisaowuti 0630p CyuecCmayiouux KOMMepUecKux U dKCnepu-
MEHMANLHBIX NPOMOMUNOE NOOBOOHBIX MAHUNYIAMOPOS, 0X6AMbIEAIOWUL COOMBEMCMEYIOWUe ACHEeKMbl,
maxue Kax KOHCMPYKMUBHblE OCODEHHOCMU, UX BO3MONCHOCMU U OOCMOUHCMEA, a makdxice HoOpoOHOe
cpasHenue. Ilposeden ananuz npeumywecme u HeOOCMAMKO8 KAK JNeKMPUYECKUX, MAaK U cUOPaABIULecKux
manunyaamopos. Kpome mozo, npedcmagieHo noopobHOe Onucanue KOMMepyecKu OOCMYNHbIX CUCmeM
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VAPAGAEHUS NOOBOOHLIMU MAHURYASAMOPAMU, YMOObl 0aMb PeatucCmuyHyio Kapmuny cywecmasyloujell mex-
Honoeuu u ee ozpanuyenutl. Kpome mozo, npeocmaenena obwupnas oubauozpagus, oxeamwvlearouas pe-
3YIbMAmel UCCACO08AHUT 8 0OIACMU ANCOPUMMOB YNPAGLCHUS, BKII0YAS HUSKOYPOBHEBOE YIPAGIeHUe O8U-
JHCeHUEM, BbICOKOYPOBHEB0e KUHEMAMU4ecKoe YNpagieHue u cxemvl NIAHUPOBAHUS OBUICEHUS, d MAKdce
80NPOCHI peanu3ayuu.

KirroueBble clioBa: OCCHIJIOTHBIN JIETATEIBHBIA amnmapar, BO3MYIIHBIE MaHHITYJSITOPBI, TOIBOIHBINA
PpOOOT-MaHUITYISTOP, CUCTEMBI YIIPABJICHHUS.
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1. Introduction

In the past few decades, the increasing interest towards Unmanned Aerial Vehicles (UAVS) has sprout-
ed a number of industrial and civil applications in which these platforms are being used. Thanks to their
unbounded workspace and inherent versatility, UAVs are deployed for a number of contact-less operations
which exploit advanced on-board sensing, e.g. cameras, pressure sensors, flow sensors, LIDAR. Some eXx-
ample applications in which aerial vehicles are currently being used are civilian security, border security, fire
and rescue, mountain rescue, distribution network monitoring, environmental monitoring, aerial photog-
raphy, mapping and surveying. Despite proving very useful and successful, these applications are mostly
limited to passive observation. However, huge potential lies in tasks that do require manipulation and physi-
cal interaction with the environment.

In the past decade a new research area has risen, aerial manipulation, which con-siders endowing multi-
copters with mechanical devices to enable airborne manipulation tasks. Multicopters, e.g. quadcopters,
hexacopters, octocopters, are Vertical Take-off and Landing (VTOL) aircraft that can hover, take off, and
land vertically. This feature, together with the ability to fly stably at low speeds, higher manoeuvrability with
respect to fixed-wing UAVS, and greater payload capacity has made them particularly attractive for these
types of applications. Unmanned Aerial Manipulators (UAMSs) could be deployed to carry out inspection and
maintenance operations in remote areas and hard-to-reach locations, performing tasks that are too risky for
human operators and that require costly equipment. Example scenarios where UAMs could be exploited can
include cracks repair on wind turbine blades, cleaning of clogged-up thermocouples on industrial chimneys,
contact-based inspection of bridges and dams, installation and retrieval of smart sensors in wide spread areas
for monitoring purposes.

Figure 1 shows some possible scenarios [1] for the deployment of UAMS.
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Fig. 1. Example application scenarios for the deployment of unmanned aerial manipulators in the environ-
ment to (a) perform continuity checks on top of wind turbine blades; (b) install smoke detectors in forests for
fire prevention, (c) monitor the induced traffic vibrations on bridges, (d) check the slope stability on dams

All these tasks are nowadays conducted by human operators and often require supporting structures
such as scaffolding around the area or other special equipment to allow the operator to reach the site and
safely conduct inspection and maintenance tasks. For these reasons, such example scenarios have been the
case study of several investigations as part of multiple European funded projects in the past years, starting
from Al Robots in 2010 until more recent project such as ARCAS, Aeroarms, Aerobi, AEROWORKS, etc.

Based on robotics, the systems may be divided into three categories: autonomous, shared autonomous,
and teleoperation systems. An autonomous system is a system with some level of automation to assist or
replace human control. Based on the Society of Automotive Engineers (SAE), automated functionality
ranges from no automated features (level 0) to full automation (level 5). While the shared autonomous sys-
tem is the integration of human interaction using a feedback loop with system autonomy to generate a bilat-
eral shared control system. It is a user-system interaction to achieve shared goals. Meanwhile, teleoperation
is the full operation of the system by the user but performed remotely.

Regarding unmanned aerial systems (UASS), a block diagram architecture of the different systems [2,3]
is demonstrated in Fig. 2.
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Fig. 2. The different unmanned aerial systems

While the different types of autonomous and shared autonomous systems with their advantages and dis-
advantages as well as real-time applications [2] are shown in Table 1.

Based on the classification of aerodynamic configuration, UAVs are usually classified into three catego-
ries [3] as shown in Fig. 3.
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Aerodynamic
Configuration
Classification

Fixed Wing Flapping wing
Helicopter i Quadcopter

Oﬂocopter

Fig. 3. UAVs classification based on aerodynamic configuration

Table 1. Types of autonomous and shared autonomous systems with their advantages, disadvantages, and
real-time applications
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Autonomous Shared Autonomous
Systems Systems
Types Scripted Shared/Guided
e Systems that are Control
basically autopilots e Focus on the control
e Perform preplanned generating from the
scripts of actions user towards the
based on foreseen system which has its
events to accomplish own control loop
the mission objective and is autonomously
reacting to the
Supervised environment and
e Allow the evolution executes the
of mission sequence specified action.
Intelligent Traded Control
e Allow the evolution < The user and system
of mission objective take turns.
e Aims to implement
the human directives
e Adapt to unforeseen Collaborative
events Control / Mixed-

Initiative Control

e The user and system
share a task and work
as a group
collaboratively in the
same space and at the
same time

Supervisory Control

e The user only
monitors the
execution of the
autonomously
working system.

Advantages e Time-saving e Exploit the benefits
& Much safer of human control and
e Extra navigation machine control.
systems and maps e Safe navigation,
control, and stable
interaction.

e Extend human
operators sensing
and manipulation
capability.

Disadvantages e High cost for e Safety concerns
implementing the e Policy and
technology operational

e Complex framework
communication e Large time delay
networks e Limited bandwidth
e Hacking and security and insufficient
aspects visibility of wvisual
e Lacks adaptation in feedback signal-
difficult and complex based design
tasks

Real-time e UAVs eSearch and rescue

applications e Flying in hazardous mission
or radiation areas e Monitoring and

inspection tasks

Another promising trend is the hybrid UAVSs, which can combine the advantages of both fixed-wing and

VTOL systems.

Rotorcraft or rotary-wing systems, among other types of UAVS, are distinguished by their ability to
take-off and land vertically, hover in one spot or limited zones, perform swift maneuvers, and fly backward
or sideways. The different types of fixed and multirotor with their advantages and disadvantages as well as

real-time applications are shown in Table 2.
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Table 2. The different types of fixed and multirotor

Fixed Multirotor
Types Straight Wing: Helicopter
e Rectangular UAV with dual rotors
Straight Wing
e Tapered Straight Quadcopter
Wing UAYV with four rotors
e Rounded or
elliptical ~ straight ~Hexacopter
wing UAYV with six rotors
Swept Wing: Octocopter
e Slightly swept UAV with eight rotors
wing
o Moderately swept Decacopter
wing UAV  with twelve
e Highly swept wing rotors
Delta Wing:
e Simple delta wing
e Complex delta
wing
Advantages e Higher flight safety e Ability to take-off
e More energy-  and land vertically
efficient e Landing/take-off
e Longer range and substantial areca is not
endurance required
e Excellent stability ¢ Ability to hover in
one spot
e Ability to perform
agile maneuvering
Disadvantages e Lacks hovering e Lower speeds and
capability shorter flight ranges
e Need more space e Small payload
for take-off and capacity
landing
Real-time e Surveillance e Acrial photography
applications e Aecrial mapping and video recording
o Military tasks e Acerial inspection

There are various types of rotorcraft systems, such as the helicopter, quadcopter, hexacopter, octocopter,
decacopter, etc. Among these models, helicopter and quadcopter can be considered the most widespread
flying machines nowadays and have attracted many researchers over the past few years due to their many
benefits and uses. However, for heavy pay-loads and shorter flight durations, hexacopter and octocopter are
the best options however are relatively expensive and heavy with higher energy consumption. Thus, many
researchers concentrate on the twin-rotor helicopter and quadcopter and the derivation of their mathematical
models, as case studies while various control strategies for all rotorcraft UAVs were discussed.

2. Simplified description of quadrocopter movements

The helicopter is a multivariable, nonlinear, and strongly coupled system. A two degrees of freedom (2-
DOF's) helicopter model is a dual-rotor laboratory experimental rig that is commonly used as a test platform,
to verify the effectiveness of control strategies designed for a real helicopter system. It consists of two pro-
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pellers at both ends of a beam pivoted on its fixed base allowing to rotate freely in both the vertical and
horizontal planes. The front rotor, which is horizontal to the ground, is the main rotor and causes a pitching
moment around the pitch axis while the back or tail rotor generates a yawing moment around the yaw axis.
Both the front and back rotors generate a torque on each other resulting in the coupling effect. The beam is
driven by two perpendicular propellers that are actuated by two DC motors. A number of researches have
been conducted to develop control techniques for the twin-rotor helicopter over the past decades to provide
appropriate robust solutions in demanding environments. On the other hand, the quadcopter is a multirotor
UAV that is lifted by four rotors and consists of a rigid body connected by four propellers with fixed-pitch
blades as their airflows point downward to generate a lifting upward force. The propellers' axes of rotation
are fixed and parallel to each other. Also, the quadcopter has two pairs of identical propellers, two rotate
clockwise (CW) while the other two counter-clockwise (CCW), allowing the quadcopter to be controlled by
varying the speed of rotors. The arrangements of rotors with respect to the quadcopter body coordinate
system usually lead to three quadcopter configurations: the “X', "C', and "H' types. Each configuration has its
advantages as the first type is the most stable design among them while the second configuration is more
used for acrobatic fight and the last one is utilized for races.

The quadcopter has six DoFs, namely, x, y, and z which are translational motions, and ¢#,6 and

which are rotational motions, and only four propellers (inputs); throttle, roll, pitch, and yaw motions. If one
of the pairs rotates CW and the other CCW (equal in magnitude), then this is considered having a yaw mo-
tion tendency causing the quadcopter to bend either right or left around the vertical axis. For the upward and
downward movements (+ Throttle and — Throttle), all four rotors should be accelerated up or down at the
same speed. To move forward/backward (pitching) or right/left (rolling), a difference in the angular veloci-
ties must occur between the pairs, as shown in Fig. 4

Height (Throttle) Roll _Rotorl T, 7, Rotor3
B
Move Down Move Up Bend Left Bend Right
Pitch Yaw
Move Forward Move Backward Rotate Left Rotate Right

Normal Speed
@ P
U High Speed 7

Fig. 4. Quadcopter movements

Therefore, the quadcopter model is an underactuated mechanical system with two degrees of under ac-
tuation.

A coaxial quadrotor robot contains eight rotors which properly control to preserve the attitude control
and the flight stability. The safe and the better flying experience can be concluded by a stable flight and
therefore, a successful task is achieved. Moreover, Octorotor can be defined as an eight-rotorcraft using four
arms, eight motors. Since all the propellers axes of rotation are fixed and parallel so, these eight motors of
Octorotor are coaxially installed.

Indeed, by increasing the motors number in a rotorcraft, the resultant thrust force is usually increased. In
addition, since the coaxial configuration cancel the resulted torque so, more flight stability is attained by
increasing the number of rotating propeller. As like as the Quadrotor, the Octorotor has only four independ-
ent inputs (rotor speeds). So, this flying robot can be considered as an under-actuated system with six De-
grees of Freedom (DoFs) for translational and rotational movement. Moreover, this results in the highly
states coupling. To this end, the Octorotor has the nonlinear dynamics. Therefore, many controllers have
been studied to control its position and attitude [4], Fig. 5 shows the stated Octorotor
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Roll
Rotor 1 Rotor 3

Rotor 8 Rotor é

@ (b)

Fig. 5. (a) Flight Concept of Octorotor; (b) Chonsidered Octorotor frame

The Octorotor flying robot has the same concept with the Quadrotor. It should be noted that since there
is not any gear set, all of the eight propellers are directly installed on the motors. Moreover, the rotation axes
of propeller are distinctly fixed. Also, the flight concept of this flying robot is shown in Fig. 5,a.

Rotorcraft UAVs encounter several challenges during the flight-related to instability, moving and fixed
obstacles, motors failure, trajectory tracking, external disturbances, model uncertainties, etc. Before discuss-
ing the different control strategies that have been proposed to solve some of these impediments, it is deemed
necessary to describe adequately the mathematical model as it plays a vital role in understanding the behav-
ior of the dynamic system. In this study, the mathematical models for both the 2-DOF helicopter and quad-
copter systems were fully derived in the following section as case studies.

Actually, as same as Quadrotor, Octorotor is a 6 DoFs rigid body whereas its throttle is supplied using
eight brushless DC motors. In the same way, the Octorotor flying robot is a four-input control system. Also,
the gravitational vector and movement state vector of the Octorotor can be calculated by considering the
gyroscope effect. So, the dynamic equations of the Octorotor flying robot can be extracted. Indeed, dynamic
equations of Octorotor can be calculated as the same with dynamic equations of Quadrotor by considering
the flight concepts of Quadrotor.

Quadrotors can perform basic flight movements on different axes by turning four motors at different
speeds. Quadrotor has four basic movements, such as altitude, roll, yaw, and pitch. The altitude movement is
used for the up and down movements of the quadrotor on the vertical axis.

Roll movement is used to move left and right along the x-axis of the quadrotor. Pitch movement is used
to move forward and backward on the y-axis of the quadrotor. Yaw movement is used to rotate around the z-
axis of the quad-rotor. Figure 6(i) shows the quadrotor’s movements.

Figure 6 shows in details the axis movements made on the quadrotor depending on the motor move-
ments.
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Altitude

High Speed
Fig. 6. (a—h) Quadrotor axis movements, (i) Quadrotor’s movements

This figure shows the axis movement according to the speed values of the motors. For example, Figure
6 (a) shows changes in the pitch angle due to the speed difference between the first and third motors; Figure
6(c) shows changes in the roll angle due to the speed difference between the second and fourth motors. The
figure shows forward, backward, right, left, turn left, turn right, takeoff, and landing movements, respective-

ly.
2.1. Quadcopter Flight Dynamics
A quadcopter is an aircraft with six degrees of freedom (DOF), three rotational and three translational.

With four control inputs (one to each motor) this results in an underactuated system that requires an onboard
computer to compute motor signals to provide stable flight (Fig. 7).

(a) Axis of rotation

(b) Roll right (c) Pitch forward ~ (d) Yaw clockwise

Fig. 7. A quadcopter model
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We indicate with @, ie€l,...,M the rotation speed of each rotor where M = 4 is the total number of

motors for a quadcopter. These have a direct impact on the resulting Euler angles ¢,8,y , i.e. roll, pitch,
yaw respectively which provide rotation in D = 3 dimensions. Moreover, they produce a certain amount of
upward thrust, indicated with f. The aerodynamic effect that each @, produces depends upon the configura-
tion of the motors. The most popular configuration is an “X” configuration, depicted in Fig. 7a which has the
motors mounted in an “X” formation relative to what is considered the front of the aircraft. This configura-
tion provides more stability compared to a “+” configuration which in contrast has its motor configuration
rotated an additional 450 along the z-axis. This is due to the differences in torque generated along each axis
of rotation in respect to the distance of the motor from the axis. The aerodynamic affect u that each rotor

speed @, has on thrust and Euler angles, is given by:

uf:b(a)f+a)22+a)§+a)f) ugzb(wf—a}22+a)§—a)f)

2 2 2 2 2 2 2 2
u¢=b(a)1+a)2—a)3 —a)4) uwzb(a)l—wz—a)3+a)4)

where U, uy,U,,U, is the thrust, roll, pitch, and yaw effect respectively, while b is a thrust factor that

¢l
captures propeller geometry and frame characteristics. To perform a rotational movement the velocity of
each rotor is manipulated according to the relationship expressed, for example, in equation for u, and as

illustrated in Figs 7b, 7¢, 7d. For example, to roll right (Fig. 7b) more thrust is delivered to motors 3 and 4.
Yaw (Fig. 7d) is not achieved directly through difference in thrust generated by the rotor as roll and pitch
are, but instead through a difference in torque in the rotation speed of rotors spinning in opposite directions.
For example, as shown in Fig. 7d, higher rotation speed for rotors 1 and 4 allow the aircraft to yaw clock-
wise. Because a net positive torque counter-clockwise causes the aircraft to rotate clockwise due to Newton’s
second law of motion.

Attitude, in respect to orientation of a quadcopter, can be expressed by its angular velocities of each axis
Q= [QWQQ,QW]. The objective of attitude control is to compute the required motor signals to achieve

some desired attitude Q".
2.2. A vehicle type Quadrotor helicopter

This work presents a study of the dynamics for a vehicle type Quadrotor helicopter. This one consists of
a central body and four beams joined it. Each beam has a motor with two rotating wings at the far extreme.
The body is formed by a box with batteries and on-board computers for control and avionic functions. The
wings give sustentation to the vehicle and the possibility of controlling the orientation and translation of the
system. The dynamic model of the vehicle takes into account the dynamics of the rotating wings and results
in a non-linear system. It is made a simplification by linearization of the nonlinear and unstable model for the
Quadrotor attitude and it is designed a LQR (Linear Quadratic Regulator) control with integral effect to track
reference paths for the roll, pitch and yaw angles.

Model description. Figure 8 shows the Quadrotor and its reference frame which is represented with the
rotational transformation of the Roll-Pitch-Yaw Euler angles.

Euler angles - Roll (¢ ), Pitch (&) and Yaw (y ) - are defined as reference frame X, y, z rotations around
Z, y'and X" inthe amounts v, @ and ¢ respectively, as can be seen in Fig. 8.

The translational and rotational accelerations for the Quadrotor aerial vehicle can be written as accord-
ing with Newton-Euler equation.

A quadrotor is agile to attain the full range of motion propelled by four rotors symmetrically across its
center with smaller dimension and simple fabrication, unlike a conventional helicopter with complicated
mechanism. Generally, it should be classified as a rotary-wing aircraft according to its capability of hover,
horizontal flight, and vertical take-off and landing (VTOL). A quadrotor helicopter is a highly nonlinear,
multi-variable, strongly coupled, underactuated, and basically an unstable system (6 DOF with only 4 actua-
tors), which acts as preliminary foundation for design of control strategy. Many controllers have been pre-
sented to overcome the complexity of the control resulting from the variable nature of the aerodynamic
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forces in different conditions of flight. The treatments to the vehicle dynamics, based on some simplistic
assumptions, have often ignored known aerodynamic effects of rotorcraft vehicles. In the case of hovering
and forward flight with slow velocity, those assumptions are approximately reasonable.

(@) (b)

Fig. 8. (a) Reference frame in Quadrotor, (b) Definition of Roll, Pitch and Yaw angles

When aggressive maneuvers such as fast forward and heave flight actions, VTOL, and the ground effect
appear, the dynamics of quadrotors could be influenced significantly under these aerodynamic force and
moment. It is shown that existing techniques of modeling and control are inadequate for accurate trajectory
tracking at higher speed and in uncertain environments if aerodynamic influence is ignored. The model
incorporated with a full spectrum of aerodynamic effects that impact on the quadrotor in faster climb, heave,
and forward flight has become an area of active research with considerable effort focusing on strategies for
generating sequences of controllers to stabilize the robot to a desired state.

2.3. Characteristics of Quadrotor

Typically, the structure of a quadrotor is simple enough, which comprises four rotors attached at the
ends of arms under a symmetric frame. The dominating forces and moments acting on the quadrotor are
given by rotors driven with motors, especially BLDC motors. According to the orientation of the blades,

relative to the body coordinate system, there are two basic types of quadrotor configurations: plus, and cross-
configurations shown in Fig. 9.

X-axis X-axis

—) [ (| )
% //\\ Y-axis d / Y-axis

| (=

) L/ j]

(a) Plus (b) X

Fig. 9. Plus and X - quadrotor configurations
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In the plus configuration selected by most of the quadrotors, a pair of blades, spinning in the same
clockwise or counter-clockwise direction, are fabricated on x and y coordinates of the body frame coordinate
system, such as the assemble of the Draganflyer XPro. On the contrary, a different cross-configuration is
adopted by some other quadrotors, such as the Converta-wings model A, the Piasecki PA-39, or the Curtiss-
Wright VZ-7AP, in which there is no rotor at the front or the rear but instead two rotors are on the right side
and two on the left. In contrast with the plus configuration, for the same desired motion, the cross-style
provides higher momentum which can increase the maneuverability performance as each move requires all
four blades to vary their rotation speed. However, the attitude control is basically analogous.

It is the configuration of a quadrotor that shows the inherent characteristics. Basic control sequences of
cross-configuration are shown in Fig. 10.

Fig. 10. Quadrotor dynamics: (a) and (b) difference in torque to manipulate the yaw angle (¥); (c) and (d)
hovering motion and vertical propulsion due to balanced torques; (e) and (f) difference in thrust to manipu-
late the pitch angle (&) and the roll angle (¢)

The quadrotor’s translational motion depends on the tilting of rotorcraft platform towards the desired
orientation. Hence, it should be noted that the translational and rotational motion are tightly coupled because
the change of rotating speed of one rotor causes a motion in three degrees of freedom. This is the reason that
allows the quadrotor with six degrees of freedom (DOF) to be controlled by four inputs; therefore, the quad-
rotor is an underactuated system.

In principle, a quadrotor is dynamically unstable and therefore proper control is necessary to make it
stable. Despite of unstable dynamics, it is good for agility. The instability comes from the changing rotorcraft
parameters and the environmental disturbances such as wind. In addition, the lack of damping and the cross-
coupling between degrees of freedom make it very sensitive to disturbances.

3. 6-DOF Airframe Dynamics

Dominating methods as Euler-Lagrange formalism and Newton-Euler formalism are applied to model
the dynamics for an aircraft. It has been noted that the Newton-Euler method is easy to be understood and
accepted physically despite of the compact formulation and generalization shown by Euler-Lagrange formal-
ism. Nevertheless, two methods are consistent for the description of dynamics. That is to say, it is indicated
that after a speed transform matrix the Lagrange equation is an expression form of the second Newton Law.

3.1. Euler-Lagrange Formalism

The generalized coordinates of the rotorcraft are given as:q= (X, Y, Z,y, 6, ¢) eR®, where
(x, Y, z) =fe R® denotes the position of the mass center of the quadrotor relative to the inertial frame and

(W,0,¢)=77€R3 are the three Euler angles (resp., yaw, pitch, and roll), under the conditions
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(- <y <) for yaw, (-7 /2<6<7/2) for pitch, and (—z/2<¢<7/2) for roll, which represent
the orientation of the rotorcraft (see Fig. 11).

. v 1o m
L(q’q):Ttrans +Trot_Uv §T§+§77TJ77—ngE :E
Fig. 11. Quadrotor’s body-fixed and inertial coordinate systems

Naturally, translational and rotational coordinates are obtained from the model
E=(xy,2)eR’, n=(y.0,¢)eR’.

: : I m .. 1.,
The translational and the rotational kinetic energy of the rotorcraft are T, = Eé‘Tﬁ, Toot ZEUTJU ,

where m denotes the mass of the quadrotor. J = WTIW is the moment of inertia matrix in the inertial coordi-
nate system after being transformed from the body frame, by matrix W:

—-sind 0 1
W =| cosé@siny cosy O
cosdcosy —siny O]

The only potential energy to be considered is the gravitational potential given by U =mgz. .

The Lagrangian of the rotorcraft is
. e 1 m
L(q’q):Ttrans +Tmt—U, §T§+§7]TJ77—ngE :E'

The full rotorcraft dynamics model is derived from the Euler-Lagrange equations under external gener-

. doL oL

alized forces: ————= ( F.,
dtoq aq

to the throttle control input, 7 € R® represents the pitch, roll, and yaw moments and R denotes the rotational

matrix R(w,e, ¢) € SO(3), which represents the orientation of the rotorcraft relative to a fixed inertial

z'), where F, = RF is the translational force applied to the quadrotor due

frame. Since the Lagrangian contains no cross-terms in the kinetic energy combining § and 77, the Euler-
Lagrange equation partitions into two parts. One obtains

0
mé+ 0 |=F, Jﬁ+Jﬁ—1i(ﬁTJﬁ)=r.
mg 20n

And the last equation in general form as J7j+C(1,77)77 =1, where C(7,77) is referred to as the Cor-
iolis terms and contains the gyroscopic and centrifugal terms.
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3.2. Newton-Euler Formalism
Typically, it is necessary to define two frames of reference, each with its defined right-handed coordi-
nate system, as shown in Fig. 11. X, Y, and Z are orthogonal axes of the body-fixed frame with its corre-
spondent body linear velocity vector V =[u v a)]T and angular rate vector Q=[0=p ¢ r]T . An-

other one is an Earth-fixed inertial (also known as navigation) coordinate system E =(X_,Yg,Z.) with

which initially the body-fixed coincides. The attitude of the quadrotor, expressed in terms of the Euler angles
@ (roll), @ (pitch), and w (yaw), is evaluated via sequent rotations around each one of the inertial axes.

Herein, a reference frame by Onep (North-East-Down) denotes an inertial reference frame and Og a body-
fixed reference frame.

Generally, a quadrotor is considered as a rigid body in a three-dimensional space. The motion equations
of a quadrotor subject to external force F € R® and torque 7 € R? are given by the following Newton-Euler
equations with respect to the body coordinate frame B =(X;,Y;,Z;):

ml,, O|V| [oxmV] [F
+ = :
0 I || @ oxlo T
The rotorcraft orientation in space is presented by a rotation R from B to E, where R € SO(3) is the rota-
tion matrix:
cosy cosd (singsin@cosy —cosgsiny ) (cosgsinfcosy +singsiny )

R=| sin@siny (sin¢sin93inw+cosecosy/) cos¢sin @ cosy
—sinéd singcosé cosg¢cosé

With the transformation R, the first equation assessing the translational dynamics can be written in E:
mé = RF —mgZ.. . Recall the kinematic relationship between the generalized velocities 77 = (¢6’1//) and

the angular velocity Q=W7, W e R*®. Defining a pseudo-inertia matrix I(n):JW and a Coriolis
vector C(7,77) = 177+W7x I77, one can obtain

mé=RF-mgZ., |(n)ii+C(n.7)=1.

This model has the same structure as the one obtained by the Euler-Lagrange approach, in which the
main difference is the expressions of | and C, which are more complex and more difficult to implement and
to compute in the case of the Euler-Lagrange method. It is important to note that this model is common for
all aerial robots with six degrees of freedom.

4. Basic Dynamic Model of a Quadrotor

This section introduces the basic quadrotor dynamic modeling with rigid body dynamics and kinemat-
ics. This model, based on the first order approximation, has been successfully utilized in various quadrotor
control designs so far.

In the first place, some assumptions are reasonable and essential shown as follows: (i) The structure is
supposedly rigid. (ii) The structure is supposedly symmetrical. (iii) The CoG (center of gravity) and the body
fixed frame origin are assumed to coincide.

4.1. Dynamic Model of a Quadrotor
As we know, Newton second law is applied to the translational motion in inertial frames. From the
equation of Coriolis, one can obtain
dv

m—-=m d_v+ xV |=f
dt, da, ’
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T
where m is the mass of the quadrotor, f> £ ( f, fy fz) is the total force applied to the quadrotor, and v
is the translational velocity. @, is the angular velocity of the airframe with respect to the inertial frame.
Since the control force is computed and applied in the body coordinate system, and since @ is measured in
body coordinates, and abovementioned equation is expressed in body coordinates, where V0 = (u,v, a))T and
d dh .
Oy = ( p,q, r)T. For rotational motion, Newton’s second law state is — = RJra)b,i xh=m, here h is
i b

the angular momentum and m is the applied torque. h® = JwPy;; J is the constant inertia matrix. The quad-
rotor is essentially symmetric about all three axes, which implies that J = diag(Jx, Jy, J;). Given mP &

(r¢,r€,rw )T , Which denote the rolling torque, the pitching torque, and the total yawing torque, are induced
by the rotor thrust and rotor drag acting on the airframe.

The six-DoF - model for the quadrotor kinematics and dynamics can be summarized as follows:
X\ (cos@cosy (singsin@cosy —cosgsiny ) (cosgsin@cosy +singsiny))(u

y |=| cos@siny (singsin@siny +cosgcosy ) (cosgsindsiny —singcosy ) || v |,
z sin@ —singcosé —C0S¢cosd @
u v—qo f #) (1 singtgd  cosgtgd \(p
V |=| po-ru 2 f,1, |0|=|0 COS ¢ —sing q |,
@ qu— pv m f, @ 0 sing/cos@® cosgl/cosb )\ r

Yy, qr ir
_ J, J !
g _| 22 pr |+ )
r Jy Jy ’

‘Jx_‘]yqr ir

J J, "

Equation of the quadrotor kinematics and dynamics is a full nonlinear model for a quadrotor, in which
the complex dynamics is shown obviously, such as strong nonlinearity like the multiplication between sys-
tem states, intensive coupling among the variables, and the multivariable features intuitively, that imposes
the difficulties on the controller design and, on the other hand, attracts great interest of research.

4.2. Forces and Moments

The forces and torques that act on the quadrotor are primarily due to gravity and the four propellers
shown in Fig. 3. The steady-state thrust F, generated by a hovering rotor (i.e., a rotor that is not translating
horizontally or vertically) in free air coincides with — Zg axis. The total force acting on the quadrotor is given
by F=F;, + F +F, +F . The rolling torque, the pitching torque, and the total yawing torque are given by

r,=1(F-F), rgzl(Ff —Fb), T, S AR AT AT,

The gravity force acting on the center of mass is given by
0 —mgsiné@
b T H
fy=R | 0 |=| mgcos@sing |.
mg mg c0os & cos ¢
Equation of the quadrotor kinematics and dynamics shows strong coupled dynamics: the speed change

of one rotor gives rise to motion in at least 3 DoF. For instance, the speed decrease of the right rotor will roll
the craft to the right under the imbalance between left and right lift forces, coupled with the rotorcraft’s yaw
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to the right due to the imbalance in torque between clockwise and counter-clockwise, so the translation
changes direction toward the front. Nevertheless, in some cases that the rotating movement is slight, the
Coriolis terms gr, pr, and pq are small and can be neglected. So, the dynamics of the quadrotor is simplified
and given as

(—cosgsin@cosy —singsiny ) Foy- (—cosgsin@siny +singcosy ) .

m m

. Qg-—cos¢cosd - 1 -1 .1
I=—— " F, =—1, 0=—r,, =—7
m ’ J ! 3, VI

This model is shown in Fig. 12.

T Attitude Pqr
—_— .
dynamics
4 P 0, 14 Position X%
—
dynamics
u, v, w
F rd

Fig. 12. Simplified block diagram of the quadrotor’s dynamics.

Note that the attitude of quadrotor is changed, subject to the input z (moment) produced by each rotor.
However, the position / altitude dynamics block is affected by T, and angle variables.

Remark. Intuitively, Fig. 11 gives the insight of the dynamic of the quadrotor that the angles and their
time derivatives do not depend on translation components, whereas the translations depend on angle (and not
on angular velocities). Based on the characteristics of the dynamics, a quadrotor control problem can be split
into two distinct control problems, the inner attitude / altitude loop designed for stability and tracking of
desired Euler angles and the outer X, Y, and Z position loops for regulating the vehicle position. State space
equations are applied in the control design and system identification generally. Hence, the nonlinear system
of a quadrotor is illustrated as the formulation, which is described in different manner as following:

x=f(x)+g(x)U, where x=[x,y,2,y,0,¢,uv,0,p,q,r], y=[xy.zy], U =[F.z ,r(,,rW]T.
Herein the output y is composed of x, y, z and y is for the trajectory track, but if for the hovering control,

y= [¢, o0,y, Z]T should be selected because in translation movement shown above, the three state variables,

X, Yy, and z, are subordinated to the same control parameter F; hence only one state is controllable and the
others are subjected to the controlled translation and angular motions.

4.3. Gyroscopic Torques

At the normal attitude, namely, Euler angles are zero and the axes of the rotors with higher speeds spin-
ning are coincident with the zg axis of the robot frame. However, while the quadrotor rolls or pitches, the
direction of the angular momentum vectors of the four motors is forced to be changed. A gyroscopic torque
will be imposed on the airframe that attempts to turn the spinning axis so that it aligns with the precession
axis. It is noted that no gyroscopic torque occurs with rotation around the zg axis (yaw) because the spin and
precession axes are already parallel. The gyroscopic (inertial) moment is modeled as

0
. 4
M, :Z:Jr ,; x| 0| €, where J_ is the gyroscopic inertia, namely, that of the rotating part of the
i=1
1

rotor and Q; is the angular rate of the rotor i (i =1, 2, 3, 4).
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4.4. Quaternion Differential Equations

A problem, so called gimbal lock, will appear with the Euler angle & close to 8 =90°, and then the
Roll angle ¢ loses its meaning. To overcome this problem, the quaternion method, which offers a mathemat-

ical notation that allows the representation of three-dimensional rotations of objects in 4D space, is selected
to be the alternative remedy. Above it gives a quaternion dynamics description and proposes a new quaterni-
on-based feedback control scheme for the attitude stabilization of a quadrotor aircraft. In fact, every parame-
terization fails to fully represent rigid body pose in every case. That is to say, Euler angles cannot globally
represent rigid body pose owing to the gimbal lock, whereas quaternions cannot define it uniquely. Although
researchers proved the effectiveness of using quaternions to describe aircraft dynamics, Euler angles are still
the most common way of representing rigid body pose.

5. Aerodynamic Effects

In most of research projects, quadrotor dynamics has often ignored known aerodynamic effects of ro-
torcraft vehicles because only the stability while hovering is the aim, as stated before. At slow velocities,
such as while hovering, this is indeed a reasonable assumption. However, in case of demanding flight trajec-
tories, such as fast forward and descent flight maneuvers, as well as in the presence of the In Ground Effect,
these aerodynamic phenomena could significantly influence quadrotor’s dynamics, and the performance of
control will be diminished if aerodynamic effects are not considered, especially in situations where the
aircraft is operating at its limits (i.e., carrying heavy load, single engine breakdown, etc.). Acting as a propul-
sion system, the aerodynamics of rotors plays the most important role on the movement of the quadrotor
excepted with gravity and air drag with respect to the airframe. The kinematics and dynamics of the rotors
are fairly complex, resulting from the combination of several types of motion, such as rotation, flapping,
feathering, and lagging; normally the last two items are neglectable. The theoretical models based on the
blade element theory (BET) combined with momentum theory (MT) show many advantages such as more
flexible, simpler, and convenient in contrast with the empirical models based on empirical data typically
obtained in the wind tunnel.

Note that the application of helicopter theory to a quadrotor is not straightforward for the reason of
many important differences between conventional helicopter and quadrotor. In order to address the issues,
the specific research, with the aim at a quadrotor vehicle, is necessary to establish full model with complex
dynamics subject to aerodynamic forces and moments. Many works on rotor model have been done based on
the results obtained for conventional helicopters. Blade flapping is of significant importance in under-
standing the natural stability of quadrotors. Since it induces forces in the x - y rotor plane of the quadrotor,
the underactuated directions in the dynamics, high gain control cannot easily be implemented against the
induced forces. On the other hand, the total thrust variation owing to the vertical maneuver also imposes
nonignorable influence on the quadrotor behavior.

5.1. Total Thrust

In case of simplifications in aerodynamic effects, the assumption that a rotor’s thrust is proportional to
the square of its angular velocity is the most common consideration. However, it is proved that this assump-
tion about rotor’s thrust is especially far from reality in the cases of non-hovering regime. The helicopter
literatures give analysis about many effects on the total thrust in more detail, in which translation lift and
change of angle of attack act as the two related effects. As a rotorcraft flights across translation, the momen-
tum of the airstream induces an increase in lift force, which is known as translational lift. The angle of attack
(AOA) of the rotor with respect to the free-stream also influences the lift, with an increase in AOA increas-
ing thrust, just like in aircraft wings.

Applying blade element theory to quadrotor construction, the expression for rotor thrust T is given:

5.2. Mathematical model of 4-rotor UAV and conventional control

When approaching the mathematical description (model) of a multi-rotor UAV in terms of control, it
should be noted that the development of a dynamic UAV model, including its simulation, is necessary first of
all in the aspect of testing in the field of navigation and control in a closed room. The model of dynamic
equations, describing the character and position of the 4-rotor UAV, is a fundamentally immovable construc-
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tion with six degrees of freedom and four entrances. The dynamic model of the 4-rotor UAV system has
already been thoroughly examined, tested and compared to the actual flight test results, therefore, it is suffi-
ciently reliable to be used as a basis for simulating the model, without taking into account the additional
effects that have been investigated in other publications. The modeling process was started from defining the
reference system, with two systems being distinguished in this respect. One of them is the gravitational
system (associated with the Earth), described with axes 0., X, Y, Z, allowing to determine the motion of the
aircraft (not taking into account the rotation of the Earth). In turn, the second system is the structural system
(associated with aircraft), described in the axes 05, Xs, Y5, Z», allowing to determine (in connection with the
gravitational system) the spatial position of the aircraft. The above systems are presented in the figure below
(Fig. 13).

Structural
Wi reference system
b

Y X\}‘L \ w
/X

Gravitational
reference system

Fig. 13. Gravitational and structural reference system

The current position of the 4-rotor UAV is described by three axes (x, y, z) with the center of gravity,
taking into account the gravitational system. In turn, the current height is shown in the form of three Euler

angles (1//,9,¢). These three angles are respectively defined by a deviation(—z <y < ), inclination
Vi T T T

——<@<—=)andtilting (——<p<—).

( > 2) g ( > ¢ 2)

In the next stage of the modeling process was the presentation of kinematic links (relationships) relating
to motion and rotation in the inertial reference system, connected with the Earth to the structural system.

Derivatives with respect to time for angles (1/1,6?,¢) can be expressed in the following form:
[1/},49',¢5T =N (z//,49,¢)a), in which a)=[p,q, r]T are angular velocities with reference to the reference
construction  system, and N(l//,9,¢) IS a matrix that can be represented in the following

0 singsecd cosgsecld
form: N(z,//,¢9,¢): 0 CoS ¢ —sing |. It should be noted that this matrix depends only on
1 singtan@ cosgtané

(w,0,¢) and is reversible in case if its limits on (/,6,¢) are maintained. Analogously, a derivative with

respect to the position time (X, y, z) can be represented as: [u,v,w]T =V, , where V, =[Uy, V,, W, ]T is the
current speed of the 4-rotor UAV in relation to the reference system associated with the Earth. Determining
by V = [u,v,w]T - the current UAV speed, expressed in the reference system associated with the aircraft,

then V and Vo are bound by: V, =R(,6,4)V , where: R(y,0,¢) - describe the UAV rotation matrix:
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cosdcosy (singsin@cosy —cosgsiny ) (cosgsindcosy +singsiny )
R(y,0,¢)=| cos@siny (singsin@siny +cosgcosy) (cosgsinfsiny —singcosy )
—siny singcosé cos¢cosé

For the purpose of creating a UAV model, fully compatible with reality, later in the article some simpli-
fications have been made, among others: the UAV structure is rigid and symmetrical, the rotors are rigid, and
the product of the inertia matrix and the Earth effect can be omitted.

5.3. Aerodynamic forces and moments acting on the rotor

Using the theory of the blade element, it is possible to calculate the forces acting in parallel and perpen-
dicular to the rotor shaft and the moments acting on the shaft and the rotor hub. Assuming that the rotors are
rigid, forces acting parallel to the rotor shaft are defined as a rotor series T, while forces acting perpendicular
to the rotor shaft act on the rotor hub H. In addition, there are two moments acting on the rotor: moment of
resistance My and torque Mz. It can be assumed that the lifting force acting on the rotor blade is an order of
magnitude higher than the resistance. Correspondingly, forces and moments will be defined for each rotor. In
the Fig. 14, forces and moments are illustrated.

Fig. 14. Forces and moments affecting the equator

Thrust results from the forces acting on all components of the blade perpendicular to the rotor shaft,
which can be written as abovementioned.

6. Propeller-type Wall-Climbing Robots

Many efforts have been exerted in the robot’s field which have ability to climb vertical plane. The result
was various types of climbing robots. These robots have a mixture of different principles of adhesion and
locomotion in many applications. Propeller thrust is one of the approaches that has been developed to gener-
ate the required adhesion force to enable the robot to climb walls. Due to the promising merits of this princi-
ple, the current paper deals with propellers-type wall-climbing robots (PRWCRs) and introduces features,
applications and challenges for these robots. PRWCRs are examined depending on a set of given require-
ments. This mechanism has connected between two wide fields: wall climbing robots (WCRs) and un-
manned aerial vehicles (UAVs). For many reasons, each adhesion mechanism has more preference than
others for a specific job; surface requirements are the main of them. Propeller-type WCRs are less affected
by the nature of the surface, where it can climb many types of vertical planes: smooth, rough, and ferromag-
netic or not. On the other hand, most of the introduced designs still have some problems and issues like
transition operation, mission time and payload limitation [5-8].

The tendency of utilizing mobile robots is growing every day in different tasks such as construction,
maintenance, wall- scrub of high-rise structures and screening of storage tanks, and damage observation of
different structures like ships and planes. Therefore, many studies have been conducted along years to devel-
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op wall-climbing mechanisms. In general, wall climbing techniques such as magnetic, suction module,
adhesive material, mechanical claws, micro spine, pneumatic-adhesion, and tether-supported climbing meth-
ods are dependent on the material or the shape of the surface. In addition to the mentioned pneumatic mech-
anisms, the thrust force of propellers is used as another approach. Propellers-type wall-climbing robot
(PRWCR) utilizes the propellers thrust in order to generate the required adhesion force.

As is well known, the climbing robot applications grow with its ability to handle different types of sur-
faces. Therefore, these robots will have a wide utilization in both military and civilian areas. This Item
presents the current state-of-the-art in robots which used aerodynamic thrust generated from propellers, to
climb vertical planes. Usually, research categorizes the WCRs according to the locomotion type as well as
the adhesion mechanism. Since this work is restricted to a certain type of adhesion principle, the robots will
be classified according to their flying ability. The locomotion types of climbing robots and the other adhe-
sion principles was well explained above.

6.1. The general requirements in PRWCR design

Climbing robots must have the ability to mobilize on the interested vertical plane and ability to hold it-
self to the surface when it is necessary. To achieve that, the design of PRWCR should meet some conditions:

e Drag torque. As mentioned before, in PRWCRs, the required adhesion force is generated by high
speed rotors and a drag torque is produced as a result of this mechanism. This torque tends to rotate
the robot body around the spinning axis of rotors in opposite direction. This undesirable torque
should be eliminated by a reversal torque of another rotor system spinning in counter direction.
Therefore, the number of rotors, their speed and distribution on the robot body should be taken into
account.

o Transition. Transition operation in PRWCT has two definitions depending on the flying ability of the
robot. Where, in drone —type wall climbing robot (DRWCR) deals with “transition between modes”:
flying and climbing. For non-flying robot, it is concerned with “transition between planes”: like
ground, wall and ceil. The design of these robots (non-flying type) will determine whether the robot
can achieve one or more of these transition modes. Also, the robots differ in their degree of depend-
ence on propeller thrust during this process. It is assumed that transition happens gradually to mini-
mize the collision intensity with the wall.

o Weight. Lightweight is an important condition in the flying world; therefore, steadily shrinking mi-
croprocessors, actuators and sensors cause an explosion in the popularity of MAV (micro air vehi-
cles). Moreover, a robot that functions in two distinct locomotory modes must make compromises in
weight and complexity to accommodate the different interaction mechanics, control approaches, and
power requirements for the modes of interest. Therefore, a key research problem in the design of
PRWCR robots is to maximize the ratio between thrust output and vehicle weight.

o Safety. To meet the requirement of increasing the robot payload capacity, the electric power needs to
be maximized and the rotor size and motor power should be increased. This design with a high-
power motor and a large rotor would be unsafe to serve in urban area, where serious injuries on the
civilian can occur because of the rotor. Therefore, a rotor guard must be designed for protection and
to prevent any unintentional contact with the structure. The guard is preferred to be made with a
shock-absorbing material with elastic characteristic like EPP (Expanded Polypropylene). In addition,
the robot must attach to the protection rope to protect the hardware of the robot in case of losing con-
tact with the surface especially in the performance testing phase. To increase the mission life, the
power can be supplied and sensor signal and the control signal can be uploaded through the safety
rope if that does not conflict with the task.

o Coefficient of friction. The value of friction coefficient is a crucial issue in wall climbing as its value
will specify the maximum allowable total weight of robot. As it is known, flying vehicles depend on
the weight of the system only, while, in climbing, in addition to the weight, surface topography is al-
so a significant parameter. The vehicle will have sticking capability on the wall, if the total weight is
less than the product of the total thrust force and friction coefficient between the wall and the wheels
of mobile robot. If the frictional force is higher than the critical value, the mobile robot will hold on
the wall. To maximize friction between wheels and the surface and to minimize dependence on rotor
thrust force, wheels themselves should have adhesive characteristics. The required level of thrusters
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is different according to the change of friction coefficient. In the real world, it is hard to estimate
precisely the friction coefficient at the contact point. Therefore, it could overuse energy or fail to
climb the wall.

e Although too much thrust force produces high frictional force but it is inefficient in terms of energy
consumption. To be efficient, the total thrust force should be controlled according to the robot pose,
disturbance, and frictional coefficient and then the robot can operate longer. The accelerometer sig-
nal can be processed and thrust force is controlled to prevent slip, where detecting a drop in vertical
acceleration means change in friction value mostly.

e Power source. In PRWCR, the required thrust force is generated by brushless DC motors. These mo-
tors consume a high-level current. Therefore, it is necessary to secure a sufficient current to power
these motors and to provide a stable power source to feed the motors driving wheels.

e Center of mass location. In addition to flying requirements, the robot center of mass (COM) should
be close as possible to the centroid of the body. Also, in climbing mode, it is more favorable to keep
COM at the nearest point to the wall.

6.2. Drone-type wall-climbing robot (DRWCR)

In the past years, multi-propeller aerial robots have attracted a great interest in civilian and military ap-
plications because of their versatile usability and wide possibility. At a recent time, many researchers have
examined the potential of drone to be a wall climber. The flying - climbing mechanism depends on the
ground vehicle system and the multi-rotor system. Quadrotor is the most common in DRWCR. It is a well-
known VTOL (Vertical Take-Off and Landing). The fundamental idea of DRWCR depends on utilizing
propeller thrust to provide the essential force to adhere on the wall in addition to flying. Based on the combi-
nation of the wheel drive force and thrust force, the friction between the wheel and the wall can be maxim-
ized.

Encouragement. Many reasons have encouraged the development of DRWCRs; these are:

1. Other adhesion principles cannot be applied to various material walls. Meanwhile, these robots are
independent of nature of target wall and do not need any extra infrastructures.

2. Both functions, flying and climbing, are mutually supportive. Thus\, unique environmental conditions
like powerful wind gusts often make it difficult for traditional drones to hover to complete the task. There-
fore, landing on wall is necessary until the situation be suitable. On the other hand, if the robot lose contact
with wall during climbing for any unexpected accidents, the robot can simply fly safely to the ground. Also,
some types of infrastructure inspections require stable contact with structures, and drones are undesirable for
these missions.

3. DRWCR can reach the remote target directly without the need for crawling along the surface, which
makes these robots have high maneuverability. Furthermore, flying enables the robot to overcome the obsta-
cles that exist on walls such as window frames.

4. A single multi-purpose robot is cost-effective than multiple dedicated robots. Finally, as a result of
the close correlation, all works in UAV like innovative designs and researches can be employed to improve
DRWCRs design, also saving cost, time and increase the effectiveness.

Aspects demand attention. Below some aspects should be taken into consideration:

1. The average mission time of the conventional MAVSs is about few minutes. But actually, many tasks
in urban area demand more than that.

2. Multi-function robots may have complexity in both structure and control. But for applications, where
falling to death at any moment is a serious concern, it is probably worth all the hassle.

3. Although flying, perching and crawling operations confer advantages and provides synergies. It also
can double the weight of the vehicle, so it is not easy to be installed with heavy or complicated equipment, in
addition to a corresponding deterioration in flying performance. Therefore, efficient design with light weight
and high strength is essential.
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6.3. PRWCRs model analysis with flying ability

Most PRWCRs have ability to fly. This section presents and discusses these robots. Contact-based in-
teraction on the side of a UAV was formerly introduced by Albers [1] where a quadrotor is endowed with an
additional propeller oriented horizontally to generate a normal force to a vertical wall for cleaning purposes.
No specific design for a manipulator is proposed but rather the addition of a cleaning tool/brush to use such
force output for cleaning purposes, as illustrated in Fig. 15.

Fig. 15. An unmanned aerial vehicle with a fixed brush tool on the side deployed for window cleaning

The collaboration between Disney Research Zurich and ETH produced VertiGo, as shown in Fig. 16, a.
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(i) MTMUR [30].  (j) MMAR [31].

(n) Robot by [36].  (p) Robot by [37]. (q) Robot by [38]. (r) Robot by [39].
Fig. 16. Propeller-type wall climbing robots with flying ability
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VertiGo has the ability to achieve smooth transitioning between the ground and the wall. The robot
chassis contains two adjustable tilting rotors of two degrees of freedom and has four passive wheels supplied
with a suspension system. The front pair of wheels is steerable. The two rotors generate the force required to
drive and attach the robot on floor and wall. Based on the information of a 6-axis IMU as well as two infra-
red distance sensors mounted in front of the robot, the onboard controller then devises the best positions for
all actuators to achieve the orders of human operator with RC (remote control).

For this design, it can be concluded:

e The reaction torque of the two propellers is hard to eliminate by each other. Because the rotational
speed and tilt angle of each rotor are not necessarily identical. These two parameters are directly re-
lated with robot pose requirements.

¢ Including braking system was essential, especially on robots which use passive wheels and adopting
aerodynamic force for navigation. Without this system, it is difficult to track a desired path accurate-
ly by these robots.

e In general, robots with passive wheels are less affected by surface friction coefficient.

e To drive this robot, it is need to control eight actuators. Therefore, this system is relatively compli-
cated.

Related works and comments. Peculiarities of models presented in Fig. 16 are following:

o KAIST (Korea Advanced Institute of Science and Technology) has much support in the field of wall-
climbing robot with a drone platform, called CAROS (Climbing Aerial Robot System). Figure 16,b
shows a prototype of drone equipped with four wheels which work as a differential drive framework.
According to robot design, the transition operation must happen very quickly without depending on
any external structure, where the pose change is impossible to be achieved slowly, as it is easy to ex-
pect that the robot will fail. Therefore, a harsh impact on the wall surface is an inevitable conse-
guence of this operation. To overcome this problem, a suspension system was adopted to reduce the
collision intensity. For structural health monitoring (SHM) application, a wireless vision sensor is
fixed to take the pictures of the structural wall surface.

e Shin et al. presented the micro-aerial vehicle type wall-climbing robot mechanism for the same ap-
plication, as shown in Fig. 16,c. Feasibility has been seen with simulations and indoor experiments.
This robot still has some problems that the system was unsuited for outdoor environment due to the
vibration effect. The vibration effect makes the sensor data of IMU unstable. As a result, it makes
control very hard. Also, the robot was prepared for planar walls and climbing the flat only.

e To address the difficulty and risk of wind blades inspection, a new design was proposed, as shown in
Fig. 16,d which is a quadcopter with four wheels. It can fly, stick, and move on a vertical and non-
flat surface. However, the proposed design was verified only throughout simulations where the man-
ufacturing and the outdoor experiments were proposed as a future work.

e Previous KAIST climbing drones regard only the friction force generated by thruster’s normal force.
To mitigate this problem, W. Myeong et.al. proposed a drone equipped with a rotary arm for climb-
ing, as shown in Fig. 16,e. The arm has two free rotating wheels at both sides, while driving wheels
are installed at the front part of the robot body. The main concept of the proposed system is to con-
trol the thruster direction to the wall. In addition, the arm allows soft attaching and detaching to the
wall. Another purpose of the rotary arm mechanism is to moderate the pose change speed. According
to the angle of the arm, the robot can change its pose against the wall and divide the thrust force into
two components; one is the force that compensates gravity and another is the force that generates
friction. Comparing with a previous version of CAROS, the climbing speed is 8 times higher with a
lower level of thrust force. However, the additional weight of a rotation arm and its high moment of
inertia are unfavorable factors in flying vehicles. This technique pushes COM of the robot away
from the wall, which makes robot highly affected by the disturbances of the surroundings such as
winds. Also, the work of some sensors requires keeping a constant distance to a target object which
cannot be secured with this mechanism.

e W. MYEONG and H. MYUNG developed another approach to address the problem of fast landing
speed in previous version of KAIST climbing robots. The proposed design-based X-configuration
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quadcopter and a tilt-rotor mechanism is combined into the two axes such that the front thrusters and
the rear thrusters are paired respectively, as shown in Fig. 16,f. This mechanism showed a soft land-
ing on wall, and reduced the thrust force for climbing. However, the rotors configuration caused an
air obstruction which led to losing about 25% - 75% of front rotors thrust.

Also, KAIST developed FAROS (Fire-proof Aerial Robot System), as shown in Fig. 16,g. The robot
can help in firefight work by detecting fire or people, as the robot platform is covered with aramid
fiber. The robot design is based on CARQS to navigate through narrow space in case of fire disaster.
When meeting narrow space, the robot is expected to pass through by climbing the wall.

To keep constant distance with wall surface which is an essential condition for inspection tools and
considering a low level of frictional coefficient in the real world, Prodrone Co., Ltd. has developed
PD6-CI-L. It is a self-propelling surface-clinging drone that is able to inspect both ceilings and verti-
cal surfaces for the civil infrastructure inspection market. It has an L-shape with six rotors: two ro-
tors in horizontal plane and four rotors in vertical plane. Three pairs of wheels are distributed to the
corner and both ends of the body to move on the surface during inspection, as shown in Fig. 16,h.
PD6-CI-L does not inspect while hovering, but instead uses negative pressure to cling directly to the
target surface. PD6-CI-L design has advantage in providing safe, smooth and quick transition from
flying to climbing mode and between wall and ceiling. Yet, the L — shape keeps the COM away from
target surface. This system contains high numbers of actuators, which requires a high degree of co-
ordination between these motors to keep continuous contact with the surface.

MTMUR was introduced to address the problems of inability of the robot to adapt to different ter-
rains and reduce the cost of multiple dedicated robots. MTMUR is a bi-copter, multipurpose robot
capable of flying, and moving on ground and water with wall climbing ability, as shown in Fig. 16,i.
During climbing, the thrust of the propeller is directed in the opposite direction by changing the axis
of rotation. Once the robot sticks against the wall, with the help of differential driven wheels, it
moves over the surface of the wall. As the robot is supposed to deal with different terrains, MTMUR
needs to satisfy many requirements, which may affect the general performance of the system such as
mission time. However, MTMUR is only a suggested design and has not been implemented yet.

Figure 16, j shows an aerial manipulation, MMAR, a robot designed by X. Ding et.al. The structure
of MMAR includes two identical manipulators and four fixed-pitch propellers. Each manipulator has
two joints. The two joints rotate in a plane, which is normal to the main body of MMAR. The two
manipulators of MMAR can be utilized as undercarriage when it touches down on land, and can be
used as arms for operating when it is in flight mode. When MMAR is in wall-climbing mode, the ro-
bot will be in contact with the surface by two wheels at the end of manipulators and the manipulators
can be used as legs to support it on the wall. The manipulators succeeded to provide safe and gradual
transition to climbing mode, and control the thrust force applied to wall. But it has disadvantages of
complexity of the control system, increasing the total weight and inertia of the robot, and coupling
interference with the robot body. Also, during climbing, the arms joints must be powered enough to
withstand the applied torque by the propellers thrust force.

The limitation in battery life can be compensated by perching mechanism, where the rotors are
turned off to extend the life of the battery. From this viewpoint, Pope et al. introduced SCAMP, as
shown in Fig. 16,k. A small robot is SCAMP that combines a commercial quadrotor (Crazyflie2)
with perching and climbing ability inspired by various animals like insects and birds. It can fly out-
doors and land on unprepared walls made from stucco or concrete. However, the perching and
climbing gears reduce the UAV’s flight time by 30%. SCAMP has two more different things than
other DRWCR, the positive one: it is quiet during climbing, while the negative is that SCAMP still
has restriction to the surfaces because of the use of spine for moving. Also, it has long tendons and
the propellers are installed at the robot side which is close to the surface. Therefore, there is possibil-
ity that those propellers or the tendons hit the surface with unexpected protrusion.

To protect the blades from touching the structures and keep a fixed distance with the target that will
be inspected, a novel UAV with two wheels is introduced. This robot was designed for bridge in-
spections, and was tested on real bridges, as shown in Fig. 16,m. The robot consists of two passive
wheels that are installed on both sides of the quadcopter. While testing the robot, two problems in
the structure appeared: (1) the wheels and wheel shaft strength were low because these parts are built
to be light as possible, (2) due to the design of wheels, the air resistance increases.
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The treatment of these issues were proposed, as shown in Fig. 16,n. Where a quadcopter is installed
inside a cage of cylindrical shape. Two spoke less ring-shaped wheels were attached to the protector.
Those wheels could rotate freely with respect to the quadcopter. This design reduces the air re-
sistance and improves durability of the UAV.

There are some related designs introduced by Mizutani et al. and Briod et al. who developed a UAV
inside a spherical shell rotating passively, as shown in Figs 16,p,q). Their studies demonstrate that
the spherical cage is efficient for flying through complex structures or in limited areas, where touch-
ing the surrounding environments is possible. However, according to these designs, it is difficult to
constrain the locomotion on the plane surface because of protector shape. That means, operating the
UAYV manually is still hard.

Also, the cage interferes with camera, which is installed on the UAV to capture images, due to pas-
sive rotating of protector around the robot. Kawasaki et al. improved a dual connected bi-Copter.
This UAV can effectively climb walls and run on the ground, but it requires a special flight control-
ler and additional actuators to work because of its very specific structure, as shown in Fig. 16,r.

6.4. Unable to fly PRWCRs

This category of robots represents the oldest WCR introduced. Hence, Nishi in 1991 developed a climb-
ing robot adopting the thrust force of two rotors. The tilt angle of these rotors can be manually adjusted, as
shown in Fig. 17,a. The robot was also equipped with two pairs of passive and non-steerable wheels. There-
fore, the robot cannot make turn.

NN \ \ \
(a) Robot by [40]. (b) Robot by [41].

(2) Robot by [46]. (h) UOTWCR-II [47].

Fig. 17. Unable to fly propeller-type wall climbing robots

Related works and comments. Peculiarities of models presented in Fig. 17 are following:

Kinki University developed climber robot which has two driving wheels and adjustable tilt rotor with
a pair of AC brushless motors. These motors were attached to the set of coaxial propellers to provide
the adhesion force. Also, two rollers with dampers and springs were connected to the rear caster
wheels at the end of the robot, as shown in Fig. 17(b). By changing the tilt angle of the thruster, the
robot has the ability to reversibly vary its configuration top and bottom. This merit is helpful for
quick and small turn in narrow environments with floors or walls. Because the thrust force was in-
sufficient, the climbing test on a vertical wall is not carried out for this model. But it is experimented
that the robot will not slip down on an inclined wall with an angle of 60 degrees. On the other hand,
the caster wheel which has been used in the robot may hinder the robot movement, since it is diffi-
cult to steer this type of wheel on wall and its direction will be submitted to gravity effect.
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e For visual inspection, EJBot-I and EJBot-Il were introduced, as shown in Figs 17,c,d respectively.
The experimental tests showed that robots are able to overcome obstacles up to 40mm. EJBot-1I used
a flat track to increase the friction. Nevertheless, tracks are not efficient during transition between
ground and wall, as the flat tracks configuration would not pass inner corners without a high torque.

o Kasetsart university produced climbing robot which is broadly similar to VertiGo with less capabili-
ties, as shown in Fig. 17,e. Where, this robot design does not include steering and suspension sys-
tem. Also, each rotor has one degree of freedom. The advantage of this design is simple to control
than VertiGo but with sacrifice the maneuverability and other operations like transition, turning and
flying.

e Many studies have been conducted to develop infrastructure-based wall-climbing robots because of
their features. ROPE RIDE is one of these robots with cable-driven and triangular tracks to climb
obstacles. Two propeller thrusters are adopted, in order to efficiently keep the contact with the wall
during climbing, as shown in Fig. 17,f. But ROPE RIDE has relatively heavy weight, huge size and
trouble in detachment/ attachment of the cleaning unit. To improve these shortcomings, a new plat-
form has been introduced, as shown in Fig. 17, g. Where, the overall weight and size of the new plat-
form are decreased approximately by 50% and 17% respectively.

o University of Technology (Baghdad/lraq) presented UOTWCR-II. It is a novel design of PRWCR
which can climb different surfaces. UOTWCR-I1I design supported two ground navigation modes.

e Also, these modes provided two various transitioning scenarios between ground and wall, as shown
in Fig. 17,h. To extend the robot mission life, the limitation on power source was overcome by pro-
posing mechanism of perching.

Finally, Table 3 presents a complete list of climbing robots according to the above-mentioned classes
with application tasks.
Table 3. A complete list of climbing robots PRWCRs

ROBOT Country Application Locomotion Flying ability
. us/ B :
VertiGo Switzeriind Filming as well as a fun product Passive wheel  yes
- South Korea SHM Driven wheel  yes
- South Korea SHM Driven wheel yes
- South Korea Inspection of wind blades Driven wheel yes
) s v SHM, _ maintenance and visual e wiied yes
inspection
- South Korea - Passive wheel  yes
FAROS South Korea Firefight Driven wheel yes
PD6-CI-L Japan Clyll infrastructure  inspection\ Diiver-whesl yes
shipment

Search and rescue, mapping,

MTMUR India : s
surveillance military purposes

Driven wheel yes

MMAR China - Legged wheel yes
SCAMP usS Rescue, Surveillance Fe; Ul Saul yes
spines
- Japan - Passive wheel  yes
Spokeless
- Japan SHM wll)leel yes
- Japan SHM Spherical Shell yes
- Switzerland search and rescue Spherical Shell yes
- Japan Multiple fields Passive wheel  yes
- Japan Wall inspection Passive wheel no
- Japan - Driven wheel no
3 5 Wheel
EJBot-I/11 Egypt Inspection of petrochemical vessels sk no
- Thailand - Passive wheel no
ROPE RIDE South Korea Cleaning/painting/ inspection Rope no
- South Korea Cleaning/painting/ inspection Rope no
UOTWCR-II TIraq Multiple fields Driven wheels no

According to their flying ability, which represents the most distinguishing feature for this type of climb-
ing robots, propeller -type climbing robots applied in different applications and have been classified. Also, a
comprehensive table of the studied robots has been presented along with their applications, locomotion
mechanism, and flying ability.
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From this study [9-14], it can be stated that:

o Propeller-type WCR has no surface constraints and can trade with various kinds of surfaces: smooth,
rough, and magnetic and non-magnetic. Yet, it has restriction in life assignment.

o PRWOCRs have large-scale applications and can be found with most types of locomotion principles.

o DRWCRs are multimodal robots and have intrinsic ability to maneuver, but this was at the expense
of significantly increasing in the vehicle weigh, besides the adverse impact in flying mode perfor-
mance.

o Despite the success of adjusting the thrust direction in variable-tilt rotor mechanism, it has draw-
backs in complexity, and serious coupling interference with motion of the main body.

e The drones inside cages have non continuous contact to the wall surface and it can be said that they
hover near the wall more than climbing.

e The main disadvantage of dispensing with the driving wheels and entirely dependent on aerodynamic
system for moving is that it is hard to have a precise gait.

e Generally, propeller-type WCRs face challenges in transition operation, and the proposed solutions
often lead to increasing the total weight, inertia, the height of robot center of mass and system com-

plexity.

7. Wall-Climbing Robot Using Propulsive Force of Propeller — Example

According to the adsorption method, described above, the robot can be divided into vacuum negative
pressure, magnetic adsorption, bionic, and reverse thrust. According to the movement mode, it can be divid-
ed into wheel, crawler, foot, and wheel-foot compound movement. Vacuum negative pressure robots are
mostly used on walls with relatively smooth walls and are widely used for cleaning glass walls, but the
adsorption surface is prone to gas leakage, and the wall surface has high requirements for flatness and almost
no obstacle crossing ability. Magnetic adsorption wall mobile robots are mostly used for the inspection of the
inner and outer surfaces of large metal utensils. They are only suitable for the walls of magnetically conduc-
tive materials, which have poor wall adaptability. Bionic wall mobile robots are based on the use of bionics
to make adhesive materials and attach them to the wall contact structure to adhere to the robot; biomimetic
nature animal foot characteristics for paste or hook. This adhesive material is not self-cleaning, the driving
control is complicated with fuzzy hook. In recent years, many scholars and research institutions have carried
out a lot of research on anti-thrust wall adsorption robots. Alkalla Mohamed G and others have successively
developed EJBot | and EJBot I, which can be applied to a variety of vertical wall robots. Shin, Jae-Uk and
others used a multi-axis rotorcraft to turn around 90_ and attach it to the wall after taking off from the
ground. During the attaching movement, the robot body control is more complicated.

This item uses dual propellers as the reverse thrust power unit, and the front wheel differential steering
power unit. Design and plan the robot movement from the ground to the wall, analyze the stable adsorption
conditions of the robot wall, and carry out the robot’s motion performance and adaptability test under differ-
ent ground/wall environments. According to the reverse thrust of the propeller, the robot makes the robot
move forward, backward, and cling to the ground/wall surface stably. The robot is not affected by the contact
medium, the shape of the contact surface, whether the contact surface is smooth, and the unevenness of
convexity and concave. The robot has a simple structure and control, easy operation, and excellent motion
stability.

7.1. Robot design

The robot is composed of a front and rear platform frame, a front wheel drive system, a rear wheel driven
system, two rotor power drive unit, a hinge connection unit, a control module, and a communication module.
The overall model of the robot is shown in Fig.18.

The rotor power is driven by the paddles installed on the brushless motor, and the brushless motor is in-
stalled on the connected fixed frame. The angle of the rotor is adjusted by the steering gear, and the rotor is
fixed on the front and back moving platform, respectively. They are what provide the necessary thrust to hold
and maneuver ascension while it’s on the wall and while it’s on the ground. This project uses two 10-inch
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propellers because they are smaller and lighter while still providing sufficient thrust. This size propeller also
allows for smaller rotating mounts, which ultimately results in a small chassis. n order to control the overall
weight of the robot, the body of the robot mostly uses 3D printed parts, and the platform frame is made of a
composite of carbon fiber and honeycomb material.

rotor power drive Dc drive

motor

steering
e teering
engine

Fig. 18. Overall diagram of multi-mode wall mobile robot

The propeller reverse thrust robot uses the brushless motor to generate the reverse thrust to make the ro-
bot obtain the force of adsorption on the wall. By adjusting the change of the tilt angle of the front and rear
rotors, the robot produces different motion effects. The robot movement process mainly includes ground/wall
moving and turning, ground climbing to the wall, wall-to-wall, and wall-to-ground motion modes. During
the movement of the ground/wall, the front drive system of the robot mobile platform drives the mobile
platform and the driven system to move forward, backward, and turn. The robot motion plan is shown in Fig.
19.

counter rotation

the wall adsorbs steadily and
moves forward

stable wall adsorption

from the ground up the mu/‘

mitial state the ground forward

fotor rotating

ground
(a) robot turning: differential steering (b) robot forward, upper wall and wall movement

Fig. 19. Example of transfer sequence between walls

Figure 18,a is a schematic diagram of the robot’s turning, which is turned by the front wheel drive mo-
tor differential speed. Figure 19,b is an example of the robot moving from the ground to the vertical wall. In
general, change the tilt angle of the front and rear rotors to adjust the robot’s movement posture, and then the
moving process of the mobile robot. When the robot approaches the wall from the ground, the front rotor
power mechanism rotates 180° to generate an upward pulling force perpendicular to the robot’s forward
direction. The front wheel mechanism can be raised, and under the action of the forward thrust of the rear
rotor, the robot transitions from the ground to the wall. When the rear wheel is attached to the wall, the front
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propeller changes its angle, and the lift is transformed into the thrust of the suction wall. Under the combined
action of the front and rear propellers, the robot sticks and moves on the wall. In order to plan the robot
motion process, it is usually necessary to obtain the robot motion state, which must be sensed and planned by
some sensors attached to the robot itself.

It is estimated that the propeller output reverse thrust is also proportional to the controller output cur-
rent. Rotor reverse thrust test experimental device, including battery, digital display tensile tester, brushless
motor, paddle, electronic governor, receiver, remote control, etc., as shown in Fig. 19.

Fig. 19. Experimental device for reverse thrust test of pro thrust test of propeller motor

7.2. Robot Electrical System Design

STM32 6-way Arduino is selected as the underlying embedded controller, and the internal measurement
unit is IMU (Inertial Measurement Unit). It uses a combination of angular velocity meter and gyroscope
sensor to construct a system detection unit to determine the angle and angular velocity of the robot. An
Intertia Measurement Unit, which is a combination of accelerometer and gyro sensor, is used to construct the
observer system in order to determine the robot angle and angular velocity. Two 60A BLDC ESC is used as
a brushless motor driver, which can drive each brushless motor up to 60 A continuous driving current. Two
servo motors are used to control the change of the inclination angle of the rotor, two quadcopter motors are
used, they need more power to operate. This means a bigger battery is needed. For testing times and run
times of around five minutes operating the motors at full speed as well as powering the processor, IMU, and
servos, a 4 cell 4000 mAh battery is used. The transmitter/receiver pair is used for long range control of the
vehicle. It operates using a 2.4 GHz frequency, which can allow for ranges up to 20 m of control. The re-
ceiver outputs a PWM signal to the on-board processor, which then determines the user’s desired direction of
travel. The electronics system is shown in Fig. 20.
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Fig. 20. Electronics system

In order to obtain the maximum traction force of the robot under different tilt angles of the rotor, the
horizontal tension value of the mobile platform of the robot in different gears and different rotor tilt angles is
measured with a spring tension meter (considering safety and laboratory site restrictions, the maximum gear
of the robot is only open during actual measurement to 6 gears, 10 gears are designed), as shown in Fig. 21,
the robot traction force measurement under different rotor tilt angles.

Fig. 21. Robot traction measurement under different rotor tilt angles

As the robot moves from the ground to the wall at a small angle, the robot moves directly to the inclined
surface at the initial speed of the ground. When the inclination angle of the bottom plate increases to a cer-
tain extent, the robot touches the bottom plate from the ground.

The impact force can easily cause damage to the robot structure, so the small-angle slope ground-to-wall
motion test is designed to 45°. As shown in Fig. 22, describe the robot’s movement from the ground to 20°,

25°and 45°.
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20° slope 25° slope 45° slope
Fig. 22. Robot stable motion test under different slopes

As the angle of the inclined plane increases, a larger rotor inclination angle and blade rotation speed are
required.

In order to measure that the robot can be stably attached to the vertical wall, the robot is hoisted on the
vertical wall. To prevent the robot from rushing out of the wall, a certain length of soft rope is installed under
the robot so that the robot can move within a certain range of the wall. The robot wall surface stable adsorp-
tion movement process is shown in Figs 23,a-h. (a) Initial state; (b) Movement start; (c) Rotor tilt angle
adjustment; (d) Rotor tilt angle adjusted to 60 _, the upper end rope starts to relax; () The upper end rope is
completely loose; (f) The robot starts to move upwards; (g) The bottom limit rope is straightened, and the
robot can be completely adsorbed on the wall; (h) The speed of the blade is reduced, and the robot falls.

Fig. 23. Stable adsorption movement process of the robot wall [2]

During the test movement, the upper and lower traction ropes in Fig. 23, d—f are in an unstressed state,
the maximum rotor speed of the robot is 7 gears, and the robot can stably adsorb on the vertical wall. The
smooth progress of the experiment lays a good foundation for carrying out ground to wall compliant control
of the robot in the later stage.
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A dual-propeller wall-climbing robot that can stably adsorb on a variety of different walls is designed.
By analyzing the robot’s movement from the ground to the wall and the robot’s stable adsorption conditions
on the wall, a dual-propeller-type wall mobile robot is produced. The robot climbing experiment under a
small slope and the 90° slope stable adsorption experiment verified the feasibility of the robot moving stably
on the vertical wall.

With regard to the future work, it is significant to build WCRs with more capabilities such as high speed
of operation, high energy efficiency, and sufficient payload.

8. Wall-Climbing Drone Capable of Vertical Soft Landing Using a Tilt-Rotor
Mechanism - Example

Wall-climbing drones have many applications, including structural health monitoring of civil structures,
such as bridges and high-rise buildings, cleaning of solar panels to improve power generation effciency, and
airplane visual inspections. For these applications, the drone requires a high-payload capacity, and conse-
quently the size and weight of the drone increase. The drone also should not damage the target structures
considering the purpose of its mission. The previous versions of a wall-climbing drone could have high-
impact force on the surface where the drone perches and on the platform itself because of the impact caused
by a fast pose change and landing speed. In order to overcome this potential risk, a mechanism and a control
algorithm for perching on a vertical surface through low-speed pose change are proposed [3].

8.1. Configuration of drone platform

The drone platform is based on an X-configuration quadcopter, and a tilt-rotor mechanism is incorpo-
rated into the two axes, such that the front thrusters and the rear thrusters are paired. The vertical soft-landing
mechanism using the tilt-rotors is validated by the experimental tests of the prototype. The basic mechanisms
and strategies for vertical soft landing and wall-climbing with neccesary symbols description in Fig. 24
introduced.

Wall Wall

A1)

- : tilt angle for front thrusters in drone body frame

0, : tilt angle for rear thrusters in drone body frame

6 : tilt angle w.r.t. the wall for front thrusters
during stabilization

a : pitch angle of a drone w.r.t. the wall X

y 0, : tilt angle w.r.t. the wall during wall-climbing
F, 1) thrust force of front thrusters

F, 3.4 thrust force of rear thrusters
F,  : friction force between the wall and a drone

@ (b)

F, : required thrust force for wall-climbing

Fig. 24. A free body diagram and used symbols during (a) stabilization process and pose change (b) wall-
climbing

The soft-landing procedure is aimed at low-impact perching on vertical walls such as facades of high-
rise buildings, and it consists of three steps: stabilization process, pose change, and being ready for wall-
climbing (sticking) mode. For perching, the drone changes its pose along the pitch angle direction using only
two actuators for the tilt-rotor mechanism. The angular range of the tilt mechanism is 180° in order to make
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the direction of the thruster normal to the wall when the drone sticks to the wall. Before changing its pose, in
order that the first contact point is fixed to the wall and acts as a hinge point, various perching mechanisms
such as suction cups and an adhesive gripper were developed. The stabilization method of our proposed
system is conceptually similar to the wall-sticking principle of CAROS. Once the drone contacts its head to
the wall, it starts to change the tilting angle of thrusters adjacent to the wall, generating frictional force
between the drone and the wall. This state is similar to the state of wall-sticking of CAROS except that the
remaining thrusters still try to maintain the hovering state of the drone. Without loss of generality, we as-
sume that the wall is perfectly vertical. When the tilting angle, &, is 90° that is, the direction of thrust force
is normal to the wall, all the thrust force is used for making frictional force, as in CARQOS. This is not a
favorable condition with a low friction coefficient because a large normal force is required (see, Remark
below). Therefore, assuming that the drone only uses the same level of thrust force as in the hovering state,
the drone can maintain the force equilibrium against gravity by changing the tilting angle for stabilization.

Remark. The wall-sticking mechanism is based on the friction force at contact points, which is caused
by the normal force to the wall generated by the thrust force for flight, the friction coefficient is a very im-
portant factor and the energy efficiency is greatly affected by the unknown friction coefficient. Due to the
uncertainty of the surface condition, for example, the irregular shape or various contaminants, ideal condition
with a high friction coefficient cannot be assured. For the same reason, when CARQOS perches on the wall,
assuming a low friction coefficient, the pose of the drone should be swiftly changed with large thrust force to
maximize the normal force to the wall. From the viewpoint of protecting the wall and the drone, impact from
high speed for perching is not favorable.

Although the tilt mechanism for drones has high potential to broaden the application area, only
a few commercial racing drones use tilt mechanism to increase the speed. Because the payload of
drones is very limited, an additional mechanism could decrease the operation time and the energy
efficiency. Considering these limitations, we aim to develop a tilt-rotor-based wall-climbing drone
using a minimum number of actuators. Using only two actuators, the drone is designed to perch on
the wall with gentle motion and climb the wall with higher energy efficiency.

Assuming that the drone only uses the same level of thrust force as in the hovering state, the
drone can maintain the force equilibrium against gravity by changing the tilting angle for stabiliza-
tion. The FBD (Free Body Diagram) can be formulated as follows in Fig. 25.

F,ysinf

F/ (1,2) ’ i Wl

F, 1y cos 0

Fig. 25. A free body diagram in the stabilization process

The relationship between the friction coefficient and the required tilting angle is described as following:
1-cosé

, Where @ is the tilt angle for stabilization.
sin@
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While the tilting process is performed, a PID (Proportional Integral Derivative)-based flight controller
still operates in the same manner as normal flight status. Therefore, if slip-page is detected by measuring the
angular acceleration from an IMU (Inertia Measurement Unit), the thrust level at the front side naturally
increases. When the ratio of the front thrust to rear thrust is over a specific threshold, the drone stops tilting
and proceeds to the next step. The friction coefficient x is approximately estimated by the maximum tilting

angle 6.

Theoretically, if the friction coefficient is 1, the tilting angle can be 90 degrees. However, since this aer-
ial drone plat-form is based on an X-configuration quadrotor (see Fig. 26(a)), the airflow from front thrusters
is obstructed by the rear structure of the drone with 90 degrees tilting angle, as shown in Fig. 26(b).

(W ! wail

(b)

| 4 Wall
Support (375 r y
S 5 4 .
X

Fig. 26. Obstruction of airflow in an X-configuration quadrotor layout design (a) Top view (b) Side view
when tilting angle is 90° (c) Side view with different tilting angle

Wall

arm

(a) (c)

Then it is difficult to deal with accidental slippage with limited angular speed of the tilt-rotor mecha-
nism. Therefore, as in Fig. 26(c), the tilting angle should not be 90 degrees, but rather about 35 to 45 degrees
practically, which is also related to the pose change process.

Though stabilization process is not affected by the obstruction of airflow, obstruction is inevitable dur-
ing pose change process because of the X-configuration design. If the air obstruction occurs at a specific
pose of the drone, it defines it as an intersection zone. The range of the intersection zone is determined by &
as shown in Fig. 26(c).

As shown in Fig. 27, to control the tilting angle to the wall, &, we have to determine the range of inter-
section zone and other phases as well.

First phase ‘
Second phase —— ‘
Intersection | Airflow

zone

Third phase

Fig. 27. The pose change process (tail-down) and FBD for the torque. Angle symbols are expressed for the
third phase except 8, for the first phase
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Before the second phase of entering the intersection zone, the drone starts to change its pose while
maintaining the direction of the forward thrusters against the wall. At the same time, the tilting angle of the
tail-side thrusters, 6,, becomes (90—0{)0 as the direction of thrusters becomes vertical where « is the

pitch angle of the drone to the wall that can be acquired from the IMU. This posture is advantageous to
prevent falling accidents by aligning rear thrusters to the direction of gravity force. With this condition, the

angle of the rear thrusters increases as the pitch angle to the wall, «, decreases as follows: 6. = (90—a)0.

Regarding the range of the intersection zone, 6, should be close to 90 degrees as the rear thruster direction

aligns with the direction of the airflow of thrusters at the front side and prevents the sidewall of the rear
thruster from directly blocking the airflow. Under this condition, smaller tilting angle of forward thrusters,
0, , is better as long as the sticking force to the wall is sufficient. Otherwise, large tilt angle leads to obstruc-
tion of the airflow, which can lead to falling by slippage. Another strategy to overcome air obstruction in the

inter-section zone is to decrease the duration in the intersection zone by rapidly increasing the angle of the
forward thrusters to the wall at the moment of entering the intersection zone, as described in Fig. 27.

After passing the intersection zone, assuming the first contact point is a hinge support, the thrust force

Fua;4) causes a torque and the drone's body leans toward the wall. The torque at the first contact point A, Ta, is
mg . .
expressed (se, Fig. 28(a)) as follows: T, =1 (7gsma— Ft(3'4)5|n a], where | is the body length of the

drone.

F,;34sina

Fig. 28. (a) FBD without pitch offset a

However, as the pitch angle of the body « decreases, the thrust force may not generate the torque for
pose change, since Ta approaches to 0 when « approaches to 0. We define pitch offset angle

¥ as the additional tilt angle for rear thrusters to generate the torque for pose change, as described in
Fig. 28(b). We determine y in the attitude control mechanism for the third phase. Depending on the angle

mg . :
7 , the torque can be generated as follows: T, =1 -(Tgsm (a0 +7)=Fqsin aj :

PID control mode. For the attitude control, two PID controllers are used for controlling th) and y,

respectively. The pose error @ is calculated as follows: 6 = 0, —6, where 6, is the target pitch angle of the

drone and @ is the drone's current pitch angle estimated from the IMU. Then, the control values of the rear
thrust level 61(3'4) and pitch offset angle 57 are calculated based on the pose error (é) as follows:

87



OneKTPOHHbIV XypHan «CUCTeMHbIN aHanu3 B Hayke u obpasoBaHum»  Beinyck Ne3, 2022 rog,

t .
%4) =Kp0+ K,Ijﬁdt +Kp, 0, where K;, K, K, are coefficients for the proportional, integral, and
0

t .
derivative terms for thruster control, respectively, and &, = K, 6+ K I@dt +Kp 6, where K, , K, K,
7 7 0 v s Y 4

are coefficients for the proportional, integral, and derivative terms for pitch offset angle control, respectively.

8.2. Wall-climbing mode

After a pose change, in order for the airframe to stay on the wall with minimum thrust force, the drone
enters the wall-climbing mode. Under the thrust level same to the hovering state, it adjusts the direction of all
thrusters with the estimated friction coefficient from the stabilization process. According to the relationship
between the friction coefficient and the required tilting angle, the direction of thrusters is calculated. Another
purpose of the tilt mechanism is to climb the vertical wall efficiently. The tilt mechanism helps the drone
stick to the wall with a low friction coefficient by mitigating the dependency on the friction force generated
by the normal force to the wall surface. The relationship between the required thrust force and the friction
coefficient can be represented as follows:

___mg _ mg
F, +cos@, usiné, +cosd,

a

where F, is the required thrust force for wall-climbing, @ is the tilt angle with respect to the wall, and

F+ is the friction force caused by the normal force to the wall. F; is directly proportional to the friction coeffi-
cient u .(see, Fig. 29)

Wall

= uk,cos 8,

Fy (=mg) X
Fig. 29. FBD for wall-climbing with tilting angle

The required thrust force drastically decreases as the tilt angle @, decreases in the low friction coeffi-

cient environment. Depending on the friction coefficient, there is a range of tilt angle that requires small
thrust force and a specific optimal angle with minimum required thrust force. Due to the reduced required
thrust force, the energy efficiency can increase.

For flight stability, a general MAV (Micro Aerial Vehicle) has design principles and constraints.

e First, most drones consist of a main body at the center, support arms connecting thrusters with the
main body, and landing gears. To maximize flight stability, the main body is located at the center of
the drone to ensure that the center of mass is located at the center of the drone and to minimize the
moment of inertia.
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e Second, from the main body, support arms are arranged radially or symmetrically. The connecting
material should be rigid and should not transfer vibration. If it is not rigid, the thrust force will not be
fully delivered to the main body, and as a result a feedback controller such as the PID controller will
not work well because of incorrect feedback information.

e Third, the parts containing heavy components such as the battery, electric devices, and landing gears
should be placed near the center of gravity as long as they do not hinder pitch or roll motion. This
condition increases flight stability and helps pose change with small thruster force.

Under these design constraints of the typical MAV structure, there are practical difficulties in applying
the tilt-rotor mechanism. In particular, the propeller's large diameter makes applying a tilt mechanism harder
in that the propeller size increases in proportion to the payload according to the momentum theory or actua-
tor disk theory. In order to carry 2,500 to 3,000 g of payload with a moderate flight time, the required propel-
ler diameter is about 10 to 12 inches.

Like this, as a normal propeller requires large diameter and volume for tilting, a duct fan unit can be
considered as an alternative. Most importantly, it can save space because of its smaller outside diameter of
about 70 mm. The overall layout of the main body frame is based on a general X-configuration quadrotor.
Two thrusters are connected with a tilt arm and rotate together along the tilt axis as shown in Fig. 30 (a).

Tilt axis

@ (b)

Fig. 30. (a) Mechanical design for the drone's transformation; (b) The drone approaching the wall with an
approach angle

Considering that the pitch and yaw angle in the body frame is very small in a moderate flight state, the
drone has two sonar sensors measuring the distance to the wall, D, Dg, and calculating the approaching
angle to the wall, 7, as shown in Fig. 30(b). When the drone detects a specific distance of about 10 to 150
cm from the wall, the landing assistant system is activated to make the drone's heading normal to the wall by
decreasing the approaching angle and maintaining the altitude from the ground. This self-alignment system is
working in the high-level flight controller for yaw motion control and thrust level control by using z-axis
acceleration and altitude information H, as illustrated in Fig.30(b).

In step 1 of the control algorithm, the drone reads sensor data D gy, C(r), and AcCuy.»). Using D gy, the
drone computes approach angle, 7, as in Fig. 8(b) and adjusts the heading angle of the drone to be aligned
with the wall. At the same time, the drone checks whether the front part of the drone contacts to the wall for
the stabilization process.

In step 2, the drone starts the stabilization process and measures tilt angle of front thrusters to determine
whether the stabilization process is finished.

In step 3, after the stabilization process, the drone proceeds to the second phase of pose change before
the intersection zone. As mentioned before, the obstruction area is determined by tilting angle to the wall &.
The drone can determine whether the drone is before or after the intersection zone by comparing & with the
pitch angle of the drone.

Finally, in step 4, the drone starts the third phase of pose change right after the intersection zone.
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In this process, the drone decreases the pose change speed to the target speed and finally enters the final
landing process.

When the pitch angle of the drone reaches 909, the landing process is finished.

As mentioned before, during pose change, there is an inter-section zone where the airflow of the thrust-
ers at the front side could be obstructed by the structures of the thrusters. The effect of decreasing thrust
force caused by air passage obstruction is verified by an experimental test as shown in Fig. 31. In the exper-
iment, a drone is installed on a linear guide, on which the drone moves freely along the guide rail.

The thrust force of right thrusters in Fig. 31(a) is set to 16 N equal to the hovering or stabilization level,
and the tilt angle of the other thrusters, 6,, confronting airflow of right thrusters is varied from zero to 90

degrees. We used a force gauge to measure tensile force caused by thrust force of right thrusters to verify the
effect of the air passage obstruction. Fig. 31(b) shows the result of experimental tests. The result shows that
as the tilt angle becomes close to 90 degrees, the tensile force is decreased. On the contrary, the closer _r
gets to zero, the less air obstruction is caused and consequently the net thrust force increases. To overcome
this platform limitation, we separated the pose change process into three phases depending on the intersec-
tion zone as in Fig. 32.

16 I mm o e --- w/o

air obstruction
-w}Thrust force

Linear guide rail

5 N
/

Tensile force (N)
/
/

Force gauge

0 20 a0 60 80 100
@ Tilt angle &, (deg)
(b)

Fig. 32. Experimental test for the effect of the obstruction of airflow. (a) Test setup. (b) Test results

The main contribution is to mitigate the impact of perching by controlling the pose change speed with a
tilt-rotor-based airframe. Since the non-tilt approach only changes its pose as fast as possible to prevent
falling by slippage, the impact could be high enough to damage the wall or the drone itself. Therefore, exper-
imental tests are conducted to verify the performance of the mechanism and control algorithm by measuring
the angular speed of the pose change and comparing it with that of a non-tilt approach. In the experiment, the
target angular speed set to 1.0, 3.0, and 5.0 deg/s for the proposed approach, and measure the angular speed
with an IMU installed for flight control.

The non-tilt approach changes its pose within 1.5 seconds and the average angular speed is about 84.72
deg/s, which is significantly higher than the soft-landing approach. Consequently, the experimental tests
show that the proposed system allows the drone to perch on a vertical wall with a desired angular velocity
and guarantees a soft landing. In order to verify the effect of reduced perching impact, we installed an accel-
erometer on the drone and target wall, compared acceleration data, and calculated the impact for both ap-
proaches. Regarding the non-tilt approach, when the front part of the drone firstly contacts the wall, low
level of impact force occurs. Within 1.2 seconds, a drone completes perching process by changing its pitch
angle and the rest of its body bumps into the wall. On the contrary, in proposed approach with the pose
change speed of 5 deg/s, the impulse level of the first contact is the same with the non-tilt approach; howev-
er, the impulse from the second contact was significantly decreased to 0.05 kg m/s.

Figure 33 shows an exemplary tail-down perching process using a tilt-rotor mechanism.
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(©) (d)

Fig. 33. Experimental test for the proposed perching (a) the first contact and starting stabilization (b, ¢) pose
change (d) the second contact and completing perching process

Wall-climbing tests are conducted to verify energy efficiency of tilt-rotor mechanism. The surface mate-
rial of the wall is tempered glass and the material of the wheel surface is 1 mm-thick silicone sheet. By using
a force gauge, the average friction coefficient between them is measured to be 0.53. From 40 to 80° of tilt
angle, the drone can climb the vertical wall with lower energy consumption than that of the hovering state.
When tilting angle is 65°, the drone consumes the lowest energy. These results are consistent with the result
of wall-climbing simulation when friction coefficient is 0.5.

The proposed tilt mechanism-based landing system shows [3] the ability to perch on a wall with low an-
gular speed of pose change and consequently it can reduce the landing impact significantly. In addition to
that, in terms of thrust-assisted wall-climbing mechanism, the tilt mechanism can help a drone to stick to the
wall with small thrust force by adaptively changing the direction of thrusters.

8.3. Unconventional aerial WCR models

A large number of professions engaged with high-risk factor are dismissed and replaced by the devel-
opment of robots. However, due to the technological limitation, human resources are still required to execute
some dangerous work, e.g. cleaning up high-rise buildings and performing Structural Health Monitoring
(SHM) for large bridges or disaster sites. Thus, in this case, their exposure to danger is indeed unavoidable.
For bridges extending over the oceans, frequent inspections are necessary since the components have a high
probability of being damaged by salt and wind. Moreover, since such bridges are generally large and long, it
is not easy for persons to inspect and maintain by themselves. To solve this problem, it suggested the two-
step inspection process: macro inspection for an approximate diagnosis using a non-contact-type unmanned
aerial vehicle and micro inspection for the detailed inspection using a wall-climbing robot that is able to
check the condition of the bridge in particular in this paper as shown in Fig. 34.
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Fig. 34. Inspection WCR drone examples

A non-contact-type drone that checks the condition of the bridge, in brief, the non-contact type drone
can be used to quantify surface cracks or damaged parts such as bolts (Fig. 35).
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Fig. 35. Inspection non-contact WCR drone examples

Researchers have developed systems that inspect the sur-face civil structures using of non-contacting
UAV systems by flying around there. However, given the environment in which general civil structures are
exposed to strong winds and considering the flight performance of UAVs, such methods can cause safety
problems and make the mission itself impossible. The wall attachment method of our proposed wall-
climbing UAV system is a propulsion-based method. In this UAV platform, the propulsion system used for
the flight can act as pushing force against the wall and convert that force into friction with the wall to attach
or to move on the wall surface. As shown in Fig. 35, an early version of our wall-climbing UAV has applied
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force only in a direction perpendicular to the wall. This was designed assuming that the coefficient of friction
between the wall and the UAV contact surface was high. However, when applied to the actual environment,
it was found that the initially assumed friction coefficient was not maintained due to dust and other contami-
nants. This also led to the discovery that a high-level propulsion is needed to generate enough friction to
attach to the wall.

Two mechanisms have been applied to implement the concept of wall attachment and movement. The
first instrument is to control the direction of propulsion by adjusting the angle of the airframe to the wall
using an auxiliary arm. As mentioned previously, UAVs have limited propulsion and payloads. Thus, in-
stalling additional manipulator and equipment is not desirable in terms of flight stability and energy efficien-
cy. Therefore, the primary consideration in designing the auxiliary arm is the weight reduction problem. In
order to adjust the direction and size of the force received by the auxiliary arm to control the angle of the
airframe, the wires responsible for the attenuation structure (relief structure) and tensile force were utilized
as shown in Fig. 36.

H2020 AEROBI, Univ. Sevilla 2016

_10-9-2015 17:06:15

H2020 AEROARMS, Univ. Sevilla 2016
Fig. 36. Control the direction of propulsion by adjusting the angle of the airframe

Through this same mechanism, UAVs are able to respond to wall surfaces with different angle slopes
and have faster moving speeds with lower levels of propulsion compared to the early developed wall-
climbing UAVs. Another strategy for adjusting the angle of thrust is by applying the tiltrotor mechanism. In
this structure, since rotation occurs only on the axis which is connected to the propeller and motor, not the
whole body, the ability to achieve design simplicity becomes one of the prominent advantages. However,
due to the large radius of rotation of propeller and its high cross-sectional ratio, it is highly challenging to
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secure space for tilting without any interference with other major components. As mentioned previously, it is
also important to achieve the maximum result by employing minimum manipulators considering the limited
payload of UAVSs. For this purpose, the design is based on the UAV platform of Hexa-Y type.

As shown in Fig. 36, four of the six propellers located at the front of the platform are connected on one
axis and designed to be able to change the direction of 66.6% of the thrust with a single manipulator.

This design strategy has enabled to achieve a similar level of propulsion accomplished by a quadrotor-
based platform while reducing the size of the airframe by 30%.lt is well known that the platform is likely to
perform its mission in an environment where GPS signals are unreachable, such as under the bridge, or in a
situation where the GPS signals become weaker as approaching a large structure.

Therefore, the method of accessing the structure’s walls by relying on GPS signals is unreliable. In or-
der to overcome this obstacle, the platform is equipped with distance sensors (IR sensor) and a location
estimation algorithm that can estimate the approach angle to the wall when flying close to ward it.

Two mechanisms are proposed to redirect the propulsion for efficient wall movement and the prototypes
are also produced. The performance is verified by indoor experiments in limited environments. Through the
lightweight design of the arm mechanism with reel/wire structure and the PID-based controller, it is
confirmed that the angle control of the arm is correctly accomplished. As shown in Fig. 36, the drone can
control the direction of thrust and its the attitude by adjusting the angle of the auxiliary arm according to the
slope of the wall which then enables the movement on the wall. In addition, as shown in Fig. 36, the fusion
of the driving friction force of the wheels moving on the wall and the upward force of the propellers show
the ability to move over obstacles (height 30 mm, width 50 mm) which is difficult to be overcome by the
conventional platforms.

Based on the efficient design using minimal manipulators, the drone has a smaller size and smaller
weight than the previous platform. Additionally, by adjusting the thrust angle, the drone can perform a faster
movement speed when it moves along the wall, even though it has low thrust (Fig. 36).

Moreover, for the actual feasibility test, we have verified the outdoor experiments as well. Fig. 36 shows
the rotary arm mechanism UAV can actually attach and move on the concrete surface of the bridge column.

In order to overcome the limitations of propulsion and friction-based wall-climbing methods in real-life
environments where high friction coefficients are not secured, two mechanisms that can change the direction
of propulsion have been proposed and their performances were verified through experiments. Further studies
require comparison of flight stability and wall-climbing performance between typical approach flight type
UAYV and wall-climbing UAV under the condition of strong winds environments, and verification of quanti-
tative performance improvements for structural inspection through comparison of the quality level of ac-
quired inspection results.

The system used for tethering the UAV can be observed in Fig. 37.
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Payload Docking 2
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Fig. 37. (a) Tethered UAV During Flight; (b) UAV Payload Docking Station with Approaching UAV
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The system works by constraining the UAV with two lines of paracord. To prevent the UAV from strik-
ing the ground, paracord was tied to the UAV’s top and fed through two pulleys and then fixed to the ground.
A small mass was fixed on the paracord to compensate for the tether’s mass and prevent it from being caught
in the propellers. To prevent the UAV from flying into the roof, an additional length of paracord was tied to
the bottom of the UAV and fixed to the ground.

Both directions of tethers worked in tandem to prevent the UAV from flying away in the lateral direc-
tion. The paracord’s elastic properties and the amount of given slack in the system allowed for an operating
volume of approximately 1.5 mx 1.5mx 1.5 m.

The UAV cannot reliably position itself with millimetre accuracy. However, should the UAV achieve
centimetre accuracy, a passive system can align the UAV to achieve millimetre accuracy and allow for the
retrieval of a payload using the quick connect system. The passive payload docking station features a broad
white background measuring 120 cm x 90 cm to allow for clear detection of ArUco markers. An aluminum
extrusion structure holds four 3D printed funnels that allow for inaccuracies of up to 7 cm in the north and
east direction and 13° of yaw. The entire system is fastened to the ground using clear packing tape to limit
the effects on the vision system and prevent the system from shifting from rotor wash. A photo of the dock-
ing station can be observed in Fig. 37. With the UAV system’s layout and quick connect development com-
plete, a novel payload is designed in the following chapter to interface and demonstrate the capabilities of the
UAYV and its universal payload system.

Similar to the payload swapping experiment, the developed navigation system could not reliably per-
form the positioning requirements demanded to remove a cap; therefore, the experiment was manually
performed. Four circular caps measuring 3.9, 5.4, 6.6, and 9.1 cm in diameter were selected for removal to
show the cap manipulator’s spanning capabilities. As with the lack of standardization of the sump cavity, no
standard cap torque specification was found; thus, each cap was tightened to its reservoir so that fluid would
not escape if inverted. The UAV was then placed on the cap, the manipulator was closed, and the UAV was
manually yawed, yielding four successfully removed caps. Photos of the UAV removing the four caps are
observable in Fig. 38.

Fig. 38. Cap Removal: (A) Small Diameter 3.9 cm, (B) Medium Diameter 5.4 cm, (C) Large Diameter 6.6
cm, and (D) Extra Large Diameter 9.1 cm [4]
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During testing, three observations were made about the developed cap manipulator payload system.
Firstly, the threshold for the gripping strength was found to be cap-dependent; what worked for one cap,
elastically deformed another. If the gripper squeezed too tight, the UAV had to fight an increased release
torque, as the normal contact force had also increased. After iterating through the selected caps, a single
threshold value was determined for all four; however, a more extensive study of the caps should be consid-
ered. Otherwise, the manipulator was functional and was confirmed not to be back driven when the servo
was placed in an idle state. While interfaced with the quick connect, the cap manipulator had sufficient
gripping strength to hold the UAV upright on the cap. The gripping provided the UAV with the maximum
torque scenario where only two adjacent propellers operate, as the remaining propellers do not need to gen-
erate lift.

Using a UAV to physically interact with an environment is termed “aerial manipulation". Among nearly
8500 published papers relating to UAVs between 2008 and September 2017, only 1.7% of them related to
aerial manipulation. However, using the same search terms and database, interest in aerial manipulation was
found to have more than doubled (to 4.6%) as of November 2020, and research relating to UAVs is increas-
ing exponentially. Researchers have demonstrated multirotor UAV capabilities such as the ability to open
drawers, open doors, unscrew light bulbs, interface and rotate valves as in Fig. 39, acquire water samples,
have two UAVs work together to overcome payload restrictions, and acquire volcanic rock samples, which
shows that aerial robotics is indeed in its golden period, or perhaps just entering it.

i

Fig. 39. Quadrotor UAV Autonomous Valve Interfacing Task [5]

One of the many challenges with aerial manipulation is controlling the UAV due to interactions with its
environment. UAVs interacting with the environment can be simplified into three main categories: Momen-
tary coupling (interacting with objects of finite mass in the air that are not fixed to the surrounding environ-
ment); loose coupling (interacting with objects attached to the environment without securing to the environ-
ment, in tasks such as assembling, inserting, pushing, or pulling); and strong coupling (securing or perching
onto fixed objects in the environment and becoming part of it). The challenge of executing any of the three
coupling types is compensating for the reaction dynamics. When a UAV has coupled itself with the sur-
rounding environment, the forces the UAV experiences interfere with the aerodynamics and associated
model of free flight, creating a risk of the UAV becoming unstable and failing its assigned task. An analogy
is to imagine a scuba diver turning an underwater valve. The diver contorts his body and aggressively Kicks
his legs in order to throw his body weight into turning the valve with his arms. Likewise, a UAV must
’swim’ through air and may have to vector its body in order for the arms to dexterously manipulate an object.

9. Aerial manipulators platform

To address the issue of reaction dynamics and maintain a stable system, different approaches can be tak-
en. Firstly, a well-designed mechanical system can significantly reduce the influence of reaction dynamics.
Approaches such as soft contact dynamics and smooth actuation of a manipulator can significantly improve
the system’s capability. The planning and modelling of the system is critical; there are two main approaches,
a centralized approach and independent approach. A centralized approach considers both the UAV and
payload to be one system, and the controller treats everything as such. In an independent approach, the UAV
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and payload are treated separately, and the effects of the payload on the UAV (and vice versa) are treated as
disturbances. A centralized approach is simpler to implement than an independent approach; however, an
independent approach tends to yield a more accurate and responsive system.

Other challenges exist with aerial manipulation systems, such as localization and control, which were
previously discussed. The single greatest challenge of aerial manipulation is that most designs are complex
mechatronic systems in a relatively new field. Aerial manipulation requires developing many different sub-
systems that must all work together for reliable and robust performance. Entire teams often work together for
years to develop an end product such as the AEROARMS Project, which aims to develop aerial robots with
advanced manipulation capabilities for various inspections and maintenance. Examples of four different
AEROARMS platforms can be viewed in Fig. 40.

(I

)|
I!l

!

Fig. 40. Four AEROARMS platforms: (A) multidirectional-thrust hexarotor with a rigidly attached end
effector, (B) multidirectional-thrust octorotor with inspection arm, (C) aerial dual-arm manipulator with stiff
joints, and (D) aerial dual-arm manipulator with compliant joints [6]

Aerial Physical Interaction (APhI) is a generic term to design all physical interactions between one AV and
its environment. A very early example can be the in-flight refueling maneuver, demonstrated as early as June
1923. As of today, this procedure is still not fully automated and requires the dexterity of an aircraft pilot or
a boom operator in the case of rigid boom, while the probe-and-drogue system is close to be automated. The
following developments are going to focus on to APhl for unmanned aircraft, whether it be for probing the
environment, react to collision or manipulate objects. In order to perform APhl with MAV a few require-
ments are set and will be developed at length. The first two simple tasks of APhI, that come to mind, are
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pocking the environment, i.e., exerting force trajectories on surfaces and perching, i.e., allowing the MAV to
perch on the environment in order to recharge battery or acquire data, see Fig. 41.

Fig. 41. Examples of Aerial Physical Interactions: (a) pocking a surface and (b) perching on a wall

Another conceptually simple APhI tasks consists in linking a MAV to the ground by mean of a tether.
These tasks will be described more in depth below.

9.1. Aerial Manipulation

A subfield of APhI can be recognized for Aerial Manipulation (AM), being the use MAV to complete
complex manipulation tasks. In the literature there is a confusion between transportation and manipulation,
the latter being a special case of transportation including a dexterity component inherent to manipulation. In
the following, transportation might be used as an illustration of basic manipulation capabilities. As such, AM
regroups all the tasks where an object has to be trans-ported or manipulated by one or a group of MAV, see
Fig. 42.

(a) [Nguyen—2015] (b) [Mellinger-2010]

Fig. 42. Examples of Aerial Manipulation: (a) drawer opening/closing and (b) collaborative load transpor-
tation

Typical off-the-shelf MAV are not mechanically fit for APhI tasks, often the propellers volume is open
to collision and they don’t have specific termination for contact with the environment. Therefor to pave the
way to APhI and AM the first modification of standard MAV concerns mechanical design to enable APhI
capacities. For sake of completeness some mechanical designs only fit for APhI that does not involve manip-
ulation are presented here, with a selection depicted in Fig. 43.
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(a) [Klaptocz—2013] (b) [Disney Research]

Fig. 43. Two Original Designs: (a) the AlrBurr capable of falling to the ground without breaking and up-
right itself to take-off again, and (b) the Vertigo capable of climbing walls

A primary target of APhl mechanical design is to protect the propeller volume from intrusions and alle-
viate collision contact disturbances w.r.t. the flying behavior. One approach is to mount to passive rotating
spherical shell around the main frame of a classical Vertical Landing and Take-Off Vehicle (VTOL), this
mechanism enables the UAV to collide with obstacles without compromising its flight stability.

In order to pass from APhl to AM, a manipulator or at least a prehension mechanism needs to be em-
bedded on AV. With this extension AV can be properly called Aerial Robot (AR). In the literature, several
different design approaches for manipulator were identified, see Fig. 44.

(a) [Kondak-2014] (b) [Suarez-2017a i (c) [Danko—QOl]

Fig. 44. Different kind of aerial manipulators: (a) industrial 7-DoFs, (b) dual arm manipulator and (c)
parallel manipulator mounted below a MAV

The main idea remaining that a manipulator increases the dexterity of the AR for manipulation tasks,
eventually compensating for under-actuated AV.

9.2. Collaborative Aerial Physical Interaction

From a semantic stand point, collaboration (working jointly with other toward a common goal) and co-
operation (operating together to realize a task) are considered equivalent. A collaboration denotes a joint
work, it does not necessary involve physical interaction, with the environment or with the other collabora-
tors, that is to say heterogeneous robots, ground and AV, mapping/monitoring an area is a collaboration task
but not relevant in the scope of APhl. A few works considering swarm, or team of AR, performing APhlI
with the environ-ment or inside the swarm have been presented, see Fig. 45.
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Fig. 45. Aerial Robot collaborations, (a) collaborative structure assembly by a team of ARs, (b) collabora-
tive load transportation via tether and (c) human-AR collaboration for assembly tasks

Most notably, swarm of AR are used for collaborative construction to build a tower structure out of
bricks or to build tensile structures, e.g., bridge or to assemble cubic structure or more complex structure
with a dedicated construction planning. In this case the physical interaction is not affected by the other mem-
bers of the swarm. Or in the well-developed case of cooperative load transportation, by team of AR. This
results in a group of AR tasked to transport a load in a coordinated fashion.

10. Problem-oriented unmanned aerial vehicles: applications of the aerial
manipulation

Unmanned Arial Vehicles (UAV) are being developed to perform a set of tasks, such as: parcel delivery
in logistic business, implementation of search and rescue operations, the assistance in emergency situations,
industrial inspectionl and maintenance. The UAV additionally equipped with one or several robotic arms
can perform significantly a greater number of tasks for third and fourth applications. For example, such
flying robots are able to carry out a detailed inspection of the pipelines and bridges, holding a heavy object
with the swarm of drones, ecological sampling or land in point of interest and perform a detailed environ-
mental exploration. The first studies in the area of aerial manipulation were carried out in 2010-2011. It was
the experiments on moving objects using a swarm of UAVS, grabbing an object using a UAV equipped with
a grip, and applying an unmanned helicopter with a gripper. In 2013 the control system, research on dynam-
ics and stabilization, and flight experiments of the first multirotor with manipulators were presented in three
studies. The aerial manipulation has evolved from the laboratory tests to the validation experiments in condi-
tions close to actual exploitation (e.g., pipeline inspection). Nevertheless, the question of controlling similar
flying robots remains open, whether it is necessary to control manually, automatically, or in semi-
autonomous mode.

A large number of the works [14-39] propose the autonomous performance of individual specific tasks,
such as the insertion tasks, valve turning, grabbing objects in flight, surface inspection, object grasping by
two aerial manipulators, maintenance of the power lines, and others (Fig. 46, b).

The industrial maintenance and assistance in rescue operations are the two areas that require the most
versatile robots. The usage of robots for these purposes often implies the ability to perform non-standard
actions that arise already during task execution. In this case, the flying robots capable of performing aerial
manipulation are of particular interest. For instance, at the present time industrial tasks are carried out by
personnel. Some of these tasks must be performed using high-altitude equipment. Even partial implementa-
tion of these activities by the robot can help to reduce human risk and cost, as evidenced by the focus of
European projects ARCAS and AEROARMS. For this purpose, the robot should carry out different specific
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tasks with high accuracy that could not be performed only in autonomous mode. The robot control can be
achieved by teleoperation methods. In this case, the robot and the operator can be located in remote places,
that is especially important for hazardous conditions.

d)
Fig. 46. Applications of the aerial manipulation: (a) the insertion task, (b) valve turning, (c) grabbing ob-
Jjects in flight, (d) surface inspection, (e) object grasping by two aerial manipulators, (f) flying robot for
maintenance of the power lines

UAYV with one or several robotic limbs can significantly extend the application of robots in rescue oper-
ations by accompanying such activities in the conditions of destroyed urban infrastructure and natural land-
scape, when it may be necessary to deliver medicine, drinking water or ancillary equipment (for instance,
spare batteries for power tools or repair kits). The equipment of the flying robots with several manipulators
can be useful not only for performing operations with objects, but also for landing on uneven surfaces. With
such functionality, the robots can spend their power sources more efficiently due to the rational use of flight
and ground modes.

However, it can notice that in recent times, research in the field of using a group of robots for search and
rescue operations is carried out using highly specialized robots with a bias in the mapping and indoor locali-
zation. At the same time, significantly less research is devoted to the development of a multifunctional ro-
bots. The application of the robotic arms designed for aerial manipulation not only for performing operations
with objects, but also for landing on uneven surfaces, is of considerable interest for research. It is worth
considering another combination of functions for the robotic limbs of flying robots, this is the usage of
landing gear to move on the ground. This necessity arises when there are cavities in the ground or it is re-
quired to pass through a narrow passage and move in a dilapidated room with a low ceiling.

It is expected that UAVs will be launched and land on a moving car (e.g., in Walmart’s concept).

After the landing, the UAV needs to move to the charging station. Another example of the application
of the multifunctional robots can be found in exploring under-ground caves. Delivering or extracting things,
that are located in hardly accessible places are potential tasks in this mission. Examples of this would be
ecological sampling or installation of the observation sensors deep inside the caves, that can be reached only
through narrow tunnels. Based on state of the art, it was defined the main problem as developing a multi-
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functional flying robotic system and methods for effective remote control of such a system. In order to better
characterize this problem, two clarifying subtasks were formulated. It is necessary to design a comfortable
control interface to perform the various aerial manipulation tasks with a cognitive perception of the robot
state.

And the second subtask is the development of a locomotion algorithm for the landing platform.

There is a tendency of active development of both multifunctional robots and the execution of opera-
tions by groups of robots in order to more efficient implementation of critical tasks for shorter periods of
time. The main potential fields of application for such robots are search and rescue operations on the re-
serves, underground tunnels, mines, in areas following natural disasters. Although such robots can also be
used for industrial maintenance. In order to promote these developments in the world, competitions are held
on the usage of robots for search. and rescue operations in forests6 and underground environments. The first
competition is aimed to develop devices or technologies capable of detecting the exact coordinates of the
location of a missing person without means of communication in the natural environment. Despite the com-
petition focus in the field of image processing, it is worth noting that the list of necessary tasks in these
conditions can be expand by delivering essential items, as well as methods to inform the found person about
subsequent actions using the robot. The DARPA challenge is addressed to development of novel approaches
to rapidly map, navigate, and search underground environments during disaster response scenarios. Tunnel,
urban underground and cave are used as a test zones in this competition. Examples of some types of the
cluttered environments are shown in Fig. 47.

b) 2 A ‘{’. o C)

B2 d)
Fig. 47. Types of the cluttered environments: (a) the interior of the building after earthquake, (b) mine after
collapse, underground tunnel (c) and cave (d)

At this time, mine robots were used to manipulate fan doors, push aside obstacles, and transmit video
and atmospheric monitoring information (mine gas and temperature readings).

In the field of aerial manipulation, several types of interaction with payload can identify. It can be sim-
ple load carrying, grabbing objects using 1-DoF gripper, manipulation by one or two multi-DoF robotic
arms, or aerial interaction with objects using cable-Suspended manipulator (Fig. 48).
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Fig. 48. Types of aerial manipulators: (a) 1-DoFgripper, (b) two multi-DoF robotic arms, (c) cable-
suspended manipulator

These technologies are intended for different applications and, accordingly, distinguished by the hard-
ware design, maximum payload, dynamic loads, and type of control methods. The diversity of structures for
manipulating objects in the midair reflects the trend of the scientific search for a minimalistic design of the
manipulator, which would have a lightweight and high strength characteristic. At the same time, the rigidity
of the structure should ensure the damping of vibrations that can arise both during the flight of the robot and
due to dynamic loads during the manipulation process. The manipulator actuators must ensure stable interac-
tion with objects of a certain weight, which is determined by the carrying capacity of the carrier UAV.

In addition to technical requirements, the choice of the manipulator configuration is carried out based on
the functionality which the flying robot should perform.

As noted above, to perform simple operations for the delivery of various goods, only a grabbing device
is generally sufficient, while it makes sense to perform the inspection or maintenance of industrial facilities
using multi-DoF manipulators. The installation of the sensors may require the usage of multiple robotic
arms, as was done when installing the sensors on the power line.

For example, 4-DoF manipulator consists of three motors in articulated joints (Dynamixel servomotors
MX-106T, MX-64T and AX-12 in the shoulder, elbow and wrist joints respectively), two links, one servo-
motor for the grip rotation (Dynamixel AX-12) and the grip with 1-DoF (Futuba S9156). 3D model of flying
robot is developed in CATIA and shown in Fig. 49.
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Fig. 49. Layout of the manipulator servo motors
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The manipulator servomotors are chosen based on the necessary values of the maximum torque in the
manipulator joints.

To implement a ground emergency operation in unstructured terrain conditions, a flying robot should
perform a safe landing. Conventional aerial vehicles without a landing platform are not able to land on
uneven surfaces. Since 2012, the scientific community began the development of the adaptive landing gears
for small unmanned aerial vehicles (aircraft, helicopters, and multi-rotors). A number of early articles were
devoted to the design and calculation of a chassis designed like a bird legs. In 2013, the helicopter landing
gear was demonstrated for landing on uneven surfaces in or-der to prevent from helicopter rollover, as hap-
pened during the crash of a Boeing Vertol CH-46 Sea Knight helicopterl. Currently, several UAVs are
equipped with a special landing platform, for instance, this is a passive landing gear using coupled mechani-
cal design, a robotic legged landing gear developed in Georgia Institute of Technology with funding from
DARPA, and the landing platform with four legs designed to reduce the load during the landing. The first
one can land only vertically, though it has some limitations in its operation. The second one has a landing
gear that is equipped with force sensors in robotic leg feet used to sense ground contact and the CoM loca-
tion. Third landing gear uses force-controlled algorithm. This chassis has an innovative actuation, composed
of a parallel arrangement of motor and brake, which relieves the motor from large impact loads during hard
landings. Besides the legs are equipped by a spring-damper system acting in series to the actuation. Among
the robots that combine both considered abilities motion in the air and on the ground, can be noted: HyTAQ,
HERALD, robot HexaWalker 2 and project Hexapod-Quadcopter Robot (Fig. 50).

HyTAQ is a micro UAV equipped with a rolling cage, which allows carrying out terrestrial locomotion.
HERALD is a combination of two snake robots with a quadrotor using a magnetic docking system. Hex-
aWalker is a robot assembled from hexacopter and hexapod without additional sensors. The last of the
above-mentioned hybrid robots is the prototype of a robot with frame rays, which can be transformed into
legs; however, this robot does not have an adaptive landing algorithm.

Fig. 50. The robots capable to fly and move on the ground: (a) HyTAQ, (b) HERALD, (c) HexaWalker, and
(d) Hexapod-Quadcopter Robot
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The robot is a hexacopter with landing gear attached to its bottom (Fig. 51 a)).

Optical
torque
sensor

Landing
gear

Fig. 51. The landing platform for the multicopters (a) and the leg structure (b)

The hexacopter is assembled from DJI Flame Wheel ARF KIT F550 frame with DJI E600 propulsion
system and NAZA M flight controller. The landing platform consists of four 2-DoF legs, which are located
in increments of 90 degrees relative to the central axis of the robot.

Photos of each phase of the Motion cycle are shown in Fig. 52.

Locomotion direction

Locomotion dircctio

a) Initial position h) View from the side of supporting
leg after one step

__Locomotion direction Locomotion direction

b) CoM displacement g) Leveling

__Locomotion direction Locomotion direction

c) Lift the leading leg ) Lift the supporting leg

= Locomotion direction Locomotion direction

d) Lower the leg e) CoM transfer

Fig. 52. The phases of the Motion cycle (the white and yellow points are the initial positions of the leading
and left leg respectively)

The motion of the legs is executed by Dynamixel MX106 servomotors in the hip joints and Dynamixel
MX28 servomotors in the knee joints. Also, the knee joints contain embedded optical torque sensors, which
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are made from compression springs and an encoder, located in a plastic body (Fig.51, b). These sensors
provide passive compliance of the legs. Each leg has a passive footpad, which is connected via a spherical
joint to the tip of the second link.

The most challenging phase of the Motion cycle is the moving of the robot CoM from the supporting
leg to the leading leg. The robot moves to a new position immediately during this step, thus, the previous
phases are the preparation to the motion. At this phase, the robot should lift the side legs up and quickly
move the CoM to a new position, so as not to incline to the side until the end of the movement. Thus, at this
moment, the motors of the supporting and leading legs undergo maximum load. If the trajectory is incorrect-
ly selected, the robot tries to lift up and remains in place, which is possible with an excessively large dis-
tance.

Also, the robot can tip over if the distance between the ground and the side legs is too small. This is due
to the fact that the robot has time to slightly tilt to the side and one of the legs remains in the same place,
while the leading leg will pull the robot behind it.

Fig. 52(e) demonstrates a slight side movement during this step. Fig. 52(h) also shows a slight inclina-
tion of the robot to the right. At other phases, the robot motion is performed stably. In all experiments, we
visually detected the deviation from the desired position. After that, we check data about real angles from
encoders of torque sensors in knee joints.

Conclusions

o The exertion of force and physical interaction are challenging tasks when performed on an aerial ve-
hicle. The research community in aerial robotics started to approach such challenges in the past dec-
ade, with the use of interaction controllers tailored at aerial manipulators [15-39].

o Force exchange by an aerial vehicle was only tackled in more recent years however, as the state of
the art progressed and reached higher maturity. The work hereby presented addresses some of the
challenges of contact-based aerial interaction and proposes a novel approach to force generation by
exploiting the aerial system as a whole, combining the action from the manipulator together with
motion of the aircraft.

e A bespoke manipulation system featuring compliance is created to tackle force-driven tasks where
the ability to adjust the force output, shape the load curve and tune the time in contact according to
the task specifications is demonstrated throughout multiple experiments.

e Optimisation is carried out at both the design and control level, to further expand on the range of ap-
plications that can be accomplished with the compact, lightweight and compliant design. This, to-
gether with novel control strategies for aerial interaction allow to perform new aerial tasks, such as
pushing against and tapping on a surface, install and retrieve sensors on vertical and cylindrical sur-
faces, and aerial contour following.

e Overall, the proposed approach demonstrates accuracy, robustness and reliability to tackle contact-
based aerial operations in multiple scenarios.
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