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Abstract

A propeller-type climbing robot was studied to perform tasks on an inclined surface to reduce the
burden of work currently conducted on inclined surfaces, such as walls and slopes. Conventional mobile
robots cannot keep a stable attitude on inclined surfaces because the friction force applied to the robots
decreases when the inclination of the surface increases. Therefore, a propeller-type climbing robot was
proposed that controls the friction force by the thrust force of the multi-copter installed on the robot. The
thrust force pushes the robot body against the surface and enables the robot to maintain a stable attitude
on an inclined surface by producing a large friction force. When mobile robots work on tasks, they must
perform some actions in an external environment with their actuators. This interaction influences the
stability of the robots on inclined surfaces. In addition, for working robots that can realize stable
locomotion on inclined surfaces, the efficiency of their work on tasks must be considered. The ability to
navigate difficult terrain and traverse inclined surfaces depends on the steering method of the climbing
robot.

The purpose of this study was to a stable condition of a propeller-type climbing robot for executing
tasks on inclined surfaces, to introduce a method for managing the influence of the interaction between
the actuator equipped on the robot and the environment, and to find a suitable steering method for the
propeller-type climbing robot performing tasks on inclined surfaces. A model to control the magnitude
and direction of the thrust force was constructed. The developed robot was evaluated in experiments on
surfaces with inclination angles of 0° to 90° and various friction coefficients. Based on the stability
condition of the propeller-type climbing robot, two applications are proposed for performing high-
demand tasks on inclined surfaces that are usually done by humans.

The influence of the interaction between the propeller-type climbing robot and the external
environment was investigated through the development of a hammering inspection robot system because
the robot must move on and strike the surface during inspection. In this study, the robot was modeled
under the influence of the hammering impact, an inspection robot with a novel hammering device was
developed, a hammering sound classifier was implemented that works even under strong wind noise from
the propellers, and the accuracy of hammering inspection by the robot was evaluated. To realize effective
and efficient work on inclined surfaces with the propeller-type climbing robot, a four-wheel steering
climbing robot was developed. Four-wheel steering was compared with two-wheel steering, skid steering,
and mecanum wheels from the perspective of working on area coverage tasks where the robot must cover
all target areas during operation. In detail, the developed propeller-type climbing robot was applied to
grass-cutting tasks on inclined surfaces in hilly and mountainous areas. The robot performed grass-cutting
tasks on actual sites. From a technical standpoint, this study can benefit society by providing a novel
propeller-type climbing robot with four-wheel steering.
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Chapter 1 Introduction

1.1 Social Background

Robots that replace humans should be designed optimally to suit environments where the
robots carry out their tasks. Mobile robots that perform human tasks were developed to reduce the human
labor burden and alleviate labor shortages. During the past few decades, various mobile robots have
been proposed, developed, and commercialized for different uses — for example, autonomous vacuum-
cleaning robots [1], robotic lawnmowers [2], and luggage-carrying robots seen in airports [3]. In addition
to consumer usage, mobile robots are found in industrial environments [4] and infrastructure

maintenance [5].

With mobile robots becoming widespread, they are now expected to work in more-complex
environments. There are demands for mobile robots that can work on rough terrain in a harsh natural
environment, work on large structures, such as bridges and skyscrapers, and work in a wide variety of
environments. For example, robots that work in natural environments include mobile robots that can
climb volcanoes to monitor volcanic activity [6].Grass-cutting robots have been proposed to prevent
overgrown grass on slopes in hilly and mountainous areas and on the sides of highways [7]. Mobile
robots that move and inspect walls and ceilings have been used to inspect and maintain concrete
structures, such as bridges and high-rise structures [8]. For aerial robots, drones that monitor farmland
from the sky and spray agricultural chemicals have been put to practical use [9].

As mentioned above, mobile robots are being developed to robotize work that helps humans
exist and live their lives. The purpose of this research is to realize a society where humans and robots
collaborate. In this dissertation, a robot that can move on steep slopes and walls is presented. The robot
performed work usually done by humans — specifically, hammering inspection of structures and grass
cutting on steep slopes. The hammering inspection involves interaction with the working surface,
making it difficult to control the robot. In addition, grass cutting is difficult for mobile robots because it
requires them to move not only on flat surfaces, such as concrete, but also on uneven grassy terrain with
inclinations. In this study, a method was established for mobile robots to move on an inclined uneven
surface while interacting with the environment by developing actual applications to provide a solution
to the problem, which is an urgent demand in the society.



1.2 Academic Background

Realizing mobile robots that can navigate complex, uneven terrain is essential if mobile robots
are to replace humans in various tasks. Working on inclined surfaces, such as steep slopes and walls, is
especially challenging for robots because they must avoid slips and falls for their stable locomotion. In
this section, methods to establish stable attitudes on inclined surfaces developed in previous studies to
address the problem of mobile robots on inclined surfaces are explained.

1.2.1 Methods for Stable Attitude on Inclined Surfaces

The main problems encountered while moving robots on inclined surfaces are slips and falls.
Previous studies have proposed different types of approach to maintain the stability of mobile robots on
inclined surfaces, including steep slopes and walls. In this study, these mechanisms for traversing on
inclines surfaces were categorized and investigated as follows: (1) tracked wheels or special wheels, (2)
multi-legged mobile robots, (3) using wires and guide frames, (4) biomimetic methods, (5) using
magnets, (6) using suction, and (7) using thrust force.

(1) Tracked wheels and special wheels

Mobile robots can be applied on steep slopes by installing tracked or special wheels with strong
grips with high friction coefficients. The attempts to use this method showed improvement in locomotion
on uneven terrains [10] [11]. A multi-tracked robot was developed to realize stable locomotion on steep
slopes [12]. The stability of this robot was improved, but the friction coefficient was not changed by the
contact area. Therefore, the maximum angle of this robot was limited to 35°. Iwano et al. [13] developed
a robot with a single-tracked wheel with spikes and realized movement on a 45° slope. However, the
maximum angle the robot can climb is only determined by the friction coefficient between the surface
and the wheels.

(2) Multi-legged mobile robot

A six-legged robot was developed to maintain nuclear power plants and perform rescue
operations after nuclear accidents [14]. Hirose et al. developed a quadrupedal robot, TITAN VII, to
maintain sloped structures on highways and cut grass on the sloped side [7]. To avoid falling while
performing tasks, such legged-type mobile robots keep the center of gravity close to the ground. The
maximum angles that the six-legged robot and the quadrupedal robot could cover were 55° and 30°,
respectively. Legged-type robots need a large number of actuators mounted on the robot, and these
actuators are not only heavy but also require complicated control.

(3) Wires and guide frames

A robot that uses wire to climb mountains was proposed in Nagatani et al [6]. They developed
a system that pulls a volcano observation robot with a wire [6]. ROPE-RIDE was designed as wall-
cleaning robot [15]. However, wires must be prepared in advance, and the robot can only move as far as
the wires can reach without getting tangled. In addition, there is the problem that the introduction cost
is high when installing the guide rail on the slope.



(4) Biomimetic methods

Some studies proposed snake-like robots to realize locomotion on slopes [16] and bioinspired
methods and materials [17] [18]. A snake-like robot was tested in various natural environments [16].
However, biomimetic robots tend to have limited payloads compared with wheeled mobile robots.

(5) Suction

In the suction method, adsorption to a wall-climbing robot using the pressure difference from
the surroundings was investigated using a vacuum chamber by Xiao et al. [19]. However, depending on
the surface shape and smoothness, there are cases when the surface and the vacuum chamber cannot be
brought into close contact. Therefore, a pressure difference cannot be generated.

(6) Magnets

A robot using magnetic adhesion can generate a strong contact force. Huang et al. used a
climbing robot with a magnetic tracked wheel for ship inspection [20]. The robot with a magnet showed
great stability, but it can be applied only to ferromagnetic materials.

(7) Thrust force

A robot using thrust force, such as a propeller-type climbing robot, can handle inclined surfaces.
The thrust force from the propeller pushes the body of the mobile robot against the surface, which
generates a large friction force to keep the robot on the inclined surface. The propeller-type climbing
robot has been investigated in several studies [21] [22] [23] [24] [25].

The thrust force method has the advantage of being applicable to uneven surfaces of any
material. In addition to the environment-dependent parameter, which is the friction coefficient between
the ground and the wheels, the robot can have a self-dependent control parameter of propeller thrust that
enables the robot to maintain stability on inclined surfaces. The wheeled mobile robot with thrust force
can be controlled the same way as on flat surfaces. Therefore, a robot using the thrust force method was
selected in this study for replacing human tasks on inclined surfaces. However, in previous studies on
mobile robots using thrust force, there have only been a few cases of applying it to actual applications.



1.2.2 Steering Methods on Inclined Surfaces

In mobile robot research, studies on locomotion on steep slopes have been limited compared
with those on locomotion on flat surfaces. The ability to navigate difficult terrain and traverse inclined
surfaces is critical to widening the application range of field robots. Turning is especially challenging
for robots on inclined surfaces. The possible steering methods that climbing robot can use to work on
tasks are (1) two-wheel steering, (2) skid steering, (3) mecanum wheels, and (4) four-wheel steering.

Skid steering is used by wheeled or tracked vehicles for their direction changes. Skid-steered
vehicles experience a greater wheel slip ratio when steering than when going straight [26]. When the
robot makes a right turn with skid steering, the left wheel moves forward, and the right wheel moves
backward. Wheel slip occurs when the grip between the wheels and the surface decreases during sharp
curves. Another option is to use a steering wheel. A steering wheel enables the robot to turn stably
without losing its grip on the ground. However, the robot experiences a change in the center of gravity
when it moves. A change in the center of gravity can cause the robot to fall over on a slope. Therefore,
slope robots with mecanum wheels have been proposed [27] [28]. Mecanum wheels can perform
holonomic motions. Therefore, the robot does not need to change the center of gravity with respect to
its position. Furthermore, this robot can perform pivot turns; thus, loss of movement is minimized.
Mecanum wheels have a good load-carrying capacity but have a disadvantage on an inclined or uneven
surface because the mecanum wheels touch the surface incorrectly [29]. Although the wheels must touch
the ground, Veerajagadheswar et al. developed a slope-cleaning robot with mecanum wheels that
achieved locomotion on a slope with a 30° inclination angle [27]. Ransom et al. developed a robotic
planetary rover equipped with mecanum wheels. Their robot achieved locomotion on sandy terrain with
a 30° inclination. However, slips when turning on a 10° slope were reported [28]. Reina et al. [30] and
Qu et al. [31] proposed a four-wheel-drive/four-wheel-steer robot to perform better on rough terrain.
Corresponding experiments showed that their proposed robot could be used on all agricultural terrains.
Their proposed approach was demonstrated to be effective in reducing slip and vehicle attitude errors.

The experiments on inclined surfaces have not been sufficient. Previous studies have
investigated slope mobile robots focusing on stabilities on slopes and simple straight-line movement.
However, stability of the robot when changing direction is also essential when working on tasks on
inclined surfaces. Therefore, different locomotion methods must be evaluated to determine which is
suitable for mobile robots on inclined surfaces. In addition, the robot should be evaluated regarding its
coverage area for actual tasks.



1.3 Objective and Contribution

A novel attitude stabilization method and an optimal locomotion method were developed for
a mobile robot that can work on inclined surfaces. A propeller-type climbing robot is based on a theory
that uses thrust to push the body of the robot against a surface to stabilize its attitude. In this study, the
applicability of propeller-type climbing robots to movement on inclined surfaces was examined because
previous studies on propeller-type climbing robots have been limited to vertical and cylinder walls. The
purpose of the study is to realize work on inclined surfaces. Therefore, the theory of a propeller robot
that moves on inclined surfaces was established through the development and application of a
hammering inspection robot and a grass-cutting robot for steep slopes. The first research question of this
study is as follows.

Can a propeller-type climbing robot realize a stable attitude for executing tasks on inclined surfaces?

A propeller-type mobile robot that can control the magnitude and direction of thrust was modeled, and
its stability conditions were clarified. In addition, conventional propeller-type mobile robots have only
been able to move on concrete walls, and no consideration has been given to their performance while
working. The ability to perform tasks is important for mobile robots to play an active role in human
society. Therefore, this research proceeds on the premise that robots will perform work. When the robots
perform work, the work actuator attached to the robot acts in some way on the external environment.
Therefore, when a propeller-type climbing robot performs actual tasks, one must consider the effects of
its interaction with the external environment. For example, in a hammering test, it is necessary to
consider how the attitude of the mobile robot is affected by hammering. Thus, the second research
question is as follows.

Is the stability of a propeller-type climbing robot influenced by interactions between the robot and the

environment? If so, how should this interaction be managed?

Based on how the stability is affected when the robot performs a task, a method of controlling thrust
force is proposed. After it has been confirmed that the robot can work stably, the robot must work
efficiently. When it comes to actual work, it is necessary not only to aim at the destination on the surface
but also to cover the target surface without omission when the robot conducts coverage area work, such
as inspection, cleaning, or grass cutting. However, previous research has not validated an adequate
driving method for the propeller-type climbing robot. Therefore, in this study, it was hypothesized that
a propeller-type climbing robot with four-wheel steering can perform tasks on inclined surfaces
effectively and efficiently. Therefore, the third research question is as follows.

Is the four-wheel steering method suitable for a propeller-type climbing robot that performs area

coverage tasks on inclined surfaces?

In this study, the ability of a propeller-type climbing robot on inclined surfaces was demonstrated
through the modeling of the stable condition and development of an actual robot. Moreover, the study
demonstrated the capability of the robot to be incorporated into society to execute actual tasks through
the development of applications.
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1.4 Outline

A propeller-type mobile robot on inclined surfaces and its applications are investigated. In
Chapter 1, a general introduction of mobile robot stable control and locomotion methods is provided.
Moreover, the research objectives are explained. In Chapter 2, the literature is reviewed from three
perspectives. First, propeller-type robots and studies on their applications are briefly explained. Then,
two possible applications of the propeller-type climbing robot, hammering inspection and grass cutting
on inclined surfaces, and related studies are discussed. The condition of a stable attitude on an inclined
surface is modeled through numerical simulation, and the results are confirmed with a developed robot,
as discussed in Chapter 3. The ability of the robot to perform hammering inspection has to be confirmed
because, in hammering inspection, the robot applies force to a wall, which affects stability, as discussed
in Chapter 4. The proposed robot is designed to inspect a concrete structure with a hammer strike, and
the hammering sound is analyzed with a deep-learning model. In Chapter 5, another possible application,
grass cutting on steep slopes in hilly and mountainous areas, is discussed. Some steering methods are
compared, four-wheel steering is proposed, and its effectiveness with coverage area is confirmed. In
Chapter 6, the results of this study are summarized, and limitations and future work are discussed.

Chapter 3 is based on "Development of a Steep Slope Mobile Robot with Propulsion
Adhesion" in the Proceedings of the 2020 IEEE/RSJ International Conference on Intelligent Robots and
Systems. Chapter 4 is based on "Automated Hammering Inspection System with Multi-Copter Type
Mobile Robot for Concrete Structures” in IEEE Robotics and Automation Letters. Chapter 5 is based on
"Grass Cutting Robot for Inclined Surfaces in Hilly and Mountainous Areas" in Sensors.
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Chapter 2 Review of Literature

2.1 Survey of Propeller-type Climbing Robot

By comparing stabilization methods, the mechanism using a propeller can adapt to all surface
shapes and materials. It can also handle heavier payloads. Propeller-type climbing robots have been
reviewed previously [32]. Various mobile robots with different shapes and numbers of propellers have
been developed to attach to wall surfaces using propeller thrust.

In the 1980s, Nishi et al. proposed a robot that could be used for fire extinguishing and rescue
operations in fire disasters in high-rise buildings [33]. However, it was not put to practical use owing to
technical limitations at the time. In 2013, Shin et al. presented a micro-aerial-vehicle-type wall-climbing
robot to maintain or inspect building structures [34]. This robot pushes the wall with the propeller thrust
force and moves on the wall using motor-driven wheels. In the same year, loi et al. developed a propeller-
type climbing robot and tested its climbing ability on 45° and 90° inclination angles [35] [23]. The
developed robot has a gimbal with two degrees of freedom in the center and a contra-rotating propeller.
By using the thrust of the propeller mechanism as lift force and pushing the robot against the wall,
movement on the wall is realized. However, theoretical consideration of the feasibility tasks on inclined
surfaces has not been sufficient. In 2015, Myeong et al. [22] used quadcopter thrust to push against a
wall and realized movement by motorized driving wheels on a wall for structure health monitoring, and
Jung et al. [8] proposed a wind blade inspection robot. In 2017, Myeong et al. proposed a fireproof robot
that can work during a fire accident [36], and they presented a control method of switching flying and
climbing in 2019 [37]. Beardsley et al. [21] proposed and developed VertiGo in 2015. In 2015 and 2017,
Alkalla et al. developed EJbot for inspecting concrete walls. They are attached to walls using contra-
rotating propellers with greater thrust and move on walls using wheels driven by motors [25] [24]. EJbot
can move on walls and cylindrical surfaces and carry a payload of 600 g when moving on walls, so its
use in the real world is feasible. In 2017, Sukvichai et al. developed a robot with two propellers and four
free wheels to climb a wall [38]. They concluded that propeller-type climbing robots have the potential
to be used in such applications as inspection of high buildings, wall and mirror cleaning, surveillance,
and military operations. In 2020, a propeller-type robot with two functions was proposed. This robot
realizes the transition between the wall and the ground and perches on the wall with an arm [39].

In the aforementioned studies, only climbing on the wall, technically vertical movement on
the surface, was evaluated. Consideration of lateral movement on inclined surfaces where slip occurs
for mobile robots, which was raised as an issue by Iwano et al. [13], has been insufficient. Thrust control
should also be considered in combination with the robot movement method. Weak thrust can cause a
robot to slip, and high thrust can cause the wheels to grip too tightly and prevent the robot from turning.
In addition, the loads applied to the wheels on mountain and valley sides differ. On a steep slope, the
normal force applied to the wheels on a mountain side decreases, so the friction force applied to the
wheels decreases, causing the wheels to slip during movement.
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2.2 Survey of Applications on Inclined Surfaces

As mentioned in Section 2.1, propeller-type climbing robots have been developed for various
uses, but the majority are structural inspections. Therefore, previous research on the inspection of
structures is described here. Furthermore, in Chapter 1, robots that can realize work and grass cutting
on slopes are in demand. Therefore, as an application example of a robot using a propeller, in this
research, the realization of grass-cutting work on steep slopes by a propeller-type climbing robot was
studied. To that end, previous research on grass-cutting robots is also described.

2.2.1 Review of Inspection Robots

Periodic inspections for detecting defects in concrete structures are necessary to maintain
infrastructure health. During periodic inspections, surface defects, such as cracks, and internal concrete
defects, such as delamination, peeling, and shallows, should be identified. Therefore, hammering tests
are performed by inspectors who strike the surface manually with a hammer and detect defects by
recognizing the sound produced by the hammer strikes (see Figure 2-1). Hammering inspection is a
common evaluation method for detecting defects of concrete structures, such as bridges and tunnels,
from sound changes [40]. However, the number of concrete structures is increasing. In addition, there is
a shortage of inspectors. Therefore, it is believed that robot inspection would be beneficial. For
conventional automated inspections, methods combining vision-based inspection with robots [41] [42]
[43] and multi-copters [44] [45] have been proposed. There have been relatively few studies on the
development and evaluation of hammering inspection robots. To realize robot hammering inspection, it
is necessary to develop a mobile robot that moves on a structure stably and is not affected by the
hammering impact, hammering device, and hammering defect classifier.

Sound

Hammering

-
-
-

Diagnosis

Figure 2-1 Hammering inspection.
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In robotic inspection, the robot can reach areas of a concrete surface that a human inspector
cannot reach, and the impact from the hammering device remains constant. In contrast, a human
inspector cannot maintain a constant magnitude. In research on hammering inspection robots, robots
that use wires and guide frames, as introduced in Section 1.2.1(3), are widely used. Nakamura et al. [46]
and Takahashi et al. [47] constructed a guide frame along a tunnel surface, and a slider-crank hammering
mechanism with an impact of 0.5 ] moved along the guide frame. Luk et al. [48] developed an automated
gondola-based robot equipped with a steel ball of 12 mm diameter and a linear solenoid actuator to push
the steel ball to the surface. Inoue et al. [49] developed a system that detects the internal state of tiles by
suspending a hammering device with a wire and lifting it. Using guide frames and cables requires system
preparation before inspection and limits where wires and guide frames can be installed. In other studies
using unmanned aerial vehicles (UAVs), hammering tests were conducted. Salaan et al. [50] [51]
installed a solenoid-based hammering device in a UAV with a rotating shell to avoid collisions with
structures. According to Ichikawa et al. [52], the impact energy of an inspector to find a defect at a depth
of approximately 100 mm from the surface was approximately 0.3 J. Therefore, they developed an
impact device that generates an impact with an energy of approximately 0.3 J installed on a UAV.
Similarly, Moreu et al. [53] developed a UAV system with a hammering device based on a crank
mechanism, and Chun et al. [54] developed a system with a piston-type impact mechanism. A UAV must
always contact the surface of a structure with a constant force to strike the wall with a constant force,
but controlling its flight is challenging [55] [56]. There was also a study in which suction was used,
introduced in Section 1.2.1(5). Li et al. [57] developed a crawler robot with a suction cup for impact
echo-acoustic inspection. They evaluated climbing ability and inspection ability separately. However,
the entire inspection system was not evaluated because the climbing robot could not be applied on a
vertical surface while carrying a heavy inspection device. A robot using thrust force, introduced in
Section 1.2.1(7), was used for hammering inspection in research by Iwamoto et al. [58]. They developed
a climbing robot that uses thrust to press its body against the tunnel surface. However, this robot was
only tested for striking ability on composite panels.

In previous studies, hammer robots have demonstrated the ability to record sound by hitting
the surfaces of structures. Therefore, further study on the implementation as an entire inspection system
is needed. A hammering inspection system has yet to be realized by developing a mobile robot, installing
a hammering device, analyzing recorded sounds, and examining the accuracy of the inspection.
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2.2.2 Review of Grass-Cutting Robots

Because of the declining and aging agricultural population, agricultural robots have been
developed [59] [60]. Regular grass cutting is integral to agricultural practice to prevent grass from taking
essential nutrients and water away from crops. However, grass cutting by human workers is often time
consuming and reduces productivity. There are data showing that small farmers in developing countries
spend more than 40% of their time on grass cutting [61]. To reduce the burden of grass cutting, much
research on grass-cutting robots has been conducted. For example, Bakker et al. [62] developed a grass-
cutting robot for organic farms, Daniyan et al. [63] developed solar-powered mowers for gardens and
parks, and Pishadory et al. [64] developed a wireless-controlled grass-cutting robot. Along with grass-
cutting robots, path-planning algorithms [65] [66] [67] and obstacle prediction [68] [69] [70] for the
grass-cutting robots have been studied.

Although the robots mentioned above are primarily designed for flat surfaces, grass cutting in
actual farming environments is done in harsher environments. In Japan, 40% of all agricultural land is
in hilly and mountainous areas [71]. According to a survey by the Ministry of Agriculture, Forestry, and
Fisheries of Japan, 660 grass-cutting accidents were reported in 2000, and 29.5% of the accidents were
caused by the unstable postures of workers on steep slopes [72]. The survey found that grass cutting on
slopes is usually done at an angle of up to 60°, the postures of workers on slopes are unstable, and
workers can slip and injure themselves while holding grass-cutting machines. Accidents are frequent in
such scenarios, so there is an urgent need to replace human grass-cutting work with grass-cutting robots.
Figure 2-2 shows a farmer cutting grass on a steep slope in a hilly and mountainous area.

| ]
Grass-cutting machine

Figure 2-2 Grass-cutting work on a steep slope.
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Therefore, researchers in Japan have proposed various approaches for grass-cutting robots on
steep slopes. Ito et al. [73] achieved movement on slopes of up to 30° by changing the camber angle of
the robot wheels. lizuka et al. [74] proposed a four-wheel mobile robot equipped with a wheeled arm to
provide a stable attitude and realized movement on a slope of 30°. Nakatsuchi et al. [75] realized
movement on a slope of up to 45° with a crawler-type robot, and Iwano et al. [13] also achieved
movement on a slope of 45°. In a following study by Iwano et al. [76], they analyzed the occurrence of
slippage in more detail on a 30° slope. Furthermore, Uehara et al. [ 77] reported on the industry—academia
collaborative development of a robot that can move on slopes of up to 45°. However, in actual situations,
it is necessary to cut grass on slopes of up to 60°, whereas grass-cutting work can only be performed on
slopes of up to 45° with the currently developed robots. Therefore, there is still urgent demand for a
robot that can handle even steeper slopes. In addition, because agriculture in hilly and mountainous areas
is practiced not only in Japan but worldwide, it is assumed that there is a huge demand for robots that
can reduce the burden of grass-cutting tasks.
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Chapter 3 Propeller-type Climbing Robot on Inclined Surface

In Chapter 3, the stability conditions when a propeller-type climbing robot moves on inclined
surfaces, including a steep slope and a wall, are formulated. Slips and falls occur when robots operate
on inclined surfaces (Figure 3-1). Therefore, a method to control friction force by thrust force from a
propeller was developed. The multi-copter was installed on the robot to stabilize its attitude. The thrust
force pushes the robot body against the ground. As a result, the robot can keep a stable attitude on a
steep slope because a large friction force is produced. Based on the stability condition of the mobile
robot formulated here, the stability of the developed robot when it moves on a surface was investigated
through various experiments. Specifically, the focus of this study was on controlling the magnitude and
direction of the thrust force to move straight in lateral movement on inclined surfaces. In this study,
vertical and lateral movements are defined as shown in Figure 3-2.

(a) Slip. (b) Fall.

Figure 3-1 Slipping and falling on an inclined surface.

Figure 3-2 Definition of movement directions.
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3.1 Stable Model of Climbing Robots on Inclined Surface

In the proposed method, the thrust of the propellers attached to the robot can push its body
against the surface to increase the normal force. Therefore, the friction force increases. Consequently,
the proposed robot can maintain a stable attitude without slips or falls. Figure 3-3 shows the fundamental
design of the proposed propeller-type climbing robot. The robot has a quadcopter on top, a drive shaft
connecting the quadcopter and the robot body with two degrees of freedom, and four motorized wheels.

Quadcopter

Propeller

2 DoF Axis

f

Rotor

Robot base

S Wheel

Figure 3-3 Design image of the proposed robot.

18



3.1.1 Stabilization Models

Stable Condition Against Slips

The relationship between the friction force and the downward force acting on a robot on inclined
surfaces was analyzed. Figure 3-4 shows a force diagram of a robot without the proposed method, and
references to the robot wheel positions are labeled. Assuming that the acceleration of gravity is g, the
friction coefficient between the ground and the wheels is x, and the slope angle is 6, the mass of the
climbing robot is m. The gravity force mg can be divided into a downward and a vertical force to the
surface. The friction force is proportional to the total normal force of Nupper-right, Nupper-iefis Niower-tefi, and
Niower-righ;, Which are the normal forces applied to the upper-right, upper-left, lower-left, and lower-right
wheels, respectively. Therefore, the friction force Fjicion is Written as

Ffriction = ﬂNupper—right + ﬂNupper—left + .uNlower—right + .uNlower—left (3-1)

If the friction force acting on the robot is greater than the downward force, the robot does not slip. Thus,
the stable condition for the climbing robot not to slip on the surface with inclination angle 4 is

Feriction = mg sin 6 (3.2)

This condition can be written in a different form without Ns as
umgcosf = mgsinb (3.3)
As the angle of inclination increases, the downward force increases, but the vertical force decreases. The

friction force is proportional to the normal force, so the greater the inclination, the less the friction force.
Therefore, the moving robot on the slope does not satisfy Equation (3.3), and the robot slips on the surface.

Mountain side <
upper-left upper-right p h

p it ENypper—right

l \ ’ Nupper—right

lower-left lower-right .
Valley side %

uN lower—right
Nlower—right

\6

Figure 3-4 Force diagram of the robot without the proposed method.
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The proposed robot pushes the robot body with thrust force F, with a thrust tilted at angle ¢ to
the ground, as shown in Figure 3-5. The thrust inclination angle when the propeller is tilted to the valley
side is defined as positive. The downward force is reduced with the sinusoidal component of the thrust
force, and the friction force increases with the cosine component of the thrust force. Therefore, the stable
condition of the proposed robot can be written as

u (Nupper—right + Nupper—teft + Niower—rigne + Nlower—left) =mgsinf — E, sin ¢ (3.4)

This condition can be written in a different form without Ns as
@ (mg cos 0 + F, cos ) = mgsin 6 — F, sin¢ (3.5)
From Equations (3.3) and (3.5), compared with the case in which the proposed method is not used, the
proposed mobile robot can maintain a stable attitude on surfaces with a larger inclination angle. When
the thrust force pushes the robot body with a tilted angle with respect to the ground, the thrust force

increases the friction force and reduces the downward force that causes the robot to slip on the inclined
surface.

Figure 3-5 Force diagram of the robot with the proposed method.
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Stable Condition Against Falls

The moment causes the fall of the mobile robot. The lower wheel is defined as the center of
the moment, and the moment is in a clockwise direction. Here, /4 is the height from the ground to the
robot center of gravity, / is the length from the lower wheels to the robot center of gravity, and L is the
width of the robot. When the robot does not fall on an inclined surface, the moment acting on the mobile
robot must meet the following condition.

Img cos 8 — hmg sin @ — L(Nypper—-right + Nupper—teft) = 0 (3.6)

where Nypper-right and Nypper-lei are the normal forces of the upper-right and upper-left wheels, respectively.
If Equation (3.6) is not satisfied, Niyper-righe and Nypper-lesi are negative, the upper wheel leaves the ground,
and a fall occurs. If the mass of the robot is large, it can obtain a large vertical force from that mass, but
it is difficult to maintain a stable attitude because of the increased downward force.

When the proposed method is used, the moment acting on the robot must satisfy
Img cos 8 — hmg sin @ — L(Nypper—-right + Nupper—teft) + UF, cos ¢ — hE, sing = 0 (3.7)

Here, when the range of ¢ is 0° to 45°, and / is larger than 4, the left side of Equation (3.7) is larger than
the left side of Equation (3.6); therefore, a mobile robot using the proposed method is more resistant to
falls than a normal robot without the proposed method. Based on Equation (3.6), a legged-type climbing
robot was designed to satisfy the stability condition against falls by moving the robot center of gravity
closer to the ground and to the upper side of the inclined surface. However, the robot center of gravity
is determined by its design. Even if the stability against falls is increased by moving the center-of-gravity
position, the stability conditions against slips cannot be improved. By using the proposed method, it is
possible to prevent slips and falls to realize work on inclined surfaces.

From Equation (3.7), the normal forces applied on the robot are

1 (mg ] E, )
Nupper—right = Nupper—ieft = E{T (lcos@ — hsinB) + T (Icos¢ + hsin qb)} (3.8)

1 (mg ] E, )
Niower—right = Niower-teft = > {T (lcos@ + hsinB) + T (I cos ¢ — hsin qb)} (3.9

As shown in Equations (3.8) and (3.9), the normal forces acting on the upper and lower sides of the
wheels have different values. This means that the wheels on the upper side only can generate a smaller
driving force than the wheels on the lower side because of the relationship between friction force and
driving force. In the following sections, the locomotion ability to avoid unexpected slips on inclined
surfaces is discussed.
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3.1.2 Evaluation with a Simulation

In this study, a mobile robot with the proposed propeller stabilization was modeled, and the
relationship between the thrust force, mass of the robot, and inclination angle was clarified by simulation
using a physics engine. Physics simulations were performed using the Bullet Real-Time Physics
Simulation [78] and Open Dynamics Engine [79] on V-REP [80]. The physics model was created to
simulate the proposed climbing robot with five rigid bodies: a robot body, four drive wheels, a propeller
base, four propellers, and a connection part. The simulated thrust force of the propellers was applied
evenly to the center of the four propellers shown in Figure 3-6. The weight of the mobile robot was 1.5
kg at the initial point, and the center of gravity was set to the center of the robot.

Figure 3-6 Simulation environment.
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Maximum Stable Angle

It was confirmed that the proposed method improves the maximum surface inclination angle
at which the mobile robot can maintain its attitude. Here, the maximum stable angle is defined as the
inclination angle of the surface where a robot can maintain the attitude without slips and falls. The
inclination angle was increased from 0° to 90° in 0.1° increments in the numerical simulation. The wheel

was fixed to be locked in rotation, and the direction of the wheel was not considered.

First, the simulation experiment was conducted when the friction coefficient was increased, as
introduced in Section 1.2.1(1). The mass of the robot was fixed at 1.5 kg. Figure 3-7 shows the maximum
stable angle and friction coefficient relationship. When the friction coefficient was small, the mobile
robot slipped when the inclination angle increased. If the friction coefficient exceeded a certain value, a
fall occurred before the slip occurred. Therefore, the maximum stable angle became constant, even with
the increase in the friction coefficient.

Next, the simulation considered the case in which the proposed method was used. The change
in maximum stable angle was observed when the thrust force was changed from 0 to 20 N in 5.0-N
increments, the thrust tilted angle was fixed at 0°, and the friction coefficient was fixed at 1.0. The result
is shown in Figure 3-8. Even if the mass of the robot is increased, the maximum stable angle can reach
90° with the appropriate selection of thrust force. Because the mass of the robot increases when the
thrust is 0 N, the friction force should also increase, but there is no benefit in maximizing the stable
angle because the downward dragging force increases simultaneously. When the friction coefficient is
large, the increase in thrust force generates a larger friction force, increasing the maximum stable angle.
In conclusion, mobile robots exert a greater effect not only by increasing the thrust force but also by
combining it with the conventional method of increasing the friction coefficient of the wheels.

Finally, the change in the direction of the thrust force was examined. From the stable condition,
the thrust tilted angle affects the maximum stable angle. In the simulation, the thrust tilted angle was set
to 0° to 45° in 5° increments. The results are shown in Figure 3-9. The magnitude of the thrust was O N,
10N, 20 N, and 30 N. When the thrust force was large enough, the robot could maintain a stable attitude
on a surface with an inclination angle of 90°, regardless of the thrust tilted angle. Then, in the case in
which the thrust magnitude was 10 N and the thrust was 20 N, the change in the direction of thrust
positively affected the maximum stable angle. The effect of the thrust direction on the maximum stable
angle was smaller in the case of 10 N than in that of 20 N. It was shown that choosing the appropriate
value of the thrust tilted angle greatly benefits the maximum stable angle that can maintain the attitude.
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Figure 3-7 Friction coefficient versus maximum stable angle.
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24



Climbing Ability

Because the proposed propeller-type climbing robot works on inclined surfaces, its climbing
ability was also examined through simulation. The maximum angle at which the robot can climb upward
on the surface was measured when the torque of the wheels and thrust force were changed. The torques
applied to the wheels were 0.1 Nm, 0.25 Nm, 0.5 Nm, 0.75 Nm, and 1.0 Nm. The inclination angle was
increased by 10° from 0° to 90°. The results are shown in Table 3-1. In the case in which only the torque
of the wheel was changed, the maximum inclination angle of the surface that the robot could climb was
up to 40°. Increasing the torque of the wheels did not improve the climbing ability of the robot. This is
because the torque transmitted by the wheel to the ground depends on the friction force. It is necessary
to increase the torque and friction force simultaneously.

With the proposed method, the friction force generated by the robot can be increased by the
presence of thrust force. It is necessary to investigate whether the climbing ability increases when the
friction force is increased by using the proposed method. Therefore, the improvement in the climbing
ability using the proposed method was evaluated. The magnitude of the thrust force was set from 0 N to
20 N in 5 N increments. The inclination angle of the surface was changed by 10° from 0° to 90°, the
torque of the wheels was 0.25 Nm, the friction coefficient was 1.0, and the thrust tilted angles were 0°
and 20°. The results are shown in Table 3-2 and Table 3-3. It was confirmed that the proposed propeller-
type climbing robot can climb surfaces up to 90° when the direction of thrust force is controlled. Pushing
the robot body to the surface increased the friction force applied to the wheels, and a large driving force
could be generated, enabling the robot to climb a surface with a large inclination angle. Therefore, the
direction of thrust is significantly related to the maximum inclination angle at which the attitude of the
robot can be maintained. To maximize the maximum stable inclination angle and climbing angle, the

magnitude of thrust force and its tilted angle should be controlled appropriately.

Table 3-1 Maximum climbing angle with different wheel torques.
Torque [Nm] 0.1 0.25 0.5 0.75 1.0
Maximum Climbing Angle [°] 30 40 40 40 40

Table 3-2 Maximum climbing angle with different thrust forces (¢ = 0°).
Thrust Force [N] 0 5 10 15 20
Maximum Climbing Angle [°] 30 50 60 70 80

Table 3-3 Maximum climbing angle with different thrust forces (¢ = 20°).
Thrust Force [N] 0 5 10 15 20
Maximum Climbing Angle [°] 30 60 70 90 90
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3.2 Design and Fabrication

3.2.1 Developed Robot

Figure 3-10 shows the robot developed to confirm the stable condition of the propeller-type
climbing robot introduced in Section 3.1. The robot uses a quadcopter that generates a maximum thrust
of 20 N, with four DJI E305 2312E motors (960 kV) to rotate the propellers and four DJI E305 420 Lite
ESC systems for electronic speed control (ESC) to control the rotor speed. The robot frame was made
of aluminum pipes to reduce weight, and a DC motor was used for the driving wheels. Each actuator
was controlled using Microchip's Atmega328p. The LiPo battery (1800 mAh, 11.1 V, 150 g) and the
control unit were attached to the base of the robot because the center of gravity affects its stability against
falls. To enable the developed robot to achieve any desired thrust tilted angle, a mechanism with two
degrees of freedom consisting of two servo motors at the connection between the quadcopter and the
robot body was installed. With this mechanism, the thrust force could be tilted from —20° to 20° in any
direction. The width, height, and depth of the developed robot were 270 mm, 210 mm, and 300 mm,
respectively. The robot weight was 1.55 kg. A triaxial acceleration sensor for measuring the inclination
angle of the surface was attached. In addition, a loadcell was attached to the wheels to monitor the
pushing force of the thrust of the propeller.

Figure 3-10 Developed propeller-type climbing robot (prototype).
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322 Control Strategy

A strategy for controlling the thrust forces was developed. In the proposed method, the thrust
of the propeller pushes the robot body against the slope. However, the magnitude of the thrust force
required is small on a surface with a gentle inclination and becomes larger on a steep inclination. To
generate a large friction force by using a constant thrust force to push the robot is not a problem when
only the stability of the attitude is considered. However, the constant force requires significant battery
consumption, even on a gentle inclination, which is a critical issue for a robot driven by a battery.
Therefore, the developed robot controls the propeller according to the inclination angle.

In this study, the inclination angle was obtained in real time from the equipped angle sensor,
while the friction coefficient was measured in advance. The required thrust was calculated based on
these two parameters, then the rotation speed of the rotors was controlled. Figure 3-11 illustrates the
relationship between the thrust force and the tilted angle on the rubber surface with three different
inclination angles. The green area corresponds to the conditions for avoiding slips described in Equation
(3.5). The blue area corresponds to the condition that satisfies Equation (3.7) — the condition for not
falling. The red area shows the ratio of the load applied to each wheel. The red area indicates when the
ratio of wheel loads on the upper and lower sides of the inclined surface is satisfied, written as

5 = Nupper—right + Nupper—left

= (3.10)
Nlower—right + Nlower—left

The ratio was targeted to 0.5 or more and 1.0 or less to avoid unexpected slips on inclined surfaces. The
black line represents the mechanical limitations of the developed robot. The magnitude and angle of
thrust were selected from the overlapping areas of the three areas where the robot can achieve stable

movement.
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Figure 3-11 Example of thrust force control strategy (u = 0.71).
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3.3 Experiment and Result

The stability of the developed robot on a slope was evaluated through fundamental stability,
climbing, and lateral movement evaluation experiments. In previous studies, robots developed to move
on rough terrains, such as steep slopes and walls, have been evaluated on rubber sheets, concrete walls,
and artificial grass. In this study, the experiment was conducted on concrete, a rubber sheet, and artificial
grass, as shown in Figure 3-12. The slope with any angle was realized by a wooden board and frames, as
shown in Figure 3-13. Table 3-4 shows the friction coefficient between each surface and the wheel of the
developed robot.

Table 3-4 Friction coefficients of surface materials.

Surface Friction coefficient
Rubber 0.71
Concrete 0.96
Artificial grass 0.62

Figure 3-12 Surface materials (concrete, rubber, artificial grass).

Figure 3-13 Slope realized by a wooden board and frames.
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3.3.1 Stability Evaluation

An experiment was conducted to evaluate the attitude maintenance of the developed propeller-
type climbing robot with respect to the maximum inclination angle. The robot was installed on a flat
plane. The angle of the plane on which the robot was installed was gradually increased from 0° to 90°.
As the inclination angle increased, the robot slipped or fell, and the maximum stable inclination angle
without slips and falls was recorded. First, the thrust forces were controlled to be 0 N and 20 N, and the
experiment was conducted while the thrust force remained constant. When the output of the thrust force
was 20 N, experiments were performed on two thrust tilted angles of 0° and 20° (see Table 3-5). It was
confirmed that the attitude of the robot with the proposed method could be maintained, while that of the
robot without it could not. The maximum stable inclination angle was further increased when the thrust
force was tilted. The experimental results are almost identical to the results of the simulations.

Table 3-5 Maximum stable angle on three different surfaces.

Force [N] Thrust tilted Concrete [°] Rubber [°] Artificial grass [°]
angle [°] Exp. Cal. Exp. Cal. Exp. Cal.
0 0 40.5 43.8 37.5 35.3 35.5 31.7
20 0 90 90 80 87.2 78.5 77.5
20 20 90 90 90 90 90 90

Figure 3-14 Stability evaluation on the rubber surface.
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A study was conducted to confirm whether the developed robot could control the output of the
magnitude of thrust and its tilted angle by inputting the inclination angle of the surface measured by the
sensor. As in the abovementioned experiment, the robot was installed on a flat plane, and the angle of the
plane was gradually increased. Figure 3-14 shows the robot on different slope angles during the
experiment. Figure 3-15 shows the values from the angle and normal-force sensors. Figure 3-16 shows
the thrust and thrust tilted angle values output during the experiment. The estimated value of normal force
in a case where the proposed method was not used was calculated using the measured inclination angle
with Equations (3.11) and (3.12).

m
Nypper = Tg (lcos@ — hsin @) (3.11)

m
Niower = Tg (Icos@ + hsin@) (3.12)

where, N,pe- 1S the estimated normal forces applied on the upper wheels without the proposed method,
and Njwer 18 the estimated normal forces applied on lower wheels without the proposed method. Here,
N’ uypper 18 the total value of the measured normal forces applied on the upper wheels, and N v is the total
value of the measured normal forces applied on the lower wheels.

As a result, on a gentle inclination, the robot can maintain its attitude without the proposed
method, so no thrust is generated. When the inclination angle increases, the friction force and moment
acting on the robot are insufficient, causing slips and falls. To compensate for the lack of friction force,
the magnitude and direction of the thrust force are increased. There is no noticeable difference between
the measured normal forces on the upper and lower sides of the wheels. However, there is a large
imbalance in the estimated normal force on the upper and lower sides of the wheels without the proposed
method, represented by the dashed line. Setting the thrust tilted angle to 0° adds the normal forces evenly
to both sides of the wheels. Thus, it is impossible to reduce the gap between the two normal forces on
the upper and lower sides of the wheels. However, when the proposed method is used, each wheel of
the mobile robot can generate approximately the same amount of driving force to realize stable

movement on an inclined surface.
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Figure 3-16 Time versus output of thrust force and tilted angle.
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3.3.2 Climbing Evaluation

The climbing ability of the developed robot was evaluated to confirm that the robot has
sufficient torque to move on an inclined surface and transmit sufficient driving force to the surface. In
the experiment, the thrust force was 20 N, and the thrust tilted angle was 20°. The results show that the
developed robot could climb all three material surfaces with an inclination angle of up to 90° (see Figure
3-17).

Figure 3-17 Fundamental climbing experiments.
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333 Navigation Evaluation

In this experiment, the path of the robot when moving sideways on a slope was observed. A
rubber sheet was used as the material of the surface, and the inclination angles were set to 20°, 40°, 60°,
80°, and 90°. In addition, when the inclination angle was 60°, the concrete and artificial grass were also
tested as surface materials for comparison. The locomotion on a 60° surface with rubber, concrete, and
artificial grass is shown in Figure 3-18, Figure 3-19, and Figure 3-20, respectively.
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Figure 3-20 Lateral movement experiment on the artificial-grass surface.
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The paths of the robot during the experiment on a rubber surface with inclination angles of
20°, 40°, 60°, 80°, and 90° are shown in Figure 3-21. The robot could not realize stable movement with
an inclination angle of 40° without the proposed method. When the thrust force was 20 N, and its tilted
angle was 20°, the robot could move on an inclined surface with an inclination angle of up to 90° without
any slips or falls. A slight slip was observed on the artificial-grass surface, even when the thrust force
was 20 N and the tilted angle was 20°. This is because artificial grass has a considerable variation in
friction coefficient. The magnitude of the thrust force and the thrust tilted angle was calculated based on
the average friction coefficient. An unexpected slip occurred if the friction coefficient between the
artificial grass and the robot wheel reached less than the average. Safety factors, such as additional thrust
force, are required on uneven surfaces, such as grassy terrain to prevent slips.
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Figure 3-21 Paths of the robot in lateral movement experiments.
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34 Discussion

Because mobile robots that move on inclined surfaces must overcome slips and falls, research
on mobile robots that can work on inclined surfaces has been lacking compared with working robots on
flat surfaces. In Chapter 3, the propeller-type climbing robot, a mobile robot that uses propeller thrust
force, was formulated with stability conditions. The proposed mobile robot was modeled by simulation,
and the behavior of the mobile robot on inclined surfaces was analyzed. The effectiveness of the proposed
method, pushing the robot body against the surface by thrust force with the tilted angle to generate a large
friction force, was confirmed. To ensure stable movement, the influence of the driving force generated
on the wheels when climbing a slope and the ratio of the normal force acting on the wheels on the upper
and lower sides of inclined surfaces were studied. A mobile robot that realizes the proposed method was
developed. The experimental results revealed that, when the magnitude and direction of the thrust force
are controlled, the developed robot can maintain a stable attitude and locomotion on different materials
with an inclination angle of up to 90°.

One limitation of the developed robot is the operating time. Because the robot is run on a battery,
the operation time is determined by the size of the battery. The theoretical operation time is long when
the robot is on a gentle slope with a large friction coefficient. The running time is shorter if the robot
moves on a surface with a large inclination and a small friction coefficient. For example, when moving
on a concrete surface at 40°, the theoretical operation time is more than 20 min. Moving on a surface of
artificial grass at 80°, the operation time is less than 5 min.

A working robot that can perform tasks on inclined surfaces is necessary to carry out tasks on
actual surfaces. Depending on the type of task, interaction with the environment is required while moving
on surfaces. Then, the reaction force can cause the robot attitude to become unstable. In addition, it is
necessary to consider the work actuator mounted on the work robot and clarify the relationship between
the change in the weight loaded on the mobile robot and its stability. When realizing work in an actual
environment, the friction coefficient between the ground and the wheels changes, and the propeller-type
climbing robot must overcome the unevenness of the terrain. Even in such an environment, the robot is
required to perform tasks with stable locomotion. The steering method of a propeller-type climbing robot
should be examined to realize optimal stable movement in an actual environment when using the

proposed method.
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Chapter 4 Application 1: Hammering Inspection

4.1 Overview of Hammering Inspection System

In previous studies, conventional climbing robots designed to perform hammering inspection
have been evaluated only in terms of stability and locomotion on concrete walls, and no consideration
has been given to when they perform an actual inspection. When robots perform hammering inspection,
the hammering device attached to the robot strikes the wall. The propeller-type climbing robot must
consider the effects of the reaction force from striking on the stability. Through the development of a
hammering inspection system as an application of a propeller-type climbing robot, how the influence of
the interaction between the robot and the environment should be managed was clarified.

4.1.1 Introduction of Proposed Hammering Inspection Robot

As shown in Figure 4-1, an automatic hammering inspection system with a hammering device,
sound- and image-collecting functions to record the positions of defects on concrete structures, acoustic
analysis, and result plotting was developed. The robot moves on the concrete surface freely, and a
microphone records the sound when the hammer strikes the surface. A camera records the position of
the robot. Sound and images are used to detect defects. The proposed system has all the functions
necessary to conduct a hammering inspection.

To perform the hammering inspection, the propeller-type climbing robot must hit the surface
of the structure and collect the hammering sound. Therefore, a unique actuator and mechanism that
generate enough impact force on the surface were designed.

~~~~~ ?nmering device
- | SDefect

Concrete wall

Computer

Figure 4-1 Robot hammering inspection system.
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4.1.2 Stability of Inspection Robot on Walls

A propeller-type climbing robot uses thrust force to keep its position on the wall so that the
distance between the robot and the wall surface remains constant. Furthermore, the propeller-type
climbing robot can touch the wall with a constant contact force. As explained in Section 3.1, the
propeller-type climbing robot has two stability conditions: friction force and moment. The model in
Section 3.1 corresponds to surfaces with inclination angles from 0° to 90°, but the case where 6 is 90°
was only considered for the inspection robot for a concrete wall. Based on the basic stability conditions
described in Section 3.1, the stability conditions were extended to a hammering inspection robot that
performs its tasks on walls. In the force diagram shown in Figure 4-2, the propeller thrust forces on the
upper and lower sides are written as Fy.upper and Fy_ioner, respectively. The normal forces acting on the
upper and lower wheels are N,pper and Npwer, respectively. The distances from the surface to the center
of mass and the propellers are /coc and 4, respectively. The distance from the center of gravity to the
wheels in the vertical direction is /cog. The distance from the lower wheels to the lower propellers is /,.
The reaction force of the hammering impact applied to the robot includes a stable condition. The average
impact force per unit time is defined as F;. The stable state of friction and moment is described as

l"(Fp—upper + Fp—lower - Fi) >mg (4-1)

_Fp—upperlp - mghCOG - 2Nlowerlp + Fp—lower(ZICOG + lp) - FilCOG =0 (4-2)
Equation (4.2) shows that the negative moments should be avoided to stabilize the robot. To reduce the
influence of the moment, the mass of the robot was reduced. Furthermore, to reduce the influence of the
moment, the battery position was lowered. An attempt was made to include the impact force of the robot
in stable condition by clarifying the relationship between the average hammering force and the thrust
force. These conditions were used to design the robot described in the following sections.

Figure 4-2 Force diagram of proposed hammering inspection robot.
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4.2 Design and Fabrication

4.2.1 Hammering Device

A lightweight hammering mechanism to be mounted on climbing robots was developed. The
hammering device has a simple mechanism that uses a snap motor that provides a strong and quick
impact on a concrete surface. Before the device was mounted on the robot, fundamental hammering
experiments were performed on concrete test blocks.

Development of Hammering Device

An actuator consisting of a spring metal strip that rotates one end of a metal strip while the
other side of the metal strip is fixed was adopted as an actuator for a hammering device to generate a
rapid and strong impulse force [81]. This actuator is lightweight and easy to mount on an inspection
robot. Usually, a small actuator cannot produce enough of an impact, but the developed hammering
device achieved the same kinetic energy as the hammering of an inspector. Figure 4-3 shows the
developed hammering device. The metal strip was used as a spring, the device frame was printed with
polylactic acid (PLA) by a 3D printer, and an MG92B servo motor was used to rotate one end of the
metal strip. The length, width, and thickness of the metal strip were 200 mm, 30 mm, and 0.15 mm,
respectively. The diameter of the steel ball was 10 mm, and the mass was 4 g. The total mass of the
hammer section, consisting of the hammerhead, a metal strip, and screws, was 17 g. The total weight
was 60 g.

Hammerhead
Metal strip

=

PLA frame
T

60

130mm  geryo motor

Figure 4-3 Developed hammering device.
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Fundamental Experiment

Figure 4-4 shows a series of hammering sequences performed by the developed hammering
device. First, the servo motor rotated, and the metal strip bent slowly. Then, after the servo motor reached
a certain angle, the deformed metal strip stretched rapidly. The speed of the hammerhead was estimated
to be 6 m/s. Finally, the hammerhead hit the concrete block. From this result, the kinetic energy of the
hammering by the device was calculated using Equation (4.3).

1
KE = > mv? (4.3)

where the hammer mass m is 0.0017 kg, the impact speed v is 6 m/s, and the kinetic energy of hammering
KFEis 0.306 J. Ichikawa et al. [ 52] estimated that the hammering energy is approximately 0.3 J for human
inspectors to find defects at a depth of approximately 100 mm from the surface. The calculated KE
indicates that the developed device generates the same energy as the hammering of human inspectors.

The constancy of the hammering pulse magnitude was evaluated in 10 impact results,
measured with a 16-kHz sampling rate for a loadcell set at the hitting point. The developed hammering
device generated 1-Hz hammering. The impulse force was observed when the hammerhead contacted
the loadcell, as shown in Figure 4-5 (left). The developed hammering device generated a constant force
with a mean impulse 0f 215.9 N and a standard deviation of £19.97 N. The developed hammering device
realized a continuous impulse every second with a distribution of less than £10%. To confirm the
influence of the small force observed after the hitting impulse, the raw sound data of one hammering
are shown in Figure 4-5 (right). The sound was not influenced by the small peak after the hammering
impulse. This peak caused the hammerhead to move while contacting the loadcell when the metal strip
stretched after hammering.
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Figure 4-4 Hammering sequence by the developed device (60 fps).
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Figure 4-5 Hammering force and hammering sound.
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4.2.2 Development of a Propeller-type Climbing Robot for Inspection

Development of Robot

Figure 4-6 shows the developed hammering inspection robot. The frame of the robot is made
of carbon to reduce weight. Other essential components are made of 3D-printed parts made with PLA.
Four DJI E310 2312 motors were used for propeller rotors, and Pololu 1000:1 HPCB 12-V geared DC
motors were used to drive the wheels. For changing the direction of the robot, two steering wheels with
two TowerPro SG90 servo motors were installed to turn on the surface. The length and width for both
were 430 mm, and the height was 180 mm. The weight of the robot, including the hammering device
and a Li-po battery (11.1 V, 1800 mAh), was 1.17 kg.

Figure 4-7 shows a robot using the proposed method to maintain a stable attitude on a structure.
To ensure that the hammer hits the structure with enough power, the hammerhead was placed
approximately 5 mm on the building side. A RODE Wireless GO Bluetooth microphone was installed
near the hammering point under the robot. In the parameters of the developed robot, Fy.upper and F-iower
were 11.76 N each, hcog was 50 mm, lcoe was 105 mm, and /, was 50 mm. The friction coefficient
between wheels and concrete was approximately 0.72, and F;, the average impact force per unit time
calculated from Figure 4-5, was 2.48 N. The design satisfied the stability conditions of the propeller-
type climbing inspection robot.

Fundamental Experiment

In the fundamental experiment, the developed robot climbed a vertical surface while hitting a
structure. It was confirmed that the design of the proposed climbing robot realized the necessary
movement for hammering inspection. The robot moved upward from the bottom part of the wall of the
concrete structure. The robot moved up the experimental wall stably, and the mounted hammer hit the
surface correctly. For a quantitative evaluation, a similar experiment was performed five times. When
the robot climbed down 50 cm while hammering on a wall, the average position error was 3.7 mm, and
the angular error was 0.6° per hammering hit. The diameter of the hammerhead was 10 mm, and the
error within that range was acceptable. These errors resulted from a slight imbalance of the center of
gravity of the robot to the left and right sides.

The developed robot had a speed of 4.4 m/min and a 10-min continuous operating time. The
operating time depends on the battery size, but the robot in this study could also operate with a power
cable from an external power source. Therefore, the robot realized a longer operation time within the
range the cable reached. However, the weight of the cable must be considered under stable conditions
in further research.
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Figure 4-6 Developed hammering inspection robot.
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Figure 4-7 Developed hammering inspection robot on a wall.
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423 Measurement of Hammering Position and Sound

The system records the hammering sound and the position in which the hammering was made.
Here, the process of detecting the timing and position of the hammering is described. First, the
estimation method of the timing of the hammering is described. The raw sound recorded by the
microphone included intense wind noises from the propellers. Because of these wind noises, it was
difficult to determine when the hammering occurred. Therefore, a high-pass filter with a 10-kHz cutoff
frequency was used for noise removal. When the amplitude of the signal with noise removed exceeded
a certain threshold, the system detected that hammering occurred. The original and denoised signals
from the five hammerings are shown in Figure 4-8. A computer and a camera were prepared on the
ground side. The video was captured by a camera on the ground, and the sound was recorded from a
microphone mounted on the robot. The video and sounds were synchronized. Augmented reality (AR)
markers [82] [83] were attached to the top of the robot to find its position on the structure surface. The
robot position was calculated from the captured images using an AR marker. Figure 4-9 shows the
estimated path of the robot with a white line and the hammering points estimated from the recording
sound using a filter and threshold by a white dot. The yellow and blue dashed line represents the direction
of the robot when moving forward and backward, respectively.

Original hammering sounds.

1

05

0

Sound Amplitude

0 2 4 6 8 10
Time [s]

Denoised hammering sounds with 10kHz high-pass filter.

| Threshold | N | |

Sound Amplitude
o
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Figure 4-8 Recorded hammering sounds.

Figure 4-9 Estimated robot path and hammering points on a wall.
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4.2.4 Acoustic Analysis

To perform a hammering inspection using a propeller-type climbing robot, the acoustic
analysis must be designed to work under a high wind noise from the propellers. In previous studies, Ye
et al. [84] proposed a machine-learning evaluation, Hagiwara et al. [85] proposed a statistical analysis,
Kasahara et al. [86] proposed an active weak supervised analysis, and Shih et al. [87] and Fukumura et
al. [88] proposed deep learning because sound characteristics change depending on the environment.
Figure 4-10 and Figure 4-11 show the short-time Fourier transform (STFT) results for clear and defect
sounds without and with noise, respectively. The hammering sounds were recorded on a clear area and
a defect area with a sampling rate of 48 kHz using the developed system. The hammering occurred at
130 ms. The clear sound peaked around 2.5 kHz, while the defect sound peaked around 5-6 kHz.
However, it is difficult to distinguish those characteristics from hammer sounds containing propeller
noises. A simple two-class classifier was used to separate clear and defect sounds with a fully connected
layer-based classification provided by the MATLAB deep-learning toolbox [89]. The timing of the
hammering was determined by the method introduced in Section 4.2.1. To avoid losing features of the
hammering characteristics, a raw sound file was used for creating a sound dataset. At the estimated
hammering timing, the raw sound file was cut into single hammering sound data with a duration of 0.5
s, in which 25% were before and 75% were after the peak threshold was crossed. A total of 120
hammering sounds (60 clear and 60 defect) containing wind noises were collected for training the
classifier. All sounds were collected from the surface of the Test 1 concrete in Section 4.2.5. The final
model could classify the training dataset with 100% accuracy. The corrected sounds from the following
experiment were used for validation, and the classifier model that achieved 100% accuracy on the
training data was selected for validation.
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Figure 4-10 STFT of hammering sounds without noises.
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Figure 4-11 STFT of hammering sounds without noises from propeller-type climbing robot.
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4.3 Experiment and Result

4.3.1 Experimental Setting

The experiment was conducted on two reinforced concrete structures (Tests 1 and 2) by using
the developed robot to determine the accuracy of the inspection (see Figure 4-12 and Figure 4-12). Test
1 had an iron stage, three concrete walls, and a concrete ceiling. The height of the structure, including
the stage, was 1980 mm, the width was 2280 mm, and the thickness of the concrete wall was 150 mm.
A 200-mm square plastic plate was embedded 30 mm deep inside the concrete to simulate internal
defects. The plastic plate was placed 900 mm from the left side and 1080 mm from the top of the
structure. Test 2 also employed reinforced concrete with a height of 1680 mm, a width of 780 mm, and
a depth of 150 mm. Artificial peeling was created using pipes filled with expansion agents [40]. In Test
2, a professional inspector performed a hammer test and marked the defect area (red area) that would be
the correct answer for reference. The target areas where the data were collected are shown in the blue
area.

TS

Pipes with
expansion agent

Figure 4-13 Test concrete structure 2.
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4.3.2

The developed robot moved on a wall surface and recorded the hammering sound made by the

Experimental Results

hammering device installed on the robot. The recorded sound was classified as clear or defect. The

results are plotted in Figure 4-14, with red circles as defects and green circles as clears. In Test 1, the
number of hammerings was 57, and six hammerings were when the AR marker overlapped the defect
area. The labeled numbers indicate the order in which the experiments were performed. Table 4-1 shows
the results of the classifier used in this study and the classification results of examining the peak

frequency using spectral analysis for comparison.

Table 4-1 Hammering sound classification results.

Figure 4-14 Hammering inspection results (left: Test 1, right: Test 2).

Spectral Analysis Proposed
Test 1 Test 2 Total Test 1 Test 2 Total
Total Hits 57 36 93 57 36 93
True Positive 0 0 0 6 12 18
False Positive 0 0 0 7 2 9
True Negative 51 16 67 44 14 58
False Negative 6 20 26 0 8 8
Accuracy [%] 89.5 55.6 72.0 87.7 72.2 81.7
Recall 0.0 0.0 0.0 1.0 0.6 0.69
Precision - - - 0.46 0.86 0.67
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4.4 Discussion

A propeller-type climbing robot equipped with a hammer device using a snap motor was
developed. It can keep a constant distance from the wall and hit the wall surface with a constant force.
The classifier distinguished the recorded hammering sounds as clear or defect sounds. Inspection
experiments on actual concrete structures in the presence of wind noise showed that the accuracy in
detecting defects inside concrete was 81.7%.

The use of UAVs or mobile robots causes noise in sound data and makes it difficult to
determine the characteristics of a hammering sound. With spectrum analysis, it is difficult to find peak
values, and all hammering sounds were predicted to be clear. However, the proposed method had an
overall accuracy of 81.7%, and the recall and precision were 0.69 and 0.67, respectively. The recall from
Test 1 concrete was 1.0, so the inspection result did not have undetected defects. Moreover, data recorded
from Test 1 were used for training and validation, so Test 2 was an unknown concrete for the trained
classifier. However, the result shows an accuracy of 72.2% with a recall of 0.69, even in the presence of

strong noises.

To put this system to practical use, the robot should hit the surrounding area with high density
once a hitting sound is predicted as a defect. For example, the hammering sounds of Nos. 13—19 were
predicted as defects. The reality for Nos. 13 to 19 was also a defect. However, Nos. 5 and 45 were
predicted as a defect. The surroundings were predicted to be clear, and the reality was also clear. The
developed robot collected sound data by hammering the wall continuously while moving on the surface.
Therefore, the proposed system showed potential for use in actual hammering inspection. Furthermore,
the accuracy of the inspection was analyzed. In previous studies, the inspection accuracy for concrete
hammering by the climbing robot was not reported.
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Chapter 5 Application 2: Grass Cutting on Steep Slope

5.1 Overview of Grass-Cutting Robot

Grass cutting on steep slopes is dangerous during agricultural activity in hilly and mountainous
areas. Therefore, an attempt was made to perform grass-cutting tasks on steep slopes using a robot. In
developing the robot, four steering methods (two-wheel steering, skid steering, mecanum wheels, and
four-wheel steering) were compared to find a suitable method for the propeller-type climbing robot to
perform area coverage tasks on inclined surfaces.

5.1.1 Introduction of Proposed Grass-cutting Robot for Slopes

In agriculture in hilly and mountainous areas, grass-cutting work is performed on slopes of up
to 60°, causing a burden for farmers. In Chapters 3 and 4, a quadcopter-based propeller-type climbing
robot was proposed. However, using a quadcopter requires a wider frame so that the propellers do not
contact each other. For this reason, the propellers stick out from the side of the robot body. Therefore,
there is a high possibility that the propellers will contact the ground, grass, and other objects. A propeller-
type climbing robot, as shown in Figure 5-1, was proposed to ensure safety. In addition, related research
on climbing robots has not examined methods to move freely on inclined surfaces. Therefore,
considering the stability when the robot changes direction, the four methods were compared, and the
optimal method for a grass-cutting robot was adopted.

Figure 5-1 Computer-aided design of the proposed grass-cutting robot.
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5.1.2 Stability of Grass-Cutting Robot on Slopes

A force diagram of the proposed robot is shown in Figure 5-2. The stable conditions are
modified to fit the design of the proposed robot, which has two propellers at the center. Here, g is the
gravity acceleration, u is the friction coefficient, m is the mass of the robot, 8 is the slope inclination
angle, F), is the thrust force, ¢ is the thrust tilted angle, /coc and 4, are the heights of the center of gravity
and propeller, respectively, and /coc is the length between the wheel and the center of gravity. For no
slip to occur for the robot on a slope with angle 6, the robot must satisfy the following condition:

1(mg cos 6 + E, cos d)) = mgsin6 — E, sin¢ (5.1)

Equation (5.1) is the same condition as Equation (3.5). The proposed robot falls when the wheels on the
upper side of the slope leave the ground. Therefore, the proposed robot must satisfy

mg : B :
- (Icog cos O — hepg sinf) + T (lcoc cos ¢ + hy, sin d)) =0 (5.2)

In this study, Nupper-rights Nupper-iefts Niower-right, a0d Niower-ier are the normal forces acting on the
upper-right, upper-left, lower-right, and lower-left wheels, respectively. When the robot is facing in the
vertical direction on a slope, Nupper-righ: 1S the same as Nupper-iefi, a0d Nigyer-righ: 18 the same as Niower-ie. The

normal forces are written as

1 mg . Fp .
Nupper—right = Nypper—left = E {T (lCOG cos 8 — h¢og sin 0) + I (lCOG cos ¢ + hp sin 4))} (5.3)

1(mg } (5.4)

E
Nlower—right = Nlower—left = E{T (lCOG cos 8 + h¢og sin 0) + Ip (lCOG cos ¢ — hp sin (,b)
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Figure 5-2 Force diagram of the proposed grass-cutting robot.
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5.2 Design and Fabrication

5.2.1 Steering Methods of Grass-Cutting Robot

Four steering methods were examined to select the optimal steering method for grass-cutting
tasks on steep slopes. Figure 5-3(a)-(d) show the steering methods used. The black arrow represents the
direction of each wheel, and the red arrow represents the moving direction of the robot as a result of
wheel rotation. (a) Two-wheel steering is a common method for controlling wheeled vehicles, such as
automobiles and buggies. (b) Skid steering is used for robots with tracked wheels. When turning with
skid steering, the robot rotates one side of the wheels forward and the other side of the wheel backward.
(c) The mecanum wheel enables the robot to move freely by independently changing the rotation
direction of each wheel. (d) Four-wheel steering uses four drive wheels connected to the steering
actuators. When the robot with four-wheel steering changes direction, the steering actuator is controlled
to rotate 90°.
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(a) Two-wheel (b) Skid
steering. steering.
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N :ar 0

" Qruduuns
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(c) Mecanum wheels
(vertical and lateral movement).

4
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(d) Four-wheel steering
(vertical and lateral movement).

Figure 5-3 Four types of steering method.
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Through simulation, the optimal motion type of the robot when cutting grass was confirmed.
The steering methods on the inclined surface were classified into a movement method that cannot make
a 90° turn at one position and a movement method that can make a 90° turn. Figure 5-4 shows a result
of the grass-cutting simulation, assuming that the robot starts its work from the bottom and climbs the
slope while cutting grass in the target area, shown as inside the yellow dotted line. In case 1, shown in
the yellow masked area, the grass in the corner of the target area cannot be cut in a single movement of
the robot. Therefore, the robot must return to the area where the grass cutting has been finished to cut
the leftover grass. In case 2, the robot climbs a slope, makes a 90° turn, and moves sideways directly.
Thus, the robot can perform grass cutting in the corners of the target area efficiently and effectively. In
this study, the robot that can make a 90° turn is controlled to move left and right on the surface instead
of up and down against gravity from the viewpoint of mechanical energy.

Target area

Robot path \

Target area

Robot path \

(b) Case 2: Grass cutting by a robot with four-wheel steering.

Figure 5-4 Result of grass-cutting simulation.
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52.2 Development of Grass-Cutting Robot

Developed Robot

Here, details of the developed robot(Figure 5-5) are described. A carbon pipe was used for the
robot frame to lighten the weight. Four FEETECH FT5325M servo motors were attached as steering
actuators to a robot base made of acrylic boards. Four FEETECH FB5311M-360 continuous rotation
servo motors were used for wheels. For the propeller mechanism, two TAROT TL68P02 brushless rotors
with HobbyWing Skywalker 60A ESCs were used to rotate the propellers. Two FEETECH FT5325M
servo motors connected the robot base and propeller mechanism on a one-degree-of-freedom axis. A
nylon cord was used for the grass-cutting module because nylon cords are safer and lighter than a metal
blade (Figure 5-6). The length of the robot was 305 mm, the width was 290 mm, and the height was 242
mm. The robot weight was 2.9 kg, including a LiPo battery (6500 mAh, 14.2 V). The robot produced a
maximum thrust force of 20 N. By substituting the actual parameters, mg = 28.4 N, 6 = 60°, F,,= 20 N,
¢ =20°, L =250 mm, lcog= 125 mm, hcoc= 100 mm, 4, = 150 mm, st.sser= 0.92 on the rubber surface,
and fgrass= 1.25 on the grass, into Equations (5.1) and (5.2), the two conditions for stability on an inclined
surface at an inclination angle of 60° were satisfied. The robot must perform grass cutting on a slope up
to 60°, and the stability models show that the proposed robot can work on slopes with an angle of 60°.

Rotor Microcontroller &

receiver

Propeller

Figure 5-6 Grass cutter with nylon cord.
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Fundamental Experiment

First, the fundamental experiment was conducted to test the basic ability of the robot. As shown
in Figure 5-7(a), a normal wheel was used initially, but the robot could not overcome grassy terrain
because the wheel was buried in the grass. To improve the movement on grass, spikes were added to the
wheel, as shown in Figure 5-7(b).

The fundamental experiment investigated how straight the robot could traverse sloped grassy
terrain. Iwano et al. [13] proposed an experiment to measure the slipped distance when a robot moves
on a linear trajectory along a 45° inclined slope. The robot developed by Iwano et al. [13] slipped down
180 mm to the downside direction while traveling a distance of 2.5 m along the slope. In this study, the
same experiment was conducted on grassy terrain where the slope angle was a maximum of 45°. The
results of the experiment are shown in Figure 5-8. Because the test was conducted in a natural
environment, the inclination angle of the tested slope ranged from 42° to 45°. Without any difficulty, the
developed robot traveled 2.5 m with no slip, even in areas where the terrain was slightly curved and the
inclination angle changed.

(a) Normal wheel. (b) Spiked wheel.

Figure 5-7 Normal and spiked wheels.

Figure 5-8 Straight lateral movement on grass terrain with 45° inclination.
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523 Steering Method Selection

To select the optimal steering method from the four steering methods described above, an
experiment was conducted. For the experimental surface, a 1.8m % 0.9 m wooden board covered with a
rubber sheet was prepared and inclined 60° (Figure 5-9). The robot was controlled to climb 0.6 m from
the ground, turn 90° to the left, and make a straight move along the experimental slope until the robot
moved 1.0 m to the left. Figure 5-10 shows the movement of the robot during each steering method, and
Figure 5-11 plots the path of the robot for each steering method.

The method with the mecanum wheel could not climb the slope at first because the small
spinning wheels of the mecanum wheel slipped when the robot attempted to climb. In the method with
skid steering, the robot could climb the slope, but, when it tried to turn, it slipped down the slope. In
two-wheel steering, the robot could reach the target point but could not easily approach the corner, as
shown in the simulation in Section 5.2.1. The four-wheel steering robot moved on slopes without
deviating from the target path. Although there was a slight occurrence of slips, the effect of slips close
to negligible in the grass-cutting operation, as confirmed by the fundamental experiment in Section 5.2.2,
because the friction coefficient is larger in grassy terrain than on rubber (igrass = 1.25, trupper= 0.92).

The results demonstrated that using four-wheel steering is a suitable method for a propeller-
type climbing robot for a grass-cutting task on steep slopes in hilly and mountainous areas. Therefore,
the following experiment was conducted using four-wheel steering.
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Desired robot path

(a) Two-wheel steering. (b) Skid steering.

(c) Mecanum wheels. (d) Four-wheel steering.

Figure 5-10 Steering comparison on rubber slope with 60° inclination.
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Figure 5-11 Path of the robot during the steering experiment.
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524 Area Coverage Experiment

Grass cutting is an area coverage task because the robot must pass through the target area
without omission, not just move to a destination. In Section 5.2.3, straight movement of the robot on an
inclined surface was examined. Therefore, the area coverage experiment was performed to investigate
how much coverage can be achieved on steep slopes. Only a few previous studies have reported
coverage when moving on slopes. Veerajagadheswar et al. [27] conducted an experiment to measure the
coverage percentage on 20° and 30° slopes with their robots and reported achieving more than 98% and
95.07% of the total area coverage, respectively. In this study, experiments were conducted to verify the
area coverage capability under the same experimental setting [27], just changing the angle.

First, area coverage was measured on a slope with a rubber surface. A slope with L = 1.7 m
and W = L/2 was prepared, as shown in Figure 5-12. The robot was placed at the bottom left as the initial
position. The coverage area was calculated based on video recordings. Figure 5-13 shows the coverage
process (green area) of the robot at different time points. To enable the developed robot to achieve stable
movement when climbing and moving laterally, the coverage area percentage on the rubber surface with
an inclination angle of 60° was 99.95%. The proposed robot significantly improved the inclination
angles with a high coverage area on surfaces.

Second, the coverage area was measured on grassy slopes in hilly and mountainous areas. The
target area size was the same as in the previous experiment. The robot was controlled to move around
the area. Anchors were embedded in the grass to show the target area. The experimental setup is shown
in Figure 5-14. Figure 5-15 shows the coverage process (green area) of the robot at different time points.
The target area in which the experiment was conducted had an inclination angle ranging from 45° to
50°. The coverage area percentage was 98.45% on grassy terrain. The robot could not cover the area
around the bottom of the target area because the robot was controlled to avoid edges where the
inclination angle changed from 0° to 49°.
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Figure 5-12 Experimental setting of area coverage experiment (rubber).

l
I

I

Figure 5-13 Experimental result of area coverage experiment (rubber).
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Figure 5-15 Experimental result of area coverage experiment (grass).
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53 Experiment and Result

Finally, grass-cutting tasks by the developed robot were performed on slopes in hilly and
mountainous areas. Figure 5-16 shows a grass-cutting experiment on a slope with an inclination of 33°
to 44°, and 30-cm-tall grass was cut to approximately 5 cm. This experiment confirmed that the
developed robot can cut grass properly with the nylon cord grass-cutting module. The nylon cord was
selected for safety reasons because it can cut only soft materials, such as grass. Moreover, the nylon
cord is lighter and has small inertia compared with a metal blade. Figure 5-17 shows that the robot can
maintain a stable attitude, climb, and move along a slope with an angle of 60° without slips and falls.
This slope had the maximum inclination angle in the experiments.

Figure 5-17 Climbing on a 60° slope in a hilly and mountainous area.
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Figure 5-18 and Figure 5-19 show grass cutting on slopes between cultivated land in hilly and
mountainous areas. As shown in Figure 5-18, the robot started from the top of the slope, moved to the
left side, climbed down the slope a little, then moved to the right side. The robot repeated this sequence
of movements while cutting grass. The robot moved from the upper left to the lower right side on the
slope, as shown in Figure 5-19. The range of inclination was from 18° to 55°.

-““

e N
[

Befo}e cutting grasses. -

e 2 5 - - - '
Figure 5-19 Grass cutting on a slope with an inclination angle of 18° to 40°.
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5.4 Discussion

Grass cutting in hilly and mountainous areas is a complex operation performed on uneven
terrain with a large inclination angle. Accidents have been reported when farmers cut grass on steep
slopes at angles up to 60°. In this study, a novel grass-cutting robot was developed. The robot was
designed based on stable conditions. The propeller-type climbing robot with four-wheel steering was
proposed to realize stable movement on steep slopes while cutting grass.

Four steering methods were compared in the development process. For robots performing area
coverage tasks, a 90° turn is important because it reduces the uncovered area around the corner of the
target area. As a result of the comparison, four-wheel steering was selected. The robot was compared
with previous studies in terms of the straightness of motion and the coverage area percentage. The
experiment resulted in coverage area percentages of 99.95% and 98.45% on a rubber surface and grassy
terrain slopes, respectively. Finally, grass-cutting experiments were performed on different slopes, and
the grass was cut as expected. The speed of the robot was approximately 16 cm/s. The battery had 23

min of power with medium thrust. Thus, the robot can cover an area of 66 m* in one operation.

In future work, the automation of grass cutting by the proposed robot should be considered for
practical application of the robot. Although the robot has a significant advantage in inclination angle,
the autonomous navigation, grass-cutting accuracy, and working capacity should be compared with

commercial products.
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Chapter 6 General Conclusions

6.1 Conclusion

Mobile robots to perform tasks were studied. The purpose was to propose a new stabilization
method and optimal movement method for mobile robots that can work on inclined surfaces. The
proposed method enables the robot to work in more-complex environments. The proposed propeller-
type climbing robot used thrust force to push the robot body against the surface to stabilize its attitude
and locomotion on inclined surfaces. The applicability of a propeller-type climbing robot to realize tasks
was examined. This study focused on hammering inspection and grass cutting as examples of work
conducted on inclined surfaces. Through the development of applications for hammering inspection and
grass cutting, the theory of propeller-type climbing robots that work on inclined surfaces was established.
In Section 1.3, three research questions were clarified. The following conclusions were drawn for these
three issues.

Can a propeller-type climbing robot realize a stable attitude for executing tasks on inclined surfaces?

To answer this question, the stable condition of the proposed propeller-type climbing robot
was formulated in Chapter 3. Working on inclined surfaces requires mobile robots to achieve a stable
attitude and movement by overcoming the problem of slips and falls. In Chapter 1, the conventional
approach to achieving stable movement was described. Propeller-type climbing robots have a high
potential to be applied to work robots because the limitation of the surface material and condition is
relatively small. To arrive at the optimal design of propeller-type climbing robots, simulation of a
propeller-type climbing robot was conducted from the viewpoint of magnitude and direction of thrust
force to avoid slips and falls while moving on inclined surfaces. The developed robot was equipped with
four propellers that generated thrust force with an axis that controlled the direction of the thrust force.
The lateral movement of robots on inclined surfaces was analyzed experimentally, whereas other studies
have tended to focus on climbing ability. The experimental results demonstrated that a stable attitude
and movement were achieved at an inclination angle of up to 90° when the magnitude and direction of
the thrust force were controlled. Although the developed propeller-type climbing robots achieved a stable
attitude on inclined surfaces, the robot must realize the actual task. The ability to perform tasks is
essential for mobile robots to be adopted. Therefore, the implementation the proposed propeller-type
climbing robot should be studied to show its effectiveness.

Is the stability of a propeller-type climbing robot influenced by interactions between the robot and the

environment? If so, how should this interaction be managed?

When robots perform work, the work actuator attached to the robot interacts with the external
environment. The influence on robot stability of the interaction between the robot actuator and
environment was clarified in Chapter 4 through the development of a hammering inspection robot
because the hammering actuator mounted on the robot must hit the surface while moving on a wall. It
is necessary to consider the effect of this blow on the posture of the mobile robot. To perform a
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hammering inspection, a propeller-type climbing robot with a lightweight hammering device, acoustic
analysis that considers wind noises from propellers, and hammering positioning were implemented. The
developed system had an 81.7% defect detection accuracy, whereas the hitting strength and number of
successful strikes were considered in previous studies of hammering robots. In this study, the hammering
force was included in the stability conditions of the robot. The impulse caused by the hammering does
not significantly impact the attitude of the robot, so stable conditions were expressed with the average
impact force per unit time. Furthermore, the classifier of defect sounds was trained by considering an
environment heavily affected by wind noise from the propeller. An issue when implementing
applications using a propeller-type climbing robot was analyzed because the aim of this study was to
perform work on inclined surfaces. However, the steering method for propeller-type climbing robots has
not been verified sufficiently. When a robot performs work on an inclined surface, the steering method
significantly affects the work efficiency. There are two types of work robot: those that move to a target
point and those that perform specific tasks on the entire target area on the surface. Examples of the work
type in which robots perform specific tasks in the entire target area include inspection, cleaning, and
grass cutting. Therefore, a steering experiment was conducted, as described in Chapter 5, to compare
two-wheel steering, skid steering, mecanum wheels, and four-wheel steering for the locomotion of the
propeller-type climbing robot.

Is the four-wheel steering method suitable for a propeller-type climbing robot that performs area

coverage tasks on inclined surfaces?

The application adaptability of a propeller-type climbing robot on a vertical surface was
demonstrated, as discussed in Chapter 4, by developing a hammering inspection robot. Propeller-type
climbing robots are considered effective in implementing applications on steep slopes as well as on
walls. Therefore, grass cutting on steep slopes with an inclination of up to 60° in hilly and mountainous
areas was considered. A novel propeller-type climbing robot with two propellers at its center, four-wheel
steering, and a nylon cord grass-cutting module was developed. The robot was optimally designed and
evaluated in terms of steering method, straight lateral movement on steep slopes, climbing ability, and
coverage area. It was confirmed that the robot could cover 98.45% of inclined grassy terrain with four-
wheel steering. The robot could cut grass on various slopes with different inclination angles in hilly and

mountainous areas.

A propeller-type climbing robot to perform work was proposed. The stability conditions on
inclined surfaces were modeled, and the interaction between the actuator and the external environment
when the robot performed tasks on inclined surfaces was considered. An experiment with various
steering methods was designed to demonstrate the efficiency and effectiveness of the robot. Both the
hammering inspection system and the grass-cutting system developed demonstrated the ability of robots
to perform actual tasks.
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6.2 Limitations

Limitation of Friction Coefficient

The proposed propeller-type climbing robot obtains a large friction force when the robot is
pushed against a surface and obtains a large normal force. As discussed in Chapter 3, the magnitude and
direction of thrust force were controlled according to the inclination angle of the surface. However, the
required thrust force was determined by the friction coefficient and the inclination angle. Therefore, the
friction coefficient is an important parameter, but it is difficult to measure in real time. The proposed
robot cannot be applied on surfaces where the friction coefficient is difficult to measure in advance. On
an inclined surface where the friction coefficient is unknown, the thrust force must be controlled with
the lowest expected value of the friction coefficient to maintain a stable attitude. Therefore, it is
necessary to estimate the friction coefficient of the ground from sensors to control the thrust forces. Higa
et al. [90] estimated the relationship of forces applied to wheels and slips using a six-axis force sensor.
Brandio et al. [91] proposed the prediction of friction coefficients from the vision of humanoid robots
but not wheeled robots. However, in this study, friction coefficient estimation and slip avoidance were
not used.

Limitation of Operation Time

The developed propeller-type climbing robot is driven by a battery. Therefore, there is a
limitation in terms of operating time. The size of the battery determines the operating time. However, if
the battery size is increased to extend the operating time, the weight of the robot increases, and the robot
becomes unstable on inclined surfaces. While on the robot performs tasks, frequent battery changes are
required when the operating time is short. Extending the operating time by using a wired power supply
can replace the battery. Kiribayashi et al. [92] developed a tethered power UAV by controlling cable
tension and direction with the developed device to reduce the influence of cable weight. However, the
stability condition changes caused by the cable weight for a propeller-type climbing robot were not
considered. Therefore, it is necessary to model stability conditions that include the influence of the
power cable. Furthermore, the power consumption of rotors for propellers is large. For example, one
rotor requires a current of more than 20 A. As a result, if the power cable becomes long, sufficient power
cannot be supplied because of the loss from the electrical resistance of the power cable. Therefore, a
method of sending power with high voltage and low current through a cable and a step-down converter
on the robot providing a high current is conceivable. However, this method has not been implemented
or evaluated.

Limitation of Developed Robots

As shown in Figure 3-11, the robot can realize a stable attitude with a minimum thrust force
when the thrust tilted angle is 45°. The sum of cos¢ and sin¢g is maximized when ¢ is 45° so that the
thrust force can be used most effectively. However, the developed robot could only realize ¢ in the range
of —20° to 20° because a large thrust tilted angle requires propellers installed higher from the ground.
Then, the center of gravity moves to a higher position, and stability against falls is reduced. The thrust
force that the robot can output depends on the rotor and propeller sizes. Depending on the parts used in
the robot, the possible thrust angle and center of gravity position can change. Therefore, it is necessary
to redesign the robot according to the actual robot parts by comparing their specifications and weights.
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In this study, a hammering inspection robot system was developed. In the process of structure
maintenance, workers conduct further inspections, such as breaking surface concrete and checking the
reinforcing steel inside concrete after finding defects in the hammering inspection. Moreover, repair is
necessary after finding the defect. The currently developed robot cannot perform tasks requiring a heavy
actuator with strong contact forces. The stability condition was tested, as described in Chapter 4. Such
tasks can be realized if the thrust force is large. Further research on propeller-type climbing robots and
their application is needed.

The experiments described in Chapter 5 confirmed that the grass-cutting robot could perform
tasks on slopes in hilly and mountainous areas. However, some slopes are extremely uneven, with huge
bumps and dents. Therefore, the wheels of the robot may not touch the ground properly. The stability of
the propeller-type climbing robot relies on the friction force. Thus, the proposed method cannot be
applied when the wheels cannot touch the ground. In addition, a characteristic of grass cutting is that the
grass that has been cut remains as garbage. The wind from the propeller also blows the cut grass into
the air during operation. These are not problems if grass is cut regularly. However, future development
of grass-cutting robots on steep slopes should consider these issues and propose solutions.
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6.3 Outlook

In this section, the prospects are explained based on the research results of the developed
application. In this study, hammering inspection and grass cutting were robotized, but the tasks were not
fully automated. For the inspection robot discussed in Chapter 4, the accuracy in detecting defects should
be improved by detailed analysis of the hammering sound. In this study, the developed robot was only
tested on a concrete wall. Further experiments on actual structures, including ceilings and curved
surfaces, are expected. The grass-cutting robots must be able to move between target slopes in hilly and
mountainous areas. The targeted areas between cultivated lands are not interconnected, so the robot must
move from one terraced terrain to another. To realize fully automated grass-cutting robots, localization
of the robot, such as using the Global Navigation Satellite System [93], should be implemented. To
predict slips and falls in advance and realize a more stable attitude, a self-position estimation, such as
using an inertial measurement unit [94], is required, so the robot must be equipped with sensors, such
as cameras, to detect obstacles and determine the route of movement automatically

Finally, the developed propeller-type climbing robots should be brought to actual sites, and
field studies should be conducted to improve the system while providing feedback. Through such
measures, a robot that can play a wide range of societal roles can be realized.
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