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Abstract

Steel structure inspection presents significant challenges for robots to operate
because the environment is dangerous and hard to access. The objective of this
research is to address these challenges using a multi-legged robot, which pro-
vides the ability to navigate and traverse the structural environment efficiently
by having flexibility from the multi-limb mechanism. However, a challenging
area of the steel structure inspection robot is locomotion in an inverted position.

To overcome this challenge, this thesis proposed a Spherical Magnetic Joint
(SMJ) with an adjustable sleeve to generate a consistent attractive force for
the robot to perform inverted locomotion under steel structures. The spherical
permanent magnet allows the robot to attach its foot to a steel surface without
energy consumption. Since the robot’s inverted locomotion requires foot flex-
ibility for placement and gait construction of the robot. Therefore, the SMJ
mechanism was designed and implemented for the robot feet to deal with angu-
lar placement. For detaching the foot tip from the steel structure, the adjustable
sleeve mechanism assists the robot to control the attractive force by creating
a fulcrum point during the tilt and pull step. Experimental results demonstrate
that the SMJ can maintain the attractive force at any angle, and the sleeve mech-
anism can reduce 46% of the presented load during foot detachment compared
to direct pulling.

Afterward, the inverted locomotion gaits of a quadruped robot and a hexapod
robot, which are the major representative of a multi-legged robot were designed
and performed. The SMIJ and the adjustable sleeve were integrated on both
robots and the detaching step was applied with inverted locomotion of a crawl-
ing gait, a trotting gait, a square gait, and a tripod gait. s. Our analysis evaluates
the characteristics of each gait in terms of velocity and stability, thereby con-
firming the versatility of our proposed SMJ, which can be applied to different
types of legged robots
Keywords: Steel Structure Inspection Robot, Multi-Legged Robot, Permanent
Magnet, Adjustable Sleeve, Inverted Locomotion Gait.
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Chapter 1

Introduction

1.1 Steel Structural inspection

In several decades, many robotic types of research have been developed for
the purpose of helping and assisting human workers to accomplish challenging
tasks in our daily life. A steel structural inspection task is one of the tasks that
is considered to be dull, dirty, and dangerous circumstances for the workers to
explore the area and collect data for inspection of the building condition. There-
fore, the steel structure inspection robot [, 2, 3] became one of the focusing
research topics in the robotics field.

So far, several structural inspection robots have been introduced. They were
mainly categorized based on the driven mechanism such as wheeled [4, 5, 6],
crawler [[7, 18, 9] and legged robot [10, 11, 12]. Wheeled and crawler types have
the simplest yet most efficient to move around the flat terrain. However, the
structural environment consists of beams, bolts, and large gaps that prevent the
wheel and belt contact surface to pass through or navigate to different height
levels of terrain.

For instance, steel structure plains can be classified into three types. The first
type is flat terrain, which is characterized by easy navigability throughout the
structure. In terms of mission planning, this type of terrain is often prioritized as
the preferred route to avoid obstacles. The second type is rough terrain, which
includes areas with small obstacles that do not exceed the height of the robot’s
wheels or legs.


Mobile User


Chapter 1. Introduction 2

Flat : Walking, Hanging
Rough : Walking, Hanging
Steep or Slope . Climbing

Figure 1.1. Concept of inverted locomotion for multi-legged robot.

The level of difficulty in navigating this type of terrain depends on the type
of obstacle, and the robot will opt for this route as a shortcut if no flat terrain 1s
available. Both the flat and rough terrains can be traversed using either ground
or inverted locomotion. The third and final type is a steep structure, it will be
considered an obstacle if it is difficult to pass depending on the height and the
angle. If the robot can pass the obstacle, the robot has to perform climbing
locomotion.

Since the legged robot has the ability to step over the obstacle and translate
between two different locomotion plain by using the flexibility of the animal’s
leg anatomy such as limb and joint mechanisms. For these reasons, this thesis
will focus on a legged robot solution for the steel structural inspection task.

Moreover, some areas under the steel structure were completely blocked by
the obstacle as mentioned. To pass this area, the legged robot requires not only
normal locomotion but also inverted locomotion from the structure above the
obstacle. Consequently, the adhesion device is required to be developed and
integrated with a legged robot. Figure shows the perspective of a multi-
legged steel structure inspection robot with inverted locomotion.
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1.2 Magnetic device for legged robot

The steel structure is mostly built from ferromagnetic substances, which can
form an attractive force with the magnetic device. Many magnetic devices such
as permanent magnet [13], electro [14], and electro permanent magnet [[15] were
developed as the adhesion device for the robot depending on the advantages and
task of the robot.

The permanent magnet generates the attractive force without energy con-
sumption while the electro-magnetic and electro permanent magnet require the
electrical energy to turn on and off the attractive force. However, the maximum
attractive force of the magnet depends on the area of contact between the mag-
net and the ferromagnetic surface referred to in the equation (3.1)). This gives
the constraint for the foot placing angle between the adhesion devices and the
structure surface.

To solve this problem, the author considers a spherical permanent magnet
to develop a ball-joint mechanism as a robot end effector for the legged robot
(Figure [1.2)). This novel mechanism will allow the robot’s foot placement to
achieve a high degree of freedom for rotational adhesion devices along with the
smallest contact area.

1.3 Statement of the Problem

* For creating the walking gait for inverted locomotion, the robot requires to
lift the foot before swing to the new position. Because of the always-on
attractive force from the spherical permanent magnet, the strong pulling
force 1s generally required to remove the magnet from the surface and
might be creating the vibration and cause the robot to fall from the stance.
From these reasons, the challenging of developing the spherical permanent
magnet joint can be divided in four research question respectively.
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Magnet —p> - 1 :
v
Adjustable
sleeve
Linear
actuator
(@)
Quadruped Hexapod

(b) (©

Figure 1.2. (a) Spherical magnetic joint with an adjustable sleeve. (b) Trotting gait for inverted locomo-

tion of a quadruped robot. (c) Tripod gait for inverted locomotion of a hexapod robot.
1.4 Research Questions

e The first question is, how to design the end effector of the robot’s foot
with the ability to maintain the attraction force between the magnet and the
surface while moving or adjusting the leg position.

» The second question is, how to lift the robot’s foot without applying the
same amount of attractive force. If the robot applies the direct pulling
force to lift the foot, a strong vibration will occur to the robot’s body and
make the robot fall from the surface.
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 The third question is, how to develop the walking gait of the multi-legged
robot for the inverted locomotion situation. After the author has finished
the design and assembly of the robot’s leg, the walking gait for the robot
will be designed to deliver the robot from the starting position to the re-
quired position without failure. This walking gait should have enough
stability and versatility to match the numbers of the robot’s leg and the

environment’s condition.

e The fourth question is, how can the author evaluate the four differences
in the walking gait of the quadruped robot and the hexapod robot in the
inverted locomotion situation. Each of the gaits requires the evaluation to
analyze the advantages and disadvantages of different specifics task of the
legged robot.

1.5 Philosophy

Considering the research question from the last section, the author has set up
philosophies to answer the research question for pushing the limit in the inverted
locomotion of the multi-legged robot. This philosophy consists of four main
topics respectively.

First, the flexibility of the foot placing angle must be achieved to support the
robot’s locomotion. To successfully design the tip of the multi-legged robot’s
foot, the mechanism must have enough flexibility to break the constraint from
the fixed contact angle between the surface and the tip of the robot’s foot.
Hence, the robot can freely adapt to various walking gaits for traversing through
the steel structural building.

Second, the controllability in the attractive force of the spherical magnetic
joint has to be developed to avoid the application of the maximum pulling force.
Since the vibration and reaction from the direct pulling force cause the robot
to fall down. Consequently, the authors must be integrating the legged robot
with the assisting device to eliminate or control the pulling force to prevent the
reaction from the action force.
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Third, the stability of the robot while walking in the inverted locomotion with
the different number of the robot leg must be secured since the inverted loco-
motion has to be performed in different gaits. The legged robot must maintain
its stability while walking with minimum support leg to prevent the fall down
of the robot or keep moving in the desired direction to successfully perform the
task with minimum error.

Fourth, the versatility of the designed mechanism and the walking gait must
be verified to adapt the robot’s task in various operations. For the real-world ap-
plication, the developing work requires versatility for the different applications.
This will confirm that the author’s works have the potential to continue further
in this field of research topics.

1.6 Outline of the Dissertation

The overall concept of this dissertation is shown in Figure This dissertation
consists of five chapters, each of the chapters will be briefly described below.

v Chapter 1, Introduction, this chapter starts with the background on steel
structural inspection robots, Multi-legged robot types, and Magnetic de-
vices. This chapter explains the challenges, research questions, philosophy,

and contribution of the proposed method.

v Chapter 2, Literature Review, this chapter reviews the previous platform of
the steel structural inspection robot, the development of the multi-legged
robot platform, and the characteristic of the adhesion device.

v Chapter 3, Spherical Magnetic Joint of Multi-Legged Robot, this chap-
ter shows significant characteristics, design, and experiment results of the
spherical permanent magnet and the adjustable sleeve.

v Chapter 4, Inverted Locomotion of Multi-legged Robot, this chapter ex-
plains the design and calculation of the robot platform, the inverted loco-
motion gait, and the experiment result of the inverted locomotion.
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v Chapter 5, Conclusion, this chapter summarizes the major findings and
outlines suggestions for future work.
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Chapter 3:
Spherical magnetic joint and adjustable sleeve

< o Magnet wdp
Adjustable
sleeve

Linear
actuator

o4 —————————— ———

Chapter 4:
Inverted locomotion of the multi-legged robot

Quadruped
Robot Gaits

Hexapod
Robot Gaits

Figure 1.3. Overview of the dissertation
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Chapter 2

Literature Review

This chapter presents the related works on three main topics which are important
for the development process of this dissertation. There is the steel structural
inspection robot, the multi-legged robot, and the adhesion device respectively.

2.1 Steel Structure Inspection Robot

Nowadays, the research and development of steel structural inspection robots
has grown rapidly as one of the specific fields of robotics research. So far,
several configurations of structure-inspecting robots have been proposed. Based
on locomotion type, the robot was classified as wheeled robots, crawler robots,
unmanned aerial vehicles (UAVs), and legged robots.

A wheeled type climbing robot in [[16] Figure was developed to inspect
the cable in the bridges. The designed robot consists of two spaced modules,
connected by the bars and clamps the cable. The main driving system of this
robot is wheel contact force and the dc motors. In contrast, the robot in [[17]
was applied to steel wall inspection with the two permanent magnets wheel for
the locomotion of the robot (Figure 2.1(b)).

A crawler-type robot was implemented a track-type contact surfaced to in-
crease the contact force from the large area between the track and the terrain.
The steel bridge climbing robot in [18] was applied to steel pipe, flat terrain,
and uneven terrain in Figure
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Figure 2.1. Wheel and crawler type robot. (a) F. Xu. (b) W. Song. (¢) S. T. Nguyen and H. M. La.

This robot track system consists of two permanent magnet tracking wheels
with the dc motors actuator, the reciprocating mechanism was also integrated
to transform the robot to adapt to the different contour surfaces. However, the
wheeled and crawler types still have problems when trying to step over large
obstacles in a complex environment.

A UAV-type robot was sent to perform a visual inspection in the tall building
or avoid the ground obstacle in a complicated design area. This type of robot
is floating or flies around the inspection site by using the thrusting force from
the rotors and propellers. The aerial structural inspection task in [[19] was done
by two types of UAV, a rotorcraft and a fixed-wing (Figure 2.2(a)). These two
UAVs were implemented with the fast inspection path planning algorithm to
execute the inspection in a large opening area for the building. Additionally,
the manipulator was integrated into the UAV in research [20], the arm is able
to safely touch the structure surface with a sensor while flying, taking measure-
ments from the underside for examples in roof area (Figure [2.2(b)). However,
the UAV cannot carry a heavy payload due to its stability during floating or fly-
ing. Moreover, a narrow space of the structure will create a strong wind causing
a visual occlusion from fog or dust from the environment.

In order to maneuver over a complex area and confined space, the legged
robots were presented in multi-dimensional or plane transition contact-type lo-

comotion.
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Figure 2.2. A UAV-type robot. (a) A. Bircher. (b) A. Jimenez-Cano.

2.2 Multi-Legged Robot

The multi-legged robot types imitate the advantages of the animal’s leg struc-
ture such as mammal, reptilian, insect, or crab. These types of robots have ad-
vantages in exploring the structure of buildings, including, flexibility of plane
transition, stability during locomotion, and high payload in carrying measuring
devices.

A bipedal robot, the human-like robot was developed to inspect and respond
to disasters in social infrastructures designed for humans, such as factories and
power plants is presented. The humanoid in research [21] was implemented
with the new cooling structure to prevent overheat from the CPUs themselves.
The robot was successfully climbing the ladder, walking through narrow spaces,
and walking over scattered debris as shown in Figure

A quadruped robot, this robot has four legs configuration, and the robot can
be divided into two subcategories. First, a mammal type robot, the ANYmal
[22] was developed with a focus on outdoor locomotion such as walking, run-
ning, and jumping. Moreover, the full rotation in all joints helps the robot to
step over the obstacle or climb the stair (Figure 2.3(b)). Second, sprawling type
robot, the leg arrangement of TITAN-XIII in research was placed into this
configuration. The sprawling configuration has a wider supporting polygon and
lower center of gravity than the mammal type (Figure 2.3(c)). Also, each foot
is far enough from the other feet to prevent collision between each other.
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Figure 2.3. A Multi-legged robot type. (a) T. Yoshiike. (b) ANYmal. (c) TITAN-XIII. (d) Weaver.

This robot was developed with a lightweight mechanism. A wire-driven
mechanism is used to transmit the power from the motor to the leg for mov-
ing with the trotting gait.

A hexapod robot, an insect-inspired type robot, this type of robot imitated
the six legs insect to increase the static and dynamic stability of the quadruped
robot. A Weaver is the hexapod legged robot that was developed for au-
tonomous navigation on unstructured terrain (Figure 2.3(d)). The adaptation
approach uses the unique properties of legged robots by adapting the virtual
stifftness, stride frequency, and stride height. As a result, the robot successfully
performed and adapt the walking gait autonomously during the locomotion in
flat terrain, slope, and multi-levels of an unstructured obstacle.

For these reasons, the proposed research topic is implemented in the steel
structure which is classified as the structural environment. Therefore, the multi-
legged robot was selected as the robotic platform in this dissertation due to the
characteristic of the legged robot type such as carrying high a payload, travers-

ing in multi-dimensional terrain, and climbing the large obstacle.

2.3 Adhesion device

From the previous section, an enormous obstacle can completely prevent the
robot to continue the inspection task. Hence, the multi-legged robot requires the
potential of performing inverted locomotion. The goal of inverted locomotion
is to avoid the ground obstacle by moving in an anti-gravitational situation to
cross over the obstacle.
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Sucker joint

Figure 2.4. Developed sucker and diagram of flexible joint with three point mounting.

To accomplish this, the adhesion device was developed to help the robot to
hang itself in the anti-gravitational situation by applying an attractive force be-
tween the tip of the robot’s leg and the environment surface. Recently, many
adhesion devices were developed to assist the multi-legged robot in performing
inverted locomotion. The developed tools apply different attractive forces de-
pending on the type of structure and the tools. For glass-type material or smooth
surfaces, the vacuum attachment cup is one of the most reliable methods, the
multi-legged robot in [25] was integrated with the sucker pad to maintain the
attractive force which is generated from the negative air compressor. Addition-
ally, the flexible joint and the three-point mounting were applied to assist the
robot for maintain the attractive force in a different situation as shown in Figure
2.4

As mentioned in the Introduction, the environment of the steel structure was
constructed by the ferromagnetic substance which can be applied with the mag-
netic device. Many of the inspection robots were integrated with magnetic ad-
hesion tools to generate an attractive force with the steel structure.

First, the electromagnets (EM), the attractive force of the EM can be gen-
erated by applying a continuous power supply. The electromagnet was imple-
mented in the “ASTERISK [14]” and the “icrawl [26]” in Figure
These two robots can hang the body in an inverted situation by applying attrac-
tive force.
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\

Curved foot cap

(a) (b)

Figure 2.5. Electromagnet adhesive tool. (a) ASTERISK (b) icrawl

(a) (b)

Figure 2.6. Electro-permanent magnet adhesive tool. (a) ASTERISK (b) Magneto

While performing the locomotion, the EM in the moving leg of the robot is
switched off to release the leg from the surfaces.

Second, the electro-permanent magnet (EPM), the attractive force of the
EPM was generated from the permanent magnet and does not require the en-
ergy to turn on the attractive force. The Magneto [27] and ASTERISK
were implemented with the EPM to purpose the concept of the anti-gravitational
locomotion Figure For the moving leg of the robot during locomotion, the
EPM is switched off by applying the power supply to cancel the fixed attractive
force.
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(a) (b)

Figure 2.7. Magnetic switchable device. (a) F. Rochat (b) A. Peidro

Third, the permanent magnet (PM), this device generates a fixed attractive
force similar to the EPM. However, the locomotion of the robot requires switch-
ing off the attractive force to release the leg of the robot. The Magnetic Switch-
able Device (MSD) in [29] was presented as a mechanical switching system to
turn on and off the attractive force for an application in a climbing robot (Fig-
ure 2.7(a)). The inchworm climber in [30] was implemented with the MSD
to do the inverted locomotion (Figure [2.7(b)). During the leg lifting step, the
attractive force of the MSD in the moving leg is turned off due to the counter
magnetic field generated from the control PM.

Additionally, in this research [31] the electro-permanent magnets, magne-
torheological elastomers, and ball joint sockets were developed to provide a
large adhesion and traction forces, allowing it to walk and climb at different an-
gles. Despite this, every foot tip that is integrated with the square and cylindri-
cal shape magnet requires a fully contracted area to generate a strong adhesive
force.

For the proposed robot, the author aims for robust and energy-efficient in-
verted locomotion. Therefore, the SMJ based on a spherical permanent magnet
characterized by its high degree of freedom (DOF) and ability to provide strong
adhesive force at a small contact point between the magnet and the surface
without energy consumption was proposed. This helps the robot to place its
foot with a higher degree of freedom, even on non-flat surfaces.
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Figure 2.8. Magnetic Switchable Device and the MARVEL. (a) Components of the magnetic foot. (b)
Quadruped robot MARVEL

Also, to reduce the adhesive force, an adjustable sleeve mechanism at the
tip of the robot’s foot is proposed. Our experiment result shows that the pulling
force is significantly reduced when the adjustable sleeve is activated. Finally, we
developed four different gaits: crawling, trotting, square, and tripod gait based
on the SMIJ for inverted locomotion in both quadruped and hexapod robots,
which validates the versatility and robustness of the SMJ on a steel surface with
inverted locomotion.
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Chapter 3

Spherical Magnetic Joint and Adjustable
Sleeve

3.1 Introduction

In this chapter, the author describes a characteristic and design of the Spherical
Magnetic Joint (SMJ) and the adjustable sleeve. These two components were
applied at the foot tip of the robot for inverted locomotion. The spherical mag-
netic joint is a tool to generate an attractive force with the flexibility of the ball
joint mechanism that allows the foot to be placed at any angle on the surfaces.
Additionally, the adjustable sleeve assists the robot to control the force of the
tilting and pulling action.

When discussing permanent magnets, an interesting thing to consider is the
shape of the magnet and the attractive force. Recently, permanent magnets
come in two different contact area shapes, depending on the overall shape of
the magnet and the contact surface area. These shapes can be categorized as
either flat contact or curved contact. The specific shape of the contact area
influences the strength of the attractive force, as a larger contact area yields a
higher density of magnetic field, thereby generating a stronger attractive force
between the magnets.

However, in our research, the author selected the curved contact type instead
of a flat contact type as an adhesive force tool based on the following two crite-
ria: First, our research goal is to design a multi-legged robot with the ability to

place its foot to the smallest contact area.

17
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Figure 3.1. Contact surface with curved and flat magnet.
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Figure 3.2. Adhesive force of tangential surface between two magnets.

This objective gives our investigation into spherical-shaped magnets, which
have a smaller tangential area in comparison to flat contact types like square or
cylindrical magnets as shown in Figure 3.1

Regarding the second criterion, The attractive force generated by the magnet
depends on the direction of magnetic flux and the pole position of the mag-
net. The spherical-shaped magnet can generate the maximum attractive force
because the magnetic field always concentrates at the tangential area, while the
attractive force of flat contact types may be reduced if they are not placed fully
on the surface as shown in Figure [3.2]
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The spherical magnetic joint consists of two structures. First, the spheri-
cal permanent magnet, this type of magnet has the characteristic of creating a
permanent magnetic field to induce the attractive force with the ferromagnetic
structure without energy consumption. Also, the permanent magnet shape can
be formed in various shapes depending on the user’s requirement such as a rect-
angle bar, circular ring, spherical shape, etc. The author selected the spherical
shape permanent magnet for the adhesive tools because the properties of the
SPM is suitable in term of giving an attractive force at the small contact area
between the surface and the magnet. Second, the ball joint mechanism, this
type of connection allows the SPM and the tip of the robot’s foot to execute the
maximum force due to a free rotational attribute of the mechanism.

However, the foot lifting of the robot requires turning off or decreasing the
attractive force as much as possible because the vibration from the pulling force
will cause the robot to fall from the hanging situation. The adjustable sleeve was
designed to support the pulling action of the robot by setting up the pivot point
for tilting the SMJ before lifting. The sleeve design step will be described in the
section along with the essential design parameter Dr. Additionally, the linear
actuator was applied as a driven mechanism of the adjustable sleeve to slide and
adjust the distance of the sleeve to touch the surface in different situations.

In the experiment, the attractive force of the rotational joint and fixed joint
will be compare to demonstrate the advantages of the ball joint mechanism.
Also, the three different conditions: direct pulling, pulling where the sleeve
radius distance Dg; = 9.75 mm, and pulling where the sleeve radius distance
Dg» = 8.75 mm will be performed to show the relation of the design parameter
D and the pulling force.

3.2 Spherical Permanent Magnet

In the steel structure climbing and multi-legged robot types, the tip of the foot is
required to attach to the surface and have enough flexibility to support the foot
at any angle with the surface.
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Fiy

Figure 3.3. Ball joint and spherically shaped permanent magnet. This figure shows the rotation of the

ball joint and the characteristics of the attractive force Fjy of the spherically shaped permanent magnet.

Therefore, the author proposes using a spherical permanent magnet at the tip
of the robot’s foot on each leg to create an attractive force Fi.

Characteristic of the spherical permanent magnet is the ability to give the
maximum attractive force Fjy at the small tangent surface of a spherical shape,
as in the equation (3.1) :

BA,
2o

Fy = (3.1)

where u is the permeability = 47, B is the flux density, and A ¢ 1s the coupling
surface area. However, the magnetic force fM is decreased when the magnet and
the contact surface were separated by the distance as in the following equation.

.k
Fir = —

For the above reason, the coupling area of the magnet is represented at the

(3.2)

magnet pole due to the immense magnetic field B, as shown in Figure[3.3]
Considering these properties, the connection between the SPM and the robot’s

leg must design to support the SPM characteristic. The ball joint mechanism has

three rotational degrees of freedom between the two connected components.
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The component is free to rotate without preventing the translation in any
direction as shown in Figure 3.3 When the magnetic field of SPM is start to
apply the attractive force, the pole of the magnet will be rotated toward the
surface due to the free rotational condition. As a result, the leg of the robot was
allowed to place at any angle while the SMJ applied the maximum attractive
force. Also, the connection of the SPM and robot was tested by comparing the
rotational and fixed joints. As shown in Figure the SPM was implemented
within the simple ball joint and fixed joint mechanism. The total attractive force
Y Fys of each angle 6 was measured by pulling the digital scale until the magnet
began to decouple from the surface. Consequently, the spherical magnetic and
ball joint mechanisms are suitable for the inverted locomotion of the legged
robot. However, the robot is required to turn off the permanent adhesive force
during locomotion. Therefore, the next sub-section describes the adjustable
sleeve mechanism designed and developed to solve this problem.

3.3 Rotation joint and fixed joint test

As the discussion in the concept of a spherical shape magnet in Section 3A,
the connection between the robot legs and the magnet should allow the magnet
to maintain maximum force. Because of this, the author designed a simple
connection to test the hypothesis of this concept as shown in Figure [3.4] The
experiment was conducted by adjusting the angle of link L, 8 and pulling a
digital scale to measure the Y Fy; when the magnet began to detach from the
steel surface.

Experiment results was shown in Figure The rotation joint gave a con-
sistent force for every 6, while the fixed joint reduced the force due to the area

of coupling and the force direction as Figure 3.4 which expected to be F}, cos 6.

For this reason, the prototype robot was made with the spherical joint due to the
property that it will always make a connection at the pole of the magnet which
guarantees a strong contact point with the steel surface.
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Figure 3.4. Experiment : Simple rotational and fixed joint test concept. Fixed joint (left), Rotational

joint (Right)
3.4 Spherical joint and adjustable sleeve

From a concept of the SMJ, we can analyze each of the forces by considering a
simple Free-Body Diagram (FBD) as shown in Figure [3.6] To remove the SMJ
from the attaching state, the greater direct pulling force ﬁz must be applied in
the z-axis (vertical) as shown in the equation (3.3)).

F.>Fy (3.3)

In this case, to remove the strong Fiy, the large and powerful actuator must
be integrated to apply the greater F,. However, the horizontal force F, pushes a
link L to rotate around the SPM because of a smooth surface of a socket. This
behavior can be developed into a lever tilting system, a study on [32] introduced
the system to tilt a flat permanent magnet-based foot tip without applying the F,
which only works on flat surfaces.

Despite the limitations of this method, our research aims to develop a foot
tip that can be placed at any angle between the robot’s legs and the surface.
Therefore, the adjustable sleeve was designed to help the robot detach its legs
without using a direct pulling force at a different angle to the placed foot, as

shown in Figure
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Figure 3.5. Pulling test result. The figure plots a relation between the attractive force of the rotational

joint (Blue) and fixed joint (Orange) and the angle of the link.

From the rotational state, a lever-tilting system for the SMJ can be formed
by creating the fulcrum point A, from the extended sleeve S as a pivot between
the effort and resistance. In this case, the SMJ can be tilted around the point

A depending on two conditions as shown in Figure The first condition
is a linear actuator force Fg must be greater than the Fj to maintain the sleeve

position as the rigid pivot point as the equation (3.4).

Fs > Fy (3.4)

The second condition is the static friction fs between the sleeve and the sur-

face must be greater than the F, to prevent slipping during the tilting state as

equation (3.5)).

fi>F (3.5)

\Y
=
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Figure 3.6. Free-body diagrams of each condition of the SMJ: (a) Directly applied force without the
adjustable sleeve. (b) Requirement of the adjustable sleeve before tilting the leg. (c) Level tilting force

diagram with the adjustable sleeve.

If these conditions were met, we can consider the attractive force ﬁM of the
magnet as the resistance and the horizontal force F, from the actuator as the
effort. The counterclockwise (CCW) moment M— can be derived as

M— =F,xD; (3.6)

while the clockwise moment (CW) M-+ is defined as

M+ = Fyy x Dg (3.7)

Where 5L and 15R 18 the distance from the ﬁx and the fM to fulcrum point A
respectively.
We can tilt the foot around point A by generating the CCW moment M— that

is greater than the CW moment M+, as in the equation (3.8

M+ >M— (3.8)
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Standing Stance || Adjusted sleeve || Tilted foot tip

Figure 3.7. Concept of the adjustable sleeve mechanism.

By applying a horizontal force F; through the perpendicular leg L as in the
following equation (3.6).

Fo> =2 X Fiy (3.9)

because the CW moment M+ from the attractive force Fj; was created through
the sleeve radius distance Dg is usually less than the CW moment M+ and the

leg length Dy, as shown in Figure 3.6(c). As a result, the foot can tilt with the

smaller horizontal force ﬁx, as in the equation (3.9).

To design the adjustable sleeve, the sleeve radius Dr was selected to repre-
sent the most important design parameter from the equation (3.9) because the
other parameters, such as fM, 13L, and ﬁx were fixed with the robot’s overall de-
sign and equipment specifications, while the sleeve radius Dy can be adjusted
to match the structure’s surface and the spherical magnet’s size. If the sleeve
radius Dy was designed as small as possible, the horizontal force F, will respec-
tively decrease.

As can be seen from the level-tilting system, the adjustable sleeve is designed
to assist the legged robot in tilting its leg during inverted locomotion by reducing
the attractive force Fjs as much as possible.
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Figure 3.8. Lever tilting and pulling test: (a) Direct pulling. (b) Leg tilting with Dg1 =9.75 mm. (c) Leg

tilting with Dg, = 8.75 mm.

Hence, the robot can be equipped with the spherical permanent magnet as
the attractive force tool without the problem of controlling the attractive force
Fu.

3.5 Lever tilting and pulling test

This experiment was conducted under three different conditions: pulling, pulling
where the sleeve radius distance Dg; = 9.75 mm, and pulling where the sleeve

radius distance D—;ez = 8.75 mm, as shown in Figure 3.8|

Each experiment was conducted 10 times and collected the highest present
load data (actual load) of each J; actuator. Referring to the X1.430-W250-T data
sheet [33], the present load can be collected as a percentage of the maximum
torque, which is 0.84 N.m. Therefore, we converted the collected data into the
unit of torque (N.m) and shown in Figure [3.9]

The result shows that the actuator J, present load of pulling without the
sleeve (Figure reached 0.467 N.m (55%) the highest load among the
three conditions. The average present load of pulling with the sleeve Dg; and
Dpo decreased to 0.13 N.m (16%) and 0.07 N.m (9%) respectively.

This test verified that the adjustable sleeve significantly reduced the attrac-
tive force and was able to assist the robot’s detaching step by decreasing the

horizontal force F; referred to in the equation (3.9).
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Figure 3.9. Present load result. This figure shows the average result of the highest present load of the

actuator J, of each pulling and tilting test.

3.6 Electrical power consumption

The next step is to compare how much an electrical power is consumed by
the proposed SMJ configuration with the adjustable sleeve and the electro-
permanent magnet.

In this experiment, the author set up both the electro-permanent magnet
(KEP-3C) [34] configuration and the proposed SMJ configuration with the ad-
justable sleeve. The power consumption for both of the configurations was
measured and calculated following the experimental step. Firstly, the power
consumption of the moving actuator was calculated as a reference for both con-
figurations as shown in Figure [3.10. Secondly, the electro-permanent magnet as
shown in Figure [3.11. Lastly, the proposed configuration is executed as shown
in Figure [3.12, and its power consumption is measured and analyzed as shown
in Table
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() (b

Figure 3.10. Current measurement of each configuration. (a) Idle state of actuator with the EPM. (b)
Swing state of actuator with the EPM. (c) Idle state of actuator with the proposed mechanism. (d) Swing

state of actuator with the proposed mechanism.

3.7 Discussion

The SMJ gave the feet the flexibility to be placed at any angle while the total
attractive force fM did not decrease. Also, the adjustable sleeve assisted the tilt-
ing of the leg in various detaching steps in gait generation. The smallest sleeve
radius distance Dgo = 8.75 cm, significantly decreased 46% of the horizontal
force F, of the tilting foot. However, the unexpected slip during the tilting and
pulling with the sleeve occurred due to the friction between the surface, the SPM
and the sleeve. The contact area between different materials will give the un-
controllable friction force due to the coefficient of friction, if the friction force
1s not enough to hold the fulcrum point A, the tilting action will not perform as
expected. This will increase the present load in the actuator J, (SD = 1.38)
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Figure 3.12. Current measurement of the activating linear actuator: (a) Deactivate state. (b) Activate

state.

Additionally, the error of the linear actuator mechanism and the open loop
control will decrease the friction force if the sleeve not reached the setting point
and create a small gap at the surface. Since the proposed method is indirect con-
trol of the permanent magnet attractive force. Consequently, it is understandable
that the error cause will be integrated from two different sources: the coefficient
of friction from the material and the gap between the sleeve and surface, as the
author described.
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Table 3.1

Energy consumption

Voltage(V) Current(A) Power(Watt)

Actuator (XL-430-W250) 11.1 0.04 0.45
Electro-permanent magnet 24 0.38 9.12
SMJ with the adjustable sleeve 6 0.2 1.2

3.8 Conclusion

The author proposed a spherical magnetic joint and adjustable sleeve system
for a multi-legged robot so that it can perform inverted locomotion. The mech-
anism allows the robot to place the foot tip at any angle due to the ball joint
mechanism’s properties and the spherical shape of the magnet. The result of
rotational joint and fixed joint experiments showed that the attractive force was
equal at every foot tip angle. Additionally, the spherical magnetic joint also
provides a high degree of freedom rather than a fully contracting magnet. This
higher degree of freedom also helps the robot to walk with a more versatile gait.

The integrated adjustable sleeve system helps the robot deal with leg-pulling
action by creating an adjustable fulcrum point to tilt the magnet instead of
pulling directly. The experimental result showed that the SMJ with the smallest
sleeve radius distance D}z = (0.85 cm successfully reduced the attractive force
from 55% to 9%. Therefore, the low reaction force allows the robot to pull
multiple legs to optimize its gait for velocity and stability.

3.9 Contribution

The contributions of the work presented in this chapter were:

» The Spherical Magnetic Joint (SMJ), the proposed adhesive tools and con-
cept is giving flexibility in the multi-angle of the foot placement and sta-
bility to maintain the maximum force of the legged robot to successfully
perform the inverted locomotion.
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* The adjustable sleeve, the assisted mechanism to control the attractive force
is allowing the robot to lift the foot without applying the strong pulling
force. Hence, the robot is not vibrating or moving during the leg-lifting

action.


Mobile User


Chapter 4

The Inverted Locomotion

4.1 Introduction

In this chapter, the author will be explained the multi-legged robot and the gait
generation for inverted locomotion. The multi-legged robot platform in this
dissertation consists of two different configurations of the robots, which are the
quadruped robot and the hexapod robot. The design and calculation of the robot
were included in a guideline along with the robot specification. Additionally,
the gait generation for inverted locomotion was created to deliver each of the
quadruped and hexapod robots from the starting point to the goal point.

The multi-legged robot platform was built to verify the performance of the
inverted locomotion that uses the SMJ and the adjustable sleeve for an adhesive
tool. A quadruped robot represents a four-legged configuration for agile and
simple locomotion of the robot. In contrast, a hexapod robot was constructed
with a six-legged configuration by dropping agility to increase the stability of
the robot. Furthermore, both of the robot platforms were built with the same
material, actuator, and permanent magnet to confirm the versatility of the pro-
posed platform.

In the inverted gait generation, the detaching foot tip will be explained before
the gait of quadruped and hexapod robots. The detaching foot tip is focusing
on the calculation of the single foot tilting and pulling motion along with an
assisting from the adjustable sleeve. Additionally, the full gait generation of
each robot was constructed by optimizing the number of detaching legs during
the locomotion based on the static stability of the robot.

32
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In the experiment, the performance of four various gaits: the crawling gait,
the trotting gait, the square gait, and the tripod gait will be compared in terms
of velocity, stability, and accuracy to demonstrate the advantages of each gait.

4.2 Joint stability

In an attempt to build a multi-legged robot, the number of robot legs and the
stability of each configuration has to be described. The configuration of robot
legs can be divided into three simple configurations: single leg, double legs, and
triple legs or more. These conditions will represent the robot’s stability in the

gait generation section.

4.2.1 Single leg

The first configuration is a single leg, as we can see from Figure an FBD
of the single leg shows that we have fully imitated the SMJ characteristics. The
leg can be rotated 360 degrees on a vertical axis (z-axis) and tilted related to
the other two axes (x and y) as far as the socket allows. Hence, the single leg is
unstable if the external force was applied related to each of the axes.

4.2.2 Double legs

The second configuration is double legs if one leg was added as shown in Figure
This configuration was allowed to be tilted related to only one axis which
1s the center line of the robot body (horizontal). Thus, the two legs configuration
will prevent the 360 degrees rotation along the vertical axis z and the y axes.
For these reasons, the robot is unstable only if the external force is applied
perpendicular to the center line of the robot.

4.2.3 Triple legs or more

The third configuration is triple legs or more, the FBD of this configuration
in Figure 4.1(c)| shows that the three legs create a red triangle area which is a
support polygon.
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(a) (b) (©

Figure 4.1. Stability of leg configuration: (a) Single leg. (b) Double legs. (c) Triple legs or more.

Any configuration that has fixed corners of the polygon is defined as a static
stability system because there are no rotational axes. For this reason, the system
resisted to applied force in any direction.

In the following section, we explain the design of the multi-legged robot plat-
form after selecting the spherical permanent magnet and the adjustable sleeve
as the anti-gravitational mechanisms for the inverted locomotion of the robot.

4.3 Robot platform

This section presents the multi-legged robot platform, which is used to validate
the concept of the steel-structure inspection robot that uses a permanent magnet
for an adhesive force along with inverted locomotion to maneuver under the
steel structure.

Quadruped robots and hexapod robots were selected as representatives of the
multi-legged platform, which covers a majority of designs and locomotion types
of multi-legged robots. The differences between these robots are their number
of legs and leg arrangement. The robot body was made by a 3-D printer with
polylactic acid plastic (PLA) material.

4.3.1 Inverted locomotion robot design guideline

The main concern in designing the inverted multi-legged robot is that the at-
tractive force of the robot must allow it to hang in a sufficiently stable posture.
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Figure 4.2. Static equilibrium of the robot in each posture: (a) Initial posture. (b) Detaching step.

This attractive force Fjy must be greater than the total weight of the robot Wr as
shown in Figure 4.2|to keep the robot inverted under the steel structure.

We expect the magnet of the robot with leg number N to generate attractive
force Fj; on each leg. Accordingly, a static equilibrium that represents a fully
attached leg of the robot used in this research is shown in Figure How-
ever, a detaching step during inverted locomotion requires the robot to detach
its legs, as shown in Figure but the total weight is not changed. Thus,
the design parameters required a safety factor SF as in the equation (4.1)), to
maintain the static stability of the robot during inverted locomotion.

N
Y Fl > WrSF 4.1)
n=1

From the above equation, we can properly select the spherical permanent
magnet as the attractive force Fj; to be used with the SMJ for the multi-legged
robot.

4.3.2 Center of Mass and Force distribution

After the proper Fjy and the magnet were designed, a force applied for each of
the robot legs has to be calculated to find the relationship between the position
of the COM (Center Of Mass) and the force applied to each foot.
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Figure 4.3. Three dimension equilibrium for the multi-legged robot.

In this research, we used three attached legs to represent the relationship
because this number can form the significant support polygon and other legs can
be counted as redundant legs as shown in Figure From a three dimensional,
if a fulcrum point was determined on a plane x,y at the F;Wz we can apply the
three equations below and all summation of forces and moments related to each
axis ( ZE, ZMX, and Zﬂy) is equal to O.

Y E. = Fan1 + Faro + Fars — Wr (4.2)
Y My = (Fyr1 x D31) + (Wr x Day) (4.3)
Y My = (Fu, x D23) + (Wr x Dyy) (4.4)

where ZF"Z 1s a summation of all forces in z axis, ZMX and Zﬂy are sum-
mation of all moments around x and y axis, F_A:[l, F;;r F_A}3 are force at each of
robot’s leg, D}W, D}l, D33 are distance from fulcrum point F_A}z to each of the

components and Wr is the total weight of the robot.
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Figure 4.4. Multi-legged robot platform. (a) Quadruped robot. (b) Hexapod robot.

As we can see, the ﬁM will be changed respect to D_éw as in the equation (4.3))
and the equation (¢.4). If the COM moves away from the fulcrum point, the
moment from WT will increase. As a result, each of ﬁM has to increase to keep

the robot in equilibrium.

4.3.3 Quadruped robot

Table 4.1

Robot specifications

Quadruped robot  Hexapod robot Unit

Joint Actuator 12 18 Joint
Linear Actuator 4 6 Axis
Spherical permanent magnet 4 6 Ball
Leg 4 6 Legs
Body 1 1 Body
Weight 1.26 1.78 Kilograms
Size 70 70 Centimeters

The quadruped robot type was inspired by the leg arrangement of mammals
and reptiles that usually perform static and dynamic gaits. The quadruped robot
contains a main body and four legs. The main body is a circular shape and the
legs are arranged symmetrically at a 90-degree angle around the body.
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Figure 4.5. The robot leg. This figure shows the components, annotations, and free body diagram of the

robot leg.

The total weight of this robot is 1.26 kilograms and the maximum diameter
1s 70 centimeters from the tip of the far left foot to the tip of the far right foot.
Figure 4.4] Table.1)and .2]show the concept and the components of the robot.

4.3.4 Hexapod robot

In the hexapod robot, the leg arrangement of this robot imitates insect and crab
features rather than those of mammals and reptiles. This robot’s main body is
the same as the quadruped robot but the leg arrangement and number of legs
are different. The legs are symmetrically arranged around the robot at a 60-
degree angle. The total weight of this robot is 1.78 kilograms and the maximum
diameter 1s 70 centimeters from the tip of the far left foot to the tip of the far
right foot. Figure {.4] Table 4.1] and 4.2 show the concept and components of
the robot.


Mobile User


39 Chapter 4. The Inverted Locomotion

lnkL, = G, Dy

Linear actuator 7

Y
Lower sleeve -~

Upper sleeve
Lower socket |
Spherical magnet

Upper socket
(opened-cap sphere)

Figure 4.6. Component of the SMJ and adjustable sleeve.

4.3.5 Components of the robot’s leg.

The legs of both robots have three DOF from three rotational servo actuators
(Dynamixel XL430-W250-T) [33]. A spherical neodymium permanent (Nd-
FeB) magnet with a radius of 5 millimeters [35] was implemented into the tip
of each foot to create the attractive force Fj for the robot to hang in inverted
locomotion.

Spherical magnet
Magnetic pole
Contact point Il

Ball-joint socket

upper socket
lower socket

Grounded angle
0 <22°

Figure 4.7. Activating of the attractive force and cross-section of the SMJ.
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Table 4.2

Specification of the equipment

Equipment Maximum load
Dynamixel XL430-W250-T 1.5 (N.m)
Actuonix PQ12-R 18 (N)
Permanent magnet (NdFeB) 7.4 (N)

As shown in Figure 4.6 the SMJ section shows how the SPM was placed
inside the ball-joint socket which was created by an opened-cap 5.5 mm radius
upper socket and assembling it with the lower socket using super glue. This
allows the structure to tilt between 0 < 22° around the SPM while it maintains
the same contact point with the maximum adhesive force at the flat surface.

Additionally, the adjustable sleeve mechanism S with a linear actuator (Ac-
tuonix PQ12-R) [36] has also been integrated to help the robot detach the tip
of its feet from the steel surface during inverted locomotion. Each of the servo
and linear actuator compositions is shown in Figure [2.3|and Table 4.2|shows the
specifications of the robot legs.

4.4 Gait generation for inverted locomotion

Generally, legged robots are classified by the number of their legs. Each plat-
form uses a unique gait and body structure to maneuver itself. For example, the
two-leg climbing robot type [37] and [38] was mainly developed with inchworm
locomotion, while, four legs robot [22] and [39] mostly imitate mammalian or
reptilian gait to carry more payload and increase static stability. However, four-
legged robots still have limited static stability during walking. Certain studies
[40] and [28] have developed six-legged robots to solve the stability problem
by increasing the number of legs and rearranging them to mimic insects, these
robots aim to enlarge the support polygon. To validate the versatility of our
proposed SMIJ and adjustable sleeve, we have developed gait generation for in-
verted locomotion in both quadruped and hexapod robot gaits.
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(d) (e) (®

Figure 4.8. Postures of the robot. (a) Hanging posture. (b) Moving body. (c) Extending sleeve. (d)

Tilting leg. (e) Detaching leg. (f) Placing leg.

In this section, the inverted gait generation will be described step by step,
from each posture until the complete gait of each robot configuration. Starting
from a hanging posture, a moving body, a detaching foot tip, and a placing foot
tip. After that, The gait of each type of robot was constructed based on several
detached legs in one detaching step to test the robot for inverted locomotion on
a steel surface. There are two gaits for each robot configuration, a crawling gait
and a trotting gait for a quadruped robot, and a square gait and a tripod gait for
a hexapod robot.

4.4.1 Hanging posture

The first posture is a hanging, this can be constructed as a home posture of the
robot. All of the legs were attached to the ceiling and a support polygon was
created, with no actuated servo and external forces as shown in Figure 4.8(a)
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We can assume from the FBD that Y Fj; reaches the highest value and the static
stability was described as equation (4.5).

N
Y Fl > Wr (4.5)
n=1

4.4.2 Moving body

The second posture is a moving body, we design to move the robot body along
the horizontal direction (x-axis) from the actuated joint servo as shown in Figure

4.8(b). From the FBD, a resultant force ﬁR can be calculated as in the equation

.6).

Fr = (Mpoay) (ar) (4.6)

where 11,4y is the mass of the robot body, ag is a resultant acceleration from
the actuator.

From the ﬁR, the ﬁx and I:“’Z can be calculated as in the equations (4.7)) and

.8).

F;C = FR cos0 4.7)
F, = Fgsin® (4.8)

In this state, we moved the body in the stable hanging pose with the support
polygon. As a result, the robot will successfully move the body without falling
or slipping as shown in equation (4.9)).

fu = F (4.9)

where f}; is a static friction on the x-axis and can be varied depending on the
equation (4.10)

It = unt(Fag + F, — W) (4.10)
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where uy is the friction coefficient between the SPM and the surface and W,
is the weight acting on each leg.

4.4.3 Detaching foot tip

The third posture is a detaching foot tip, this posture was developed based on
lever tilting and pulling using an adjustable sleeve, as shown in Figure [3.7
This mechanism helps the robot pull its leg with less attractive force when the
horizontal force F, is applied through the leg while the robot crouches its body
after the sleeve is extended.

From Figure the robot must be in the hanging posture before detaching
the leg due to the static stability of the posture. After that, the selected leg
sleeve is stretched to the surface to create a fulcrum point A, as shown in Figure
4.8(c)l Then the J; and J, actuators are rotated in opposite directions to apply
the tangent force F, from the circular motion of the link (L»), using the tip of
the foot as the center of rotation, as shown in Figure

To successfully tilted the leg, the two required conditions must be met as
described in section 2.2. Then the tip of the foot begins to tilt, as in the equation

@.11),

R
Fo> = xFy (4.11)

where F, can be adjusted by changing the acceleration of the actuator J; and
J, as referred to in equation (4.12).

Fy = (Mpoay) (@) (4.12)

where m,qy 1s the mass of the crouching body and d) is an acceleration in
the x-axis that can be adjusted from the actuator J; and J>.

After the leg is tilted, the attractive force Fjyr decreases respectively, because
the gap distance d between magnet and surface increases, as referred to in equa-

tion (3.2).
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Finally, the actuator J> can detach the leg, as shown in Figure 4.8(e) by ap-
plying the Fi along with the help of the WiLz weight of the link without generat-
ing a strong direct pulling force F; during the detaching step referred to in the

equation (4.13)

Frcos®+Wy, > Fy (4.13)

where Fp is a resultant force from rotating link L, and V{7L2 is a weight of the
link Lj.

4.4.4 Placing foot tip

The fourth posture is a placing foot tip, after the leg was lifted, the robot swings
the leg to form the support polygon at a new position. Normally, if the attached
leg is forming the support polygon, the leg placing step will be stable as shown

in Figure 4.8(f) and the equation (4.14).

N
Y E = (myeg) (@) (4.14)

where m,, is the mass of the moving leg and d is an acceleration in the x-
axis that can be adjusted from the actuator. However, in the case of two attached
legs, the robot is stable only in two axes except the center line referred to the
section 2.3.2. For this reason, the robot has a chance to be tilted perpendicular
to the center line if the external force was applied as shown in Figure 4.1(b)|

Combining the SMJ, the adjustable sleeve mechanism, and six robot pos-
tures, our robot platform fulfills the essentials for gait generation, as described
in the next following section.

4.4.5 Quadruped robot gait

Duty factor

The quadruped robotic platform in this research is represents the minimum re-
quirement of static stability during inverted the locomotion of a multi-legged
robot.
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Table 4.3
Duty factor of the quadruped robot

Duty factor Number of the attached leg  Gait type

100% 4 -
75% 3 Static
50% 2 Dynamic

The criteria for the stability of the quadruped robot platform is called “Duty
Factor (DF)” . This value represents the ratio of the attached leg L, and the
total leg L, numbers, as shown in the (4.15) equation:

L,
L
The duty factor of the quadruped robot is shown in Table The maximum
number of the duty factor is 100%. If DF > 75%, the robot gait is classified
as a static gait, while DF > 50% is considered a dynamic gait. Therefore, the

DF (4.15)

number of detached legs during locomotion will define the stability of the robot.

Referred to the stability section 4.2, The attached leg of the quadruped robot
during the inverted locomotion are the same as the double legs and triple legs or
more conditions as shown in Figure and Figure d.1(c)l Thus, the body of
the robot can be tilted while hanging with two legs. However, it will be stable
if the leg is attached with triple legs or more.

Moreover, the support polygon or support line is created by the number of
the attached legs during the detached, step as shown in Figure This support
polygon area or support line determines the stability of the robot depending
on the position of the Center of Mass (COM) in the support area. Hence, the
robot remains stable if the COM position is inside the support area or support
line. However, it will be unstable if the COM is outside of the support area or
support line. For these reasons, the crawling gait is considered to be the static
gait, and the trotting gait is considered to be the dynamic gait for the quadruped
robot.
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Figure 4.9. (a) Support polygon of the quadruped robot crawling gait. (b) Support polygon of the trotting

gait. (c) Support polygon of the detaching step. (d) Support line of the trotting gait.

Crawling gait

The crawling gait was designed for the inverted locomotion of the quadruped
robot. This gait is categorized as a static gait because the duty factor DF > 75%
is calculated based on the three attached legs L, while the detached leg moves.
The COM of the robot is not required to stay inside the triangle support polygon
due to the attractive force Fjy, as shown in Figure @ This helps the robot to

stabilize itself while moving.
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@ Stand Shift COM @ Detach legs 1 @ Place legs 1

Figure 4.10. Crawling gait. This figure shows the detached leg, the attached leg, and the robot’s COM

for each step of the crawling gait.

The first sequence starts with the mammal-type stance for the home position
(The hanging pose), as shown in step @ of Figure 4.10. Then, the body will
shift toward the desired direction (Moving the body), as shown in the next step

. After that, the robot pulls leg 1 by the detached step @ and constructs a
new point of the triangle support polygon in step @ (Placing foot tip). From

step @ to @, the detached foot performs on the other legs until they are moved
to a new location. Finally, the robot shifts the body to the first step @ to restart
the new gait cycle.

Trotting gait

In this gait, the robot performs a dynamic gait by detaching two legs simulta-
neously during the detaching step. This gives a duty factor of DF' > 50%. The
moving of the body and the hanging posture of the robot are the same as the
crawling gait, except the number of detached legs changes the support polygon
to a support line, as shown in Figure . T11. Therefore, this reduces the number
of steps to complete the cycle of the robot’s gait. The trotting gait of the robot is
described in Figure [d.TT. First, the robot stands in the home position and moves
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@ Stand Shift COM @ Place legs 1, 3

@ Detach legs1, 3
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o

Figure 4.11. Trotting gait. This figure shows the detached leg, the attached leg, and the robot’s COM for

each step of the trotting gait.

its body toward the goal direction, as shown in steps @ and . Then, the leg
pair 1 and 3 detach in step @ After that, the detached pair of legs, 1 and 3, are
placed in the new position in step @ The detaching step is performed again
by the other pair of legs in steps @ and @ Finally, the robot shifts the body
in step @ and resets the cycle. During locomotion, the robot might swing in
the perpendicular direction of the support line as referred to as the stability of

the double legs configuration.

4.4.6 Hexapod robot gait

The hexapod platform was selected, as the maximum number of legs always
guarantees the stability of the robot while performing the detaching step. Adding
two more legs to the quadruped robot can preserve the robot’s COM to remain
inside the support polygon in every constructed gait, as shown in Figure 4.12.
Hence, there is no need to calculate a duty factor for this robot type. We vali-
date two hexapod gaits “square gait and tripod gait” for the inverted locomotion.
The differences between the two gaits are the number of detached legs while
performing the detaching step and the shape of the support polygon.
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Figure 4.12. (a) Support polygon of the hexapod robot square gait. (b) Support polygon of the square
gait detaching step. (c) Support polygon of the hexapod robot tripod gait. (d) Support polygon of the

tripod gait detaching step.

Square gait

For the square support gait, the home position of the robot is the hexagonal
shape with a greater length, as shown in Figure 4.13. The movement process
starts with the moving of the robot’s body toward the goal direction followed
by moving a pair of legs to complete the cycle.

First, the robot starts from the home position, as shown in step @ Then
the robot’s body shifts to the locomotion direction, as shown in step . After
that, the detaching step is performed with legs 3 and 6, which swing to a new

position in steps @ and @
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Shift COM @ Detach legs 3, 6

Figure 4.13. Square gait. This figure shows the detached leg, the attached leg, and the robot’s COM for

each step of the square gait.

The leg swing step repeats and changes to the other legs in steps @ to @
Finally, the robot shifts its body to a new home position in step @ to restart the
cycle until reaching the goal.

Tripod gait

In this gait, the robot’s home position is different from the previous gait. The
home position is a symmetrical hexagon, as shown in Figure 4.14. Hence, the
gait cycle can start by detaching three legs in one step before moving the body.
The first step @ of the robot is the home position. Then, legs 1,3, and 5 are
pulled from the surface by performing the detaching step . After that, the
body of the robot shifts toward the goal direction by moving legs 2,4, and 6 in
step @ The detaching step repeats with legs 2,4, and 6 in step @ and swings
to the new home position to restart the robot’s gait cycle in steps @ and @
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Detachlegs1,3,5 @ Shift COM

)

Figure 4.14. Tripod gait. This figure shows the detached leg, the attached leg, and the robot’s COM for

each step of the tripod gait.

Table 4.4

Friction and Coefficient of friction.

Posture Coefficient Friction(N)
Moving the body  uy = 0.28 1.6
Detaching leg us =0.46 34

After generating all the gaits for each of the configurations, the following
section describes the experiment that was conducted to compare and verify the
robot’s stability, velocity, and accuracy in each different gait generation.

4.5 Experiment: Inverted locomotion

To guarantee that the robot’s foot will not slip during locomotion, we calculate
the static friction between the contact surfaces, such as fg and ﬁ4 The coeffi-
cients of friction, uys and ug were measured to determine the maximum applied
force for the conditions described in section 3.4 (tilting the foot) and section
4.4.2 (moving the body), as shown in the Table 4.4]
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Prototype robot | Safety belt

(a) (b)

Figure 4.15. Experiment setup of the inverted locomotion: (a) Equipment and robot setup. (b) Bottom

view for a path and COM tracking.

The inverted locomotion of the robot was conducted using a setup under a
steel surface, as shown in Figure §.15. The distance between the starting point
and the goal point was 50 centimeters. The experiment was separated into four
sub-experiments: the crawling gait, the trotting gait, the square gait, and the
tripod gait. The robots walked 10 times for each gait, and the locomotion path

was collected through bottom and side view cameras.

Crawling gait

The crawling gait experiment was implemented using the quadruped robot, and
a complete cycle of the gait was separated into 11 steps, as shown in Figure .16.
In one cycle, the robot shifted the COM two times (steps and @). Each of
the steps shifted 5 cm, as shown in Figure {.20(a). Therefore, the velocity of
this robot is 0.23 cm/s, shown in Figure 4.21. The path of the robot was plotted
in Figure

As seen from the robot’s path, this gait showed the maximum drifted distance
(8.20 cm) from the reference line on the y-axis with an error range of 1.60 cm
due to the leg slipping and turning moments during the leg detaching step. Es-
pecially at step @, the support polygon is in the shape of a scalene trapezoid.
When detaching the 4" leg, a significant turning moment occur in a CCW direc-
tion, which causes the robot to rotate to the shorter side of the scalene trapezoid,
as shown in Figure 4.23(a).
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Shift COM Detach legs (3) Place legs

Figure 4.16. Crawling gait. This figure shows the crawling gait of the robot during the experiment for

inverted locomotion.

Trotting gait

The other gait to test the inverted locomotion of the quadruped robot is the
trotting gait. The walking robot was captured step by step, as shown in Figure
The differences between the crawling gait and the trotting gait are the
support structure and the number of pulling legs in detaching steps @ and @,
as shown in Figure .10 and Figure d.11. Due to fewer steps, the velocity of the
robot reached 0.64 cm/s, as shown in Figure[d.2T, and the path of this robot was

plotted in Figure 4.22(b)]

Detach legs (1,3) Plas

e_

Figure 4.17. Trotting gait. This figure shows the trotting gait of the robot during the experiment for

inverted locomotion.
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Shift COM

Detach legs (1,4)

Figure 4.18. Square gait. This figure shows the square gait of the robot during the experiment for inverted

locomotion.

As seen from the robot’s path, this gait had the minimum drifted distance
(2.10 cm) among the four gaits, with an error range of 0.21 cm. Though the
direction of the drift was the same as that of the crawling gait, this gait drifted
a smaller distance, and there was an error because the turning moment of the
robot’s body was very small due to the two detached leg pairs (1,3 and 2,4),
which were always counterbalanced as shown in Figure

Square gait

In contrast to the rest of the experiments, this robot platform was changed to
a hexapod platform by adding two more legs around the robot’s body. The
experiment of the hexapod robot started with the square gait, and each of the
steps was captured, as shown in Figure .I8. The detaching step of this gait
pulls a pair of legs in one detaching, steps @, @, and @ The remaining
legs still attach to the surface and form a square-shaped support polygon, as
shown in Figure 4.13.
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Shift COM

Figure 4.19. Tripod gait. This figure shows the tripod gait of the robot during the experiment for inverted

locomotion.

The robot shifted the COM 4 cm in one shift, steps and (I). Even
though the leg arrangement and the shape of the robot are different from the
quadruped robot, the shifting methods were similar to each other, as shown in
Figure 4.20(c). Therefore, the velocity of this robot was 0.32 cm/s, as shown in
Figure .21, and the path of this robot was plotted in Figure

As seen from the robot’s path, this gait had a drifted distance on the y-axis
of 6.10 cm, with an error range of 1.14 cm. Especially at step @, the sup-
port polygon was irregular and had an asymmetrical hexagonal shape. When
detaching the 3" and the 6" legs, a significant turning moment occur in a CCW
direction which caused the robot to rotate toward the CCW direction, as shown
in Figure 4.23(c). However, the middle pair of the hexapod robot legs formed a
more stable support polygon than the quadruped robot. As a result, the drifted
distance and the error in the robot’s path were smaller than the crawling gait of
the quadruped robot.

Tripod gait

Finally, the hexapod robot’s inverted locomotion was performed using the tripod
gait. Each of the steps was captured, as shown in Figure
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Figure 4.20. COM tracking of the inverted locomotion experiment: (a) Crawling gait of the quadruped
robot. (b) Trotting gait of the quadruped robot. (c) Square gait of the hexapod robot. (d) Tripod gait of

the hexapod robot.

This gait was performed using three detaching legs in one detaching step
and @ to prove the maximum pulling legs of the hexapod robot. The
supported triangle during the detaching step is plotted in Figure 4.14, and the
COM shifting step @ is also plotted in Figure 4.20(d). However, the COM
moved a small distance of 2 cm due to the leg arrangement and smaller attractive
force ﬁM. As a result, the velocity of the robot was reduced to 0.18 cm/s, as

shown in Figure 4.21, and the path of this robot was plotted in Figure 4.22(d)
As seen from the robot’s path, this gait has a drifted distance on the y-axis of

3.40 cm, with an error range of 0.43 cm.
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Figure 4.21. Robot velocity. This figure shows the robot’s average velocity during each gait from the

inverted locomotion 50 cm goal.

The detaching step of this gait was different from all other gaits. Since the
detaching legs were pulled toward the center of the robot of the symmetrical
support polygon, as shown in Figure the robot body did not rotate and
kept moving forward on the x-axis. The majority of drifting from the reference
line was only from the leg slipping during the COM shifting in step @

4.6 Discussion

In the inverted locomotion experiment, all of the robot platforms were success-
fully conducted under the steel surface. Each gait had different detaching and
COM shifting steps. Though the hanging stability of the crawling gait was bet-
ter than the trotting gait due to the formation of the support polygon and high

total attractive force Fys from the attached leg as shown in Figure 4.23, the trot-

ting gait showed better locomotion than the crawling gait in terms of velocity
(0.64 cm/s) and path accuracy (SD = 0.21 cm).

For the hexapod robot, the hanging stability of the square gait was better than
the tripod gait due to the total attractive force Fj from the attached leg during
the detaching step in Figure
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Figure 4.22. Robot trajectory of the inverted locomotion experiment: (a) Crawling gait of the quadruped
robot. (b) Trotting gait of the quadruped robot. (c) Square gait of the hexapod robot. (d) Tripod gait of

the hexapod robot.

Also, the accuracy of the tripod gait (SD = 0.43) was better than the square
gait (SD = 1.14). However, during locomotion, the velocity of the square gait
(velocity of 0.32 cm/s) was better than the tripod gait (velocity of 0.18 cm/s).

The unexpected drifting during locomotion was captured and plotted in Fig-
ure 4.22. The inaccuracy of foot placement between single steps can be ac-
cumulated and expanded in a long-run distance. These noticeable errors were
created by two major concerns. First, without force control, the precise amount
of real force from the actuator and attractive force Fj; were not acquired during
locomotion. Since the error from foot placement occurred when there was an
immediate change from the weak to the strong attractive force, force control
should be considered for precision control of leg placement.
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The second concern was the friction between the surface and the tip of the
foot when the robot placed or detached its leg. The coefficient of friction of
the plastic material we used was not enough to create a static frictional force;
therefore, the robot could slip and gradually drift off of the track. To solve this
problem, a rigid material with the properties of a higher coefficient of friction
and continuity of applying friction force at the fulcrum point to prevent the
slippage of the robot should be used to create a robust sleeve.

4.7 Conclusion

The author also proposed four different gait generations for quadruped and
hexapod robots based on the spherical magnetic joint and the adjustable sleeve.

From gait generation analysis, it was observed that the trotting gait achieved
the highest velocity of 0.64 cm/s and drifted the smallest distance among the
four gaits, 2.10 cm. In contrast, the crawling gait had more hanging stability
but was slower (velocity of 0.23 cm/s) and drifted a larger distance of 8.20
cm. However, the square gait and tripod gait of the hexapod robot had higher
hanging stability than the quadruped robot due to a larger number of legs. This
platform would be suitable for a tasking that requires a high payload. However,
the locomotion velocity was lower than the trotting gait, with velocities of 0.32
cm/s and 0.18 cm/s, respectively.

4.8 Contribution

The contributions of the work presented in this chapter were:

 Gait generation for inverted locomotion, the proposed gaits for each of the
multi-legged robots were successfully performed the inverted locomotion
along with the versatility for different tasking in terms of velocity, stability,
and accuracy.
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Figure 4.23. Applied forces and support polygon during detaching step: (a) Crawling gait of the
quadruped robot. (b) Trotting gait of the quadruped robot. (c) Square gait of the hexapod robot. (d)

Tripod gait of the hexapod robot.
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Conclusion

As described in Section This chapter will conclude the study by addressing
the major research findings concerning the research questions, philosophies,
and contributions. The limitations of the study will be discussed along with

suggested ideas for further research.

5.1 Summary of Major Findings

This study aimed to develop a Spherical Magnetic Joint (SMJ) based on the
spherical permanent magnet that allows robust and flexible adhesive force on
the steel surface. As a result, the inverted locomotion of a multi-legged robot
for the steel structural inspection is achieved. The study begins with an analysis
of the suitable type and shape of the permanent magnet. Afterward, the design
of the adjustable sleeve with the important design parameters is determined
based on an observation of the pulling force. Finally, four inverted locomotion
gaits were constructed for two different robot platforms, and evaluate each of
the gaits by comparing the movement velocity, stability, and accuracy.

In Chapter 3, the results of the spherical magnetic joint showed that the char-
acteristic of the spherical permanent magnet provides the maximum attractive
force with the small tangent area between the magnet and the surface. The
comparison between the ball joint and fixed joint connection proves that the
flexibility of the ball joint allows the spherical permanent magnet to maintain
the maximum attractive force while the fixed joint reduce the attractive force
related to the angle.

61
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Furthermore, the tilting and pulling present load result indicates that the load
was decreased due to the tilting with the sleeve radius distance parameter Dk.
Hence, the spherical magnetic joint and the adjustable sleeve were presented in
this work as one of the contributions of the robust and flexible adhesive device
for the steel structural inspection multi-legged robot.

In Chapter 4, the evaluation of four gaits based on the spherical magnetic
joint of the quadruped robot and hexapod robot showed that the trotting gait of
the quadruped robot shifted with the smallest distance of 2.10 cm and reached
the highest velocity of 0.64 cm/s of the four gaits. In contrast, the crawling gait
of the hexapod robot had more stability due to having the three support legs for
the support polygon but was slower and drifted a larger distance. Moreover, the
square gait and tripod gait of the hexapod robot had higher static and dynamic
stability from a larger number of legs. This configuration of the multi-legged
robot would be suitable for a tasking that requires a large payload. Unlike the
quadruped robot, the gait velocity was lower than the trotting gait, with ve-
locities of 0.32 cm/s and 0.18 cm/s respectively. Therefore, the design and
development of the gait for the inverted locomotion have versatility for handle
difference working conditions depending on the user’s requirement.

Referring to the research question and philosophy, the author wants to de-
velop a steel structural inspection multi-legged robot that has the flexibility to
maintain the attraction force while performing different postures and is able
to lift the robot’s foot without applying high torque. The SMJ and adjustable
sleeve in Chapter 3 consist of the flexibility and controllability philosophies to
answer those questions. Furthermore, the crawling gait, trotting gait, square
gait, and tripod gait of the quadruped and hexapod robot were successfully de-
livered to the multi-legged robot from the start point to the goal point with the
stability and versatility to be adapted in different scenarios.

During the experiment, an unexpected drift from inverted locomotion was
observed. This is due to the open loop control and the non-ideal friction. These
were considered a limitation of the permanent magnet. Since the attractive force
control of the permanent magnet cannot be controlled directly, the proposed

indirect method will generate a small error from the control mechanism.
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Also, the coating material of a permanent magnet is expected to be cracked
during foot placement. This will lead to an unexpected change in friction as

well.

5.2 Future Study

The system is expected to be improved with feedback from sensors, such as
force sensors and distance sensors to collect and analyze force and distance
feedback data in order to design a suitable closed-loop control for the inverted
locomotion of the robot. Moreover, the mechanism or the shape of the ad-
justable sleeve can be improved to be able to adjust the sleeve radius distance
Dy and reduce the load of the driven actuator increasing the robot’s stability
during the detaching step. Similarly, several adjustable sleeve materials can
also be tested and verified to prevent leg slip during inverted locomotion.
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