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Abstract

by Son Thanh Nguyen

Steel structures are indispensable parts of modern civilization, with typical civil in-
frastructures including bridges, wind turbines, electric towers, oil rigs, ships, and
submarines, all made of steel. These structures require frequent maintenance to en-
sure safety and longevity. Steel bridges are the most challenging architectures due to
their complexity and height. Most inspections are conducted manually by professional
human inspectors with special devices to inspect visible damages and defects on or
inside these structures. However, this procedure is usually highly time-consuming,
costly, and risky. Automated solutions are desired to address this problem. However,
arduous engineering is delaying progress. A complete system needs to deal with three
main problems: (1) locomotive performance for the high complexity of steel bridges,
including differential curvatures, transitions between beams, and obstacles; (2) data
collection capability, inclusive of visible and invisible damages, in-depth information
such as vibration, coat, and material thickness, etc.; and (3) working conditions made

up of gust winds.

To achieve such a complete system, this dissertation presents novel developments
of inspection-climbing robots. Five different robot versions are designed to find the
simplest and most effective configuration as well as control manner. Our approach

started with (1) a transformable tank-like robot integrated with a haptic device and


thanhson@nevada.unr.edu

ii
two natural-inspired locomotions, (2) a roller chain-like robot, (3) a hybrid worming-
mobile robot, (4) a multi-directional bicycle robot, and (5) an omni-directional climb-
ing Robot, identified as the most potential solution for automated steel bridge in-
spection. For each robotic development, detailed mechanical analysis frameworks are
presented. Both lab tests and field deployments of these robotic systems have been

conducted to validate the proposed designs.
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Chapter 1

Introduction

1.1 Motivation

Steel structures, including bridges, wind turbines, electric towers, oil-related construc-
tions, ships, submarines, etc are integral to modern civilization. Maintenance of these
structures is essential to ensure their safety and longevity. However, the majority of
maintenance tasks are still performed manually by humans, which is a costly and
high-risk process. For example, inspectors must climb up and hang on cables to in-
spect remote areas of bridges (Fig. 1.1a) or offshore oil rigs (Fig. 1.1b), which can be
extremely hazardous. Even the inspection of less complicated structures such as wind
turbines, ship shells (Fig. 1.1c), and gas/oil tanks/piles (Fig. 1.1d) is a significant

challenge due to their large scales.



FIGURE 1.1: Typical steel structures: a) Sea-crossing steel bridges. b) Offshore oil
rigs. ¢) Ship shells. d) Oil tanks and pipelines. (Source: Google images)

Steel bridges are among the most complex structures, and as such, their inspec-
tion and maintenance pose significant challenges. In the United States alone, nearly
one-third of the 607,380 bridges are steel bridges, according to the Federal Highway
Administration [1]. The National Bridge Inventory (NBI) [1] further reveals that 25
percents of these steel bridges are either deficient or functionally obsolete, indicating
a growing threat to transportation safety. Recent bridge collapses, such as the I-5
Skagit River Bridge collapse in 2013 [2] (Fig. 1.2), underscore the need for more

frequent inspections.

The growing number of bridge collapses has had a significant impact on the safety of



FIGURE 1.2: A collapsed section of the Interstate 5 bridge over the Skagit River is
seen in an aerial view Friday, May 24, 2013, in Mt. Vernon, Wash. (Source: Google
images)

travelers. The current inspection practices for these bridges mainly involve visual and
manual evaluations. Often, inspectors have to climb up and hang on cables to inspect
the nearly inaccessible structures of bridges [3]. They physically review the status of
each steel member by tapping a hammer on the steel to collect impact echo waves for
fatigue crack inspection [4], or visually look at all surfaces of the steel members to
detect shallow surface cracks. For example, the Golden Gate Bridge, a landmark of
the Bay Area in San Francisco, California, is manually inspected by a team of 12 rope-

certified bridge engineers [3], who have to climb and hang on the high steel structures



to perform inspections. These jobs tend to be very time-consuming and dangerous,
resulting in a shortage of people willing and capable of doing them. This shortage
in supply means that the demand for adequate inspection and maintenance of these
bridges is not being met [1, 5]. Therefore, there is a societal need for alternative
solutions because the current methods are not able to satisfy the growing demand
for safe, cost-effective, and accurate inspection. Automated solutions are desired to

address this problem. However, arduous engineering is delaying our progress.

FIGURE 1.3: Current practice of steel bridge inspection: rope certified bridge

engineers inspecting the Golden Gate bridge, San Francisco, California, source:

NBC April 2018. Detail available here: www.nbcbayarea.com/news/local/
inspections-continue-at-golden-gate-bridge_bay-area/67243/

This dissertation desires to address the problem through two main approaches: first,

creating novel robotic locomotion from natural inspiration; second, analyzing robotic


www.nbcbayarea.com/news/local/inspections-continue-at-golden-gate-bridge_bay-area/67243/
www.nbcbayarea.com/news/local/inspections-continue-at-golden-gate-bridge_bay-area/67243/

systems applied for infrastructures with simple curvatures then combining advantages

of single robot type or improving them.

1.2 Previous Works

As an effort to automate the inspection process, there has been a variety of imple-
mentations of climbing robots for inspection [6-14]. A notable development of steel

climbing robots is summarized in Figure 1.10.

A roller chain, integrated permanent magnet robot was reported in [15]. A legged
robot that can transition across structure members for steel bridge inspection was
developed [16]. The robot uses permanent magnets integrated with each foot to allow
it to hang from a steel bar. In another case, a magnetic wheeled robot, which can
carry magneto resistive sensor array for detecting corrosion and cracks, was developed
[17]. Similarly, several climbing permanent magnet-robots [18-26] were designed to
carry non-destructive evaluation (NDE) devices to detect corrosion, weld defects, and
cracks, and these robots can be applied for inspecting steel structures and bridges.
Other efforts have been shown for the development of climbing robots for power plant

inspection [27] and bridge cable inspection [28].

Additionally, significant development of climbing robots for steel structure and bridge
inspection has been reported in [9, 29-41]. Furthermore, with industry involvement, a

surface adapting tank-like robot with untouched permanent magnet mechanism was



developed by Inuktun company for steel structure inspection using the camera for

visual observation [42].

In addition to using permanent magnets, the electromagnet was also used to develop
a climbing robot. For instance, electromagnet was embedded in a spider robot’s legs

[43] to utilize the climbing ability of the creature on complex structures.

Apart from steel bridge inspection, the great effort for automating concrete bridge
deck inspection and evaluation has been reported in [44-65]. The leading work in the
automated concrete bridge deck inspection is the Robotics Assisted Bridge Inspec-
tion Tool (RABITTM) which was developed by the Rutgers University’s Center for
Advanced Infrastructure and Transportation. RABIT was integrated with multiple
NDE sensors including ground penetrating radar, electrical resistivity, impact echo,
ultra surface wave, and high-resolution cameras [45, 667 —70]. RABIT can move au-
tonomously on the bridge deck to collect visual and NDE data by using the Extended
Kalman Filter (EKF)-based localization and the artificial potential field-based motion
planning [48, 71]. Other significant robotic developments for bridge deck inspection

and evaluation can be found in [72-77].

FIGURE 1.4: Robots utilize air pressure as an adhesive force to climb on structures.



FIGURE 1.5: Robots use suction with vacuum force to adhere to surfaces.

FIGURE 1.6: Robots make use of friction to climb on cylindrical objects.

Imitation of mobility of climbing creatures is another approach. A spider-like robot
with electromagnets on its feet was reported [78], and a legged robot was developed
[16]. An inchworm-like robot [35] was an efficient design and creative, which has been
tested on the Sydney bridge, Australia. This robot excels in its ability to transfer
smoothly 360° to other surfaces. It is equipped with a camera and a lidar for structure

3D mapping.

Aerial robots, with no constraints in terms of structural geometry for locomotion,
provide a great means for visual inspection tasks, especially with the cutting-edge
image processing technology available today. Various research in this area has been
conducted, with some of the latest developments making drone control significantly

safer even in confined spaces [79-81]. One innovation created a quadcopter design



FIGURE 1.7: Elios 2, a commercial drone for visual inspection.

F1cure 1.8: (Left) Skydio 2 with auto exploring function for structures inspection.
(Right) Development of this drone for a bridge inspection

with a clip that can hold onto a bridge’s beams to stay stationary during inspections

without wasting flying energy [82]. The existing structural inspection methods are

described on a chart in Fig. 1.9.

In summary, current approaches for bridge inspection have several disadvantages.
Mobile robots are limited to simple curvatures and have limited climbing ability.
Limbed robots have potential, but require significant control development before they
become feasible. Drones are a good option because they do not face locomotive

issues like mobile robots, but gusty winds can be a stability problem for outdoor and



FI1GURE 1.9: Overall approach for steel bridge inspection robots.

high constructions such as bridges. Additionally, integrating multiple sensing devices
presents a challenge for load and design. There have been proposals for hybrid flying-

mobile robots, but designing a whole new system is a significant engineering challenge.

1.3 Contribution

This dissertation presents the development of several generations of climbing robots
aimed at finding an optimal, simple, and feasible engineering solution for inspecting

complex steel structures and bridges.

The proposed approach was guided by three important boundary conditions: dealing

with gust wind, handling the high complexity of steel structures, and ensuring data



F1GURE 1.10: The notable steel structure climbing robots.
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collection capability.

The development process involved the following robots:

1. Transformable tank-like robot with a haptic-based manipulator 2. Roller chain-like
robot 3. Hybrid worming-mobile robot 4. Multi-directional bicycle robot 5. Onmi-
directional Climbing Robot, identified as the most potential solution for automated
steel bridge inspection. The contributions of this dissertation are summarized as

follows:

- Novel design and development of a transformable tank-like robot with an integrated
haptic-based manipulator - Mechanical analysis framework of the transformable tank-
like robot - Lab test and field deployment of the transformable tank-like robot - Novel
design and development of a roller chain-like robot - Kinematic and mechanical anal-
ysis framework of the roller chain-like robot - Lab test and field deployment of the
roller chain-like robot - Novel design and development of a hybrid worming-mobile
robot - Mechanical analysis framework of the hybrid worming-mobile robot - Lab test
and field deployment of the hybrid worming-mobile robot - Novel design and devel-
opment of a multi-directional bicycle robot - Mechanical analysis framework of the
multi-directional bicycle robot - Lab test and field deployment of the multi-directional
bicycle robot - Novel design and development of the Onmi-directional Climbing Robot
- Mechanical analysis framework of the Onmi-directional Climbing Robot - Lab test

and field deployment of the Onmi-directional Climbing Robot Through both lab tests
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and field deployments, the proposed robots were shown to perform well under different

conditions, validating the intended designs and verifying mechanical analysis.

1.4 Dissertation Organization

The organization of the remainder of this dissertation is as follows. In Chapter 2, a
transformable tank-line robot integrated with a haptic device is introduced. Chapter
3 goes over the roller chain-like robot. Chapter 4 details the hybrid worming-mobile
robot. Chapter 5 presents the multi-directional bicycle robot. Chapter 6 details the
most potential solution for steel structures inspection, the Onmi-directional Climbing

Robot. Lastly, Chapter 7 covers the conclusion and future development.
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Chapter 2

Transformable Tank-based Robot

with A Haptic Device

This chapter presents a practical climbing robotic system to provide an efficient so-
lution for steel bridge inspection. The robot can adapt to a wide range of differ-
ent types of bridge surfaces (flat, curving, rough) and carry sufficient measurement
devices including cameras and an Eddy current sensor. The proposed small tank-
like robot with a reciprocating mechanism features various deformable 3D configu-
rations, which can allow it to transition among steel structure members for efficient
inspection. The robot utilizing adhesive force generated by permanent magnets is
able to adhere well to steel structures while moving. The roller-chain design allows
the robot to overcome obstacles including nuts, bolts, and convex and concave cor-

ners. To demonstrate the robot’s working principle, it has been deployed for climbing
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on more than 20 steel bridges. Video of this deployment can be seen in this link:

https://ara.cse.unr.edu/7page_id=11

2.1 Overall Design

FIGURE 2.1: Steel climbing robotic system. (Left) a simulated robotic arm on the

ground station for remote control. (Middle) the side view of the robot. (Right)

the front view of the robot. The robot is equipped with both camera and an Eddy

current sensor for visual and non-destructive evaluation of the steel structure.

The overall design concept of a tank-like climbing robot is shown in Figure 2.2 and
the implementation of this design is shown in Figure 2.1. The roller chains embedded
with permanent magnets for adhesive force creation enable the robot to adhere to
steel surfaces without consuming any power. The control architecture of the robot
consists of low-level and high-level controllers. The low-level controller handles tasks
including (i) converting velocity and heading commands from the high-level controller
to Pulse Width Modulation (PWM) data to drive motors, and (ii) reading data from

multiple sensors for navigation purposes. The high-level controller is embedded in

an onboard computer to enable data processing and ground station communication.


https://ara.cse.unr.edu/?page_id=11
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Both controllers fuse sensor data to provide desired linear velocity and heading for the
robot and acquire data from advanced sensors. Furthermore, the high-level controller

sends data wirelessly to a ground station for processing and logging.

FIGURE 2.2: System interface: Operator controls robot remotely from the ground
station via radio links. Xbee modules manage to send robot locomotion commands
and receive data from the sensor. A 5-DOF manipulator holding Eddy current sen-
sor’s probe is controlled by a haptic device while a keypad handles robot movement.
Visual and sensor data are live on a PC screen.
The robot is equipped with various sensors for navigation as well as steel structure
evaluation. There are two video cameras: one for capturing images of inspected
surfaces, and the other one for guiding navigation of the robotic arm. There are two
5 DOF robotic arms: one on the robot for navigating the Eddy current sensor probe,
and the other one for the operator/inspector, who can observe the camera’s visual
feedback and then control this arm for manual operation purposes. The robot uses
an IR sensor mounted on top of the manipulator to give the feedback to operator
by triggering a tiny vibrating motor on the Haptic device. The robot has two roller

chains, and each roller chain is integrated with two hall-effect sensors, which provide

velocity feedback for the PID speed controller. Figure 2.3 illustrates the sensor’s
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mounting for each roller chain as we use two hall-effect sensors, which are mounted

next to each other and close to the robot’s roller.

FiGurE 2.3: Roller chain with integrated Hall sensor and IR distance sensors.

The IR sensor is served as feedback of the PID control to regulate the reciprocating

mechanism automatically on different contour surfaces. The detail of the PID
control function is described in Subsection 2.2.1 and Figure. 2.11.

Since the magnet block inside each roller chain will move when the robot moves, we
can extract the velocity and traveling distance of each roller chain after combining
the data from these two hall-effect sensors. Additionally, an Inertial Measurement
Unit (IMU) is used for the robot’s localization. Moreover, to avoid falling off, the
robot has IR (Infrared Radiation) sensors mounted on the robot to detect if a surface

underneath exists.

For fatigue crack detection on steel structure, the Eddy current sensor’s probe (Nortec
600) as shown in Figure 2.4 is integrated with the robot. A mini 5-DOF robotic arm
(Figure 4.5a) is designed to hold and move the Eddy sensor’s probe for data collection

as demonstrated in Figure 4.5b.
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FIGURE 2.4: (Left) Industrial Eddy current sensor Nortec 600; (Right) sensor
probe for data collection.

FIGURE 2.5: a) kinematic structure of 5-DOF arm; b) executive arm integrating
on the robot; ¢) controlling arm for user operation in manual mode.

The maximum moment on joint 1 in Figure 4.5a is described as

Marm - Parm * larmu (2]‘)

where P,,.,, = 0.3kg is the total weight of the manipulator’s arm, l,.,, = 6¢m is the

distance from the center of manipulator mass to joint 1, so My.,, = 0.18 N.m. Five
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motors used are 0.25 N.m-torque-mini servos, which satisfy equation (2.1).

On the ground station, the operator observes visual feedback from the camera and
then controls a simulated arm (same scale as the one integrated with the robot) by
holding and moving a probe model. The moving control signal is wirelessly sent via
the Xbee module to control the arm of the robot. Five joint angles are obtained
by potentiometers (Figure 4.5¢) and then processed before sending required control
angles to servo motors. An IR sensor is mounted on the Eddy current sensor’s probe to
determine whether the probe approaches the steel surface or not. When the distance
from the IR sensor to the surface meets a calibrated number (45mm), a signal will
be sent back to the ground station to trigger a tiny vibrating motor on the simulated
arm to enable Eddy data collection. Additionally, a pressure spring is placed between
the probe and the robotic arm to improve the sensor’s approach. This design helps
the sensor’s probe to efficiently collect Eddy current data on complex surfaces such

as weld, rough or curving.

2.2 Mechanical Design and Analysis

A tank-like robot mechanism design is proposed to take advantage of the flexibility in
maneuvering. Two motors are used to drive two roller chains, and another motor is

used to drive the transformation of the robot to approach different contour surfaces.
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FIGURE 2.6: Reciprocating mechanism for robot transformation and specifications
of the robot’s design (unit in mm).

The robot’s parameters are shown in Table 2.1 while the motor’s parameters are listed

in Table 2.2.
TABLE 2.1: Robot Parameters.
Length 163 mm
Width 145 mm
Height 198 mm
Weight 3 kg
Drive | 2 motorized roller-chains and 1 motorized transformation

Regarding magnetic force, denote that F,; is the magnetic force created by each
magnet block as shown in Figure 2.3. At each moment there are a maximum of 8
magnet blocks in the chain contacting the steel surface. Hence, we have the magnetic

force created by each robot’s roller chain as ) | 5, (j = 1 : 8). Since the robot has two



TABLE 2.2: Motor Parameters.

Moving motors

Transforming motor

Torque 1.2 N.m (2S Li-Po) 3.2 Nm

Speed | 0.12sec/ 60 (2S Li-Po) | 0.15 sec/ 60 (2S Li-Po)
Length 40.13 mm 60.5 mm

Width 20.83 mm 30.4 mm
Height 39.62 mm 45.6 mm
Weight g 156 g

Voltage | 6-8.5V (2S Li-Po battery) | 6-8.5V (2S Li-Po battery)

N35.

Distance | Ful Force P* (Newton - N)

Magnet Between Magnet
two

(mm) to steel steol to mag-
plate plates net

0 39.7 73.1 39.7

1 17.1 29.8 22

2 10.1 17 15.3

3 6.4 10.5 11.1

4 4.3 6.9 8.4

5 2.9 4.6 6.4

6 2 3.2 5

7 1.5 2.2 4

8 1.1 1.6 3.2

9 0.8 1.1 2.5

10 0.6 0.8 2.1

20

TABLE 2.3: Pull Force (P¥) Over Air Gap of 15mm x 10mm x 5mm magnet block

roller chains, the total magnetic adhesive force, F;,, created by these two roller-chains

1s:

Fru=2%Y Fn(j=1:8).

(2.2)

A roller chain is designed to carry 22 Neodymium magnet blocks with poles on flat
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ends as presented in Figure 2.1-front view. With each motion, there will be a maxi-
mum of 8 magnet blocks contacting the flat steel surface. According to [83], if there is
a gap between magnet blocks and steel frame, the pull force is significantly affected.
The characteristics of the used magnets (15mm length x10mm width x5mm thick-
ness magnet block) are described in Table 2.3 and pull force over air gap is shown in

Figure 2.7.

Roller chains are designed to enable the robot to overcome several real climbing sce-
narios including transitioning among surfaces with different inclination levels (0 — 90
degree change in orientation) or getting rid of being stuck. A reciprocating mecha-
nism has been added in order to transform the robot to adapt to different contour
surfaces as shown in Figure 2.8. The specifications of the robot’s design are shown in

Figure 2.6.

FI1GURE 2.7: Pull force over air gap of 10mm x 10mm magnet cylinder.
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2.2.1 Robot transformation kinematics

TABLE 2.4: Kinematics Parameters.

b 72 mm
bl 45 mm
f 11 mm
55 mm
a 33.7 mm
XY | 32 mm
v | 12 degree

Kinematics analysis of the reciprocating mechanism is to calculate the radius of the
steel cylinder (), that the robot can climb on. Table. 2.4 shows kinematic parameters
while Figure 2.8 presents the kinematics of the robot, and Figure 2.9 illustrates a

general architecture of the robot’s reciprocating mechanism.

FIGURE 2.8: Reciprocating mechanism for robot transformation on different sur-
faces: flat, negative curve, and positive curve.

i
CF OF-0C '"~45a

From Figure 2.10: z = IC — C'R, in which, IC = =
cos 8 cos 8 cos 8

b f

cosf3  cosacosf3’

CR=¢e¢— BC =e— ftana with a+ = 90 degree;
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FIGURE 2.9: Reciprocating mechanism: a = 33.7mm, XY = 32mm, and v =
degree.

b b
= — — . 2.
- cos 3 cosacosf ¢+ [tana (2:3)

he cosacos B(ftana — x — e)

2.4
cosa — 1 ( )

From Figure 2.9: y = XZ = VXY?-YZ? where YZ = b — OT & YZ =

by — OX cos ¢; (¢ = a —7);

Sy = \/XY? — (b — acos )2 (2:5)

From equation (2.4), (by = b — 27) Fig. 2.10 and equation (2.5) we get y = f(x)):

t — —
—y= \/XY2 - (cosacosﬁ(f ama—z—e) acos ¢ — 27)2. (2.6)
cosa — 1
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FiGURE 2.10: Kinematics of the robot transforming mechanism: b = 72mm, b; =
45mm, f = 11mm, and e = 55mm.

The feed screw mechanism has a gear ratio is 1 : 19 with a screw pitch is 0.8mm.

From equation (2.6) and the designed gear ratio of 1:19, we can calculate the radius x
of the steel cylinder based on the rotations of the transformation motor. The robot is
designed to work on steel cylinders having the smallest radius from +5cm to —25¢m

with 7.5¢m feed screw movement.

When the robot travels on different contour surfaces, the reciprocating mechanism is

driven automatically by the driving motor, which is based on feedback from two IR
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distance sensors. A PID controller is applied to maintain the distance between the two
sensors and the steel surface equally as illustrated in Figure 2.11. The controller helps

keep the approaching area of the permanent magnet with the steel surface consistent.

FIGURE 2.11: Examples of different cases when the robot moves from flat to curved

steel surface: (Left) positively curved surface; (Right) negative curved surface. A

PID controller will be activated to keep the distance of two sensors D1 and D2
equally.

2.2.2 Sliding Failure Investigation

To understand the stability of the robot while climbing on steel structures, the sliding

and turn-over failures as illustrated in Figure 2.12 (a,b) should be investigated.

In the general case, based on the proposed design, the robot can climb on different
shapes of structures (cylinder, cube, or flat) with different inclination levels as shown
in Figure 2.13. In this analysis, we focus on the basic working condition-flat surfaces
to calculate the needed magnets and motor parameters, then do experiments on

different surfaces (curving, cube) in different conditions to find out optimal results.
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FIGURE 2.12: a) Sliding failure; b) Turn-over failure; (¢) Moment calculation at
point O.

FIGURE 2.13: a) Climbing on top inclined surface; b) Climbing underneath inclined
surface.

Let P be the robot’s total weight (P = mg, where m is the robot’s mass, and ¢ is the
gravitational acceleration). Let F),, be the magnetic adhesive force, N be the reaction
force, p be the frictional coefficient, Fy be the frictional force, and ¢ be the degree of
inclination. Denote ) F' as the total force applied to the robot. Based on Newton’s

second law of motion, Y F' = 0 when the robot stops.

When the robot climbs on top of an inclined surface (Figure 2.13(a)), based on our
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Psing

previous work [36], we can obtain the magnetic adhesive force: F,, = —Pcos ¢.
Hence, the sliding failure can be avoided if the magnetic force satisfies the following

condition:

Psin¢

F, > — P cos ¢. (2.7)

When the robot climbs underneath an inclined surface (Figure 2.13(b)), we obtain:

_ Psing

F, + P cos ¢. In this case, the magnetic force should be

Psin¢

F,, > + P cos ¢. (2.8)

When the robot climbs on a vertical surface (¢ = 90°)

From equations (2.7), (5.14) and (2.9), to avoid sliding failure in many cases, the

magnetic force should be

Psinqb_ Psing

P cos ¢; p +Pcos¢}. (2.10)

E, > max{

Since 0 < ¢ < 90 = cos ¢ > 0, the overall condition for avoiding sliding failure is

Fos Psin ¢

+ P cos ¢. (2.11)
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Assume that the frictional coefficient 1 between two roller-chains and steel surface is

from [0.4 — 0.8], we see that (Slib + cos ¢> decreases when p increases, or we have:
1

04<1<080<¢<90

= mam{w + cos gb} =25= F, > 25P.
I

In summary, the robot’s magnetic adhesive force should be greater or equal to 2.5 of
the robot’s weight. The value of one permanent magnet, where n = 8 is the maximum

number of magnet blocks contacting to the steel surface, satisfies the condition (5.16).

2.5
Frn,(j=1:n)> — (2.12)

2.2.3 Turn-over Failure Investigation

Let [ be the distance between the first and last magnet block contacting the surface,
and h be the distance between the center of mass to the surface (Figure 2.12¢). The
moment at point O (the point that the first magnet block contacts the steel surface)
is calculated as follows:

Pxh

> M=Pxh—2F, «l=0&F,, = o
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To avoid turn-over failure, the magnetic force of the first contacting magnet block:

Pxh

F
Y

(2.13)

From (2.13), to avoid the failure we can lower %, which means making the robot’s
center of mass closer to the steel surface. In the proposed design (Figure 2.6), h =
4.6cm, and the total robot height h, = h + 9.231cm = 19.751cm. Therefore, to avoid
both sliding and turn-over failures, the robot’s magnetic force of each magnet block

should satisfy:

2.5P.P>|<hr}‘ (2.14)

Fo,(j=1:n)> max{T, 5

Following the proposed design, P = 30N, n = 16 magnet blocks (each roller-chain

has a maximum of 8 magnet blocks contacting the steel surface), [ = 9.8cm, or

25x3 3%19.751
16 = 2x%98

Fo,(j =1:16) > max{ } > 3(N). We conducted some tests as

discussed in subsection 2.3.1 to make sure the proposed design satisfied this condition.

2.2.4 Magnetic Force Analysis on Curved Surfaces

The previous analysis is only applied when the robot moves on a flat steel surface.
However, there are also structures, which have curving surfaces, so the following
analysis will help determine the impact of the curving surface on the magnetic force

created by the robot.



30

An experiment conducted on different steel cylinder shapes with real conditions to
verify the performance of magnet blocks working on curving surfaces is shown in

Table. 2.5.

TABLE 2.5: Average Pull force (PF) over inside and outside steel cylinders of
15x10x5mm magnet block N35. The experiment was conducted on 5mm thickness
steel with 0.2mm paint on the surface.

Diameter (mm) Pull  Force  P*
(Newton - N)

100 13.5

200 15.5

300 16.2

400 17.4

500 19.3

600 20.9

700 23.2

800 254

900 28

flat 32.5

-900 24.4

-800 21.2

-700 19.7

-600 18.3

-500 17.2

The minimum pull force is 13.5N at 100mm diameter steel cylinder, and this means

that it is always greater than 3N, the required force, as shown in equation (2.14).

2.2.5 Motor Torque Analysis

Apart from the magnetic force analysis, we have conducted another analysis to de-

termine the appropriate motor to drive the robot. In order to make the robot move,
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the force created by the motor should win the adhesive force of the last permanent
magnet and the steel surface. As shown in Figure 2.14, denote M as the torque of one
motor, @ is the rotation fulcrum, i is the arm from F,,; to Q). Assume that the total
driving force of the robot is the sum of two motor forces, and the required moment
is satisfied:

M > h, * Psin ¢

+ Fo,(j =1:n)*1.

FIGURE 2.14: a) Robot moves on top of inclined surface; b) Robot moves on
bottom of inclined surface.

When the robot moves on a vertical surface, maximum ¢ = 90°
P , 4
M>hr*§+ij(j:1:n)*z. (2.15)

— M > 3.16(N.m) with h, = 19.751¢m, P = 30N, g = 9.8, F,,, = 39.7N (obtained
this number from the magnet’s datasheet), i = 5mm = 0.5¢m. The selected moving
motor moment is 1.2N.m and the gear ratio is 7 : 20, hence the moment of a robot

roller-chain is 3.43N.m, which satisfies (2.15).
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Regarding transformation mechanism as shown in Figure 2.15, when the robot moves
from a flat surface to a curved surface or reverses, the transforming mechanism works

to make sure that the roller chains contact steel surfaces in the best condition. The

FIGURE 2.15: Transformation mechanism with 7 joints to create climbing flexibility
of the robot.

transformation motor through the mechanical system creates moment (M) to release
magnet blocks from the steel surface. However, the calculation gear ratio of the re-
ciprocating mechanism is not simple due to its non-linearities, as shown in equation
(2.5). We choose the special case when friction is strongest to calculate the moment
of the transforming motor (powering feed screw mechanism). The moment has to

satisfy: M > Frxe< M >ex (k.N) & M > ex k(P + F,,).

= M >ex*x k(P +nk,, (j=1:n)). (2.16)

From equation (2.5) and the kinematics parameter of the reciprocating mechanism,

it is straightforward to calculate the gear ratio in this case. The ratio o : y is
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approximately 1 degree: 1 mm. Besides, the ratio of a: e = 1: 1.7, and the gear ratio
of the feed screw is 0.8mm: 360 degree. As a result, the total gear ratio of the whole
system is 26.5 : 1. From equation (2.16) and the assumption that system efficiency is
80%, the required moment of the motor is > 1.375N.m. The selected transformation

motor with 3.2/N.m is satisfied.

When the robot travels on curving surfaces, the reciprocating mechanism is driven
automatically by driving the motor based on IR sensor signals. A PID controller is
also applied to maintain the distance between the IR sensor and the surface. This is

to keep approaching the area of permanent magnets with the steel surface consistent.

2.3 Robot Deployment

To evaluate the design and performance of the robot, experiments for evaluating
the magnetic force created by roller chains have been conducted. The ability of
climbing and failure avoidance were tested. During the test, a Lipo battery (2 cells)
7.4V 900 milliampere-hour (mAh) is used to power the robot for about 1 hour of
working. One laptop which can connect to a wireless LAN is used as a ground station.
The robot’s mass m = 3kg, and if we assume that the gravitational acceleration
g = 10m/s?, the total weight of the robot is approximately P = mg = 30N. Since

15mm x 10mm x bmm magnet blocks are used, the total magnetic force is calculated
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as

Fp,(j = 1:8) = 39.7(N) .

Fp =2%8% F, =6352(N)

which satisfies the magnetic force condition as presented in equation (2.14).

2.3.1 Adhesive Force Measurement

2.3.1.1 Static condition

In order to measure the adhesive force created by a permanent magnet, we have set up
an environment as shown in Figure 5.21. The robot’s body - whose mass is m = 3kg
- is placed on top of a flat steel surface while it is connected to a scale through an
inelastic wire. We create a pull force onto the scale trying to lift the robot off the
surface. At the time the robot is about to be off the surface, the force applied to the
scale is equal to the sum of the robot’s weight and the magnetic pull force. Denote
F,u as the force we applied onto the scale, M is the value shown on the scale while P
is the weight of the robot’s body, and F,, is the magnetic force. With g = 10m/s?,
P =mg = 30N and F,,; = Mg = 10M, we can calculate magnetic adhesive force as

follows.

Fpull:P+Fm:>Fm:Fpull_P

= Frag = 10M — 3(N). (2.18)



FIGURE 2.16: Experimental setup for magnetic force measurement.
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FIGURE 2.17: Magnetic force measurements on coated and non-coated flat steel

2.3.1.2 Dynamic condition
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We also measure the adhesive force of the robot in a moving state as shown in Fig.

2.19 (robot moves from right to left). Each measurement is conducted three times as



Force (N)

500
450
400
350
300
250
200
150
100
50
0

D=100 D=200 D=300 D=400 D=500 D=600 D=700 D=800 D=900 D=-900 D=-800 D=-700

D=-600

D=-500

36

W test #1
W test #2

test #3

FIGURE 2.18: Magnetic force measurements on a curved steel surface with diam-

eters (D) ranging from 100mm to 900mm.

shown in Fig. 2.20. On average, the adhesive force in dynamic conditions is lower

than approximately 10% compared to a static state.

FI1GURE 2.19: Adhesive force measurement in dynamic condition on a non-coated

flat surface (robot moves from right to left images)

Multiple tests have been conducted to measure the pull force when the robot’s body

is placed on different surfaces. The first test is on a flat non-coated steel surface,

the second one is on a flat coated steel surface and the third test is on curved-coated

steel surfaces (positive and negative sides) with diameters (D) ranging from 100mm
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FIGURE 2.20: (Left) testing result on flat surfaces, (right) testing result on coated
curving surfaces (cylinder tubes)

to 900mm. All the tests are executed three times, and the results are presented in

Figure 6.11 and 6.12.

According to equation (2.14), the magnetic force for each magnet block should be
Frn,(j = 1:n) > 3(N) to avoid sliding and turn-over failure. Since each time the
robot has 16 magnet blocks, which physically contact the steel surface, the total
required adhesive force should be greater than 3 x 16 = 48(/N). We can see that in
Figure 6.11 and 6.12 the minimum magnetic force is 115(/N), which is much greater
than the required one, 48(N) with safety factor is around 2.5. Therefore the robot

adheres well on both coated /non-coated flat and curving surfaces.

2.3.2 Robot field deployment

The outdoor experiments and robot deployments are conducted on more than 20
steel bridges. Due to limited space, only some typical climbing examples are shown

in Figure 2.22-2.25. The steel structures have different thicknesses of paint coated on



TABLE 2.6: Statistical result.

Structrural parameters Decription
Thinnest steel surface 1 (mm)
Smallest steel cylinder diameter | 100 (mm)
Thickest coated paint 4 (mm)
Highest nut or bolt area 12 (mm)

FIGURE 2.21: Adhesive and climbing test on a thick paint-coated steel structure:
flat surface.

FIGURE 2.22: Adhesive and climbing test on a thin paint-coated steel structure:
cylinder shape D=100mm.



FIGURE 2.23: Adhesive and climbing test on a thin paint-coated steel structure:
cylinder shapes D=250mm.

FIGURE 2.24: Adhesive and climbing test on a thick paint-coated steel bridge: a
flat surface.

FIGURE 2.25: Adhesive and climbing test on a rusty paint-coated steel bridge: flat
structure with bolts/nuts.
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FIGURE 2.26: Images stitching result: (Top) 7 individual images taken by the

robot climbing on a bridge in Figure 2.25; (Middle) Stitching image result from

those 7 individual images; (Bottom) Closer look (zoom-in) at some areas, which
has a serious rusty condition with holes on the surface.

steel surfaces. Some paint-coated steel surfaces are very rusty, some are not clean,
and some others are still in fine condition (minor-rusty). Statistical results with a

description of specifications that the robot can work with are presented in Table 2.6.

During the experiments, the climbing capability tests are done on steel bridges and

steel structures, and on coated or unclean surfaces as seen in Figure 2.21 - 2.25.
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FIGURE 2.27: Crack surveying process. Visual data is acquired by camera 1 (top-

right image). The operator controls Eddy current sensor’s probe remotely by a

haptic system (control arm: bottom-left image) with a closer view from camera 2

(bottom-right image). Eddy current sensor measures the depth of crack (top-left
image), more detail in Fig. 2.28

The robot is able to adhere very well to these steel structures while climbing with a
maximum speed is 200 mm/s for 1 hour. Even in the case of curved surfaces (Figure
2.22, 2.23), the robot can still adhere tightly to the steel structures while performing
the climb. For rusty steel surfaces, it also shows strong climbing capability (Figure
2.25). However, in some very tough conditions, such as bird drops or high nuts, the
robot might lose adhesive force and can not pass these areas. Robot deployments can
be seen in the submitted video and the ARA lab link: https://ara.cse.unr.edu/

7page_id=11 or youtube link: https://youtu.be/1W19Trd3EoM

The robot is controlled to move and stop at a certain distance (e.g. 12cm) to capture

images of steel surfaces and does a closer investigation on potential crack areas, then


https://ara.cse.unr.edu/?page_id=11
https://ara.cse.unr.edu/?page_id=11
https://youtu.be/1Wl9Trd3EoM

FIGURE 2.28: a) Probe path; b) line 4 data; c) line 3 data; d) line 2 data; e) line
1 data.

42
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FIGURE 2.29: a) Image of an inspected area with cracks on it; b) Fatigue crack map
from Eddy current sensor showing defect areas with red/yellow color, corresponding
well with the crack areas on the image.

send to the ground station. To enhance steel surface inspection, acquired images are
then stitched together to produce an overall image of steel surfaces as shown in Figure

2.26. The image stitching is followed by our previously developed algorithm [49].

In addition to the visual data collection, the robot also collects Eddy current sensor
data. The survey is conducted on a 170 x 70 mm area, which contains some crack
areas as shown in Figure 2.28a. The robotic arm holds the Eddy current sensor’s
probe and performs a zig-zag path consisting of four lines. Figure 2.28b-e shows raw
signals collected in a 13-seconds time frame for each line. We can see from these

plots that at the crack areas, the signal amplitude is higher. For ease of illustration,



44

a color-coded map is built as shown in Figure 2.29, and we can see that the Eddy
current condition/fatigue crack map has defect areas (red/yellow color) correlating

very well with the crack areas on the image.

2.4 Conclusion

This chapter presents a new development of a tank-like robot, which is capable of
climbing on different steel structural shapes to perform inspection and evaluation.
The robot design is implemented and validated on climbing more than twenty different
steel bridges. During the tests, the robot is able to firmly adhere to steel structures
with various inclination levels. A rigorous analysis of magnetic adhesive force has
been performed to confirm that the robot is able to adhere to both flat and curving
steel surfaces in various conditions (coated, non-coated, and/or rusty). Moreover,
motor torque analysis to make sure the robot can win the magnetic adhesive force
to move on a steel surface is presented. Various experiments have been conducted
including magnetic force measurement, and indoor and outdoor climbing tests in order
to validate the force analysis as well as the climbing capability of the robot. The
results show that when the magnetic adhesive force requirement is met, the robot is
able to move and transition safely between steel surfaces without any failures. Several
sensors are integrated to support the robot’s navigation as well as data collection. The
rigorous magnetic force analysis can serve as a framework to calculate and design

different types of steel inspection robots in the future. Inspection data (Eddy current
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and visual) is collected and transferred to a ground station for visualization and

processing.
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Chapter 3

Roller Chain-like Robot

This chapter presents a novel design of the steel bridge/structure inspection robot.
Compared to most existing robots designed to work on particular surface contours of
steel structures such as flat or curving, the proposed roller chain-like robot can im-
plement and transfer smoothly on many kinds of steel surfaces. The developed robot
can be applied to inspection tasks for steel bridges with complicated structures. The
robot is able to carry cameras and sensors for visual and specialized examination. A
rigorous analysis of robot kinematics, adhesion force, and turn-over failure has been
conducted to demonstrate the stability of the proposed design. Mechanical and mag-
netic force analysis together with turn-over failure investigation can serve as a useful
framework for designing various steel climbing robots in the future. Experimental
results and field deployments prove the adhesion, climbing, and inspection capability

of the developed robot.
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3.1 Overall Design

F1cURE 3.1: Overall design of a robot for steel bridge inspection tasks.

The overall design of the roller chain-like robot is depicted in Fig. 3.1. The robot
consists of 12 joints for forward and backward moving; and three pairs of joints for
controlling the robot’s direction. The kinematic structure of the robot is illustrated
in Fig. 3.2. The robot moves by the collaboration of 12 joint angles (1 to 12) that

are driven via 12 servo motors. For turning, when the robot gets a state like Fig. 3.3,

FIGURE 3.2: Robot kinematics.

joint pairs (1.1 and 2.1) drive the robot turning left or right with 4+ 45 degrees range,
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in which, joints 1.1, 1.2, and 1.3 are active joints while 2.1, 2.2 and 2.3 are passive-
cardan joints. Cardan joints are necessary in case the active and passive joints are
not coaxial when the robot turns. With three pairs, the robot can turn triple times

per moving revolution. On each moving joint, there are two magnet blocks, which

FIGURE 3.3: Robot turns left.

create adhesion force for the robot. The magnet blocks are integrated through the free
joints to help the robot approach every surface contour effectively by manipulating
the natural characteristic of the magnetic field. The surface with the largest force
will expose before approaching magnetic materials as Fig. 3.4. The designed robot

can work well on different surface contours as shown in Fig. 3.5.
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FI1GURE 3.4: Magnet states before approaching steel surfaces.

3.2 Magnetic Force Analysis

Let P be the robot’s total weight (P = mg, where m is the robot’s mass, and g is
the gravitational acceleration). Let Fm be the magnetic adhesion force, and N be
the reaction force. Let [; to l4 be the distance between first to last magnet block
contacting the surface to point O7, and h be the distance between the center of mass

to the surface (Fig. 3.6(a)). The moment at point O, is calculated as follows:
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FIGURE 3.5: Robot’s locomotion on different surface curvatures.(a) Robot is on

flat surface.(b) Robot transfers between two surfaces.(c) Robot transfers to an-

other surface with obstacle.(d) Robot moves on curving surface.(e) Robot moves

on cylindrical surface.(f) Robot moves on circumferential direction of cylindrical
object

Ph

3.1
l1+12+53+l4 ( )

Z Mo, = Ph— (i Fony + b Fma + 3 F 3+ 14 Fn) = 0 — Foj =

Fn . .
In case 2, Fig. 3.6b: F,,1, = Fap = Tl Torque at point O, is calculated as follows:

Ph

2(a+b) (3:2)

Y Mo, = Ph — (4F 100+ 4Fb) = 0 = Fiy =



o1

FIGURE 3.6: a) Robot attaches vertically to surface; b) Robot attaches horizontally
to surface.

FIGURE 3.7: Robot shape in limitations a) h max; b) h min.

Following the proposed design, a = 5.2 cm, b = 0.635 cm, and [; = 28.75 cm, [, =

Ph Ph

19.47 I3 =9.1 ly =1.27 : <
cm, 3 cm, Iy cm Lththth ~2a+tD)

Ph
To avoid turn-over failure, the magnetic force of the magnet block: F,,; > m
a

In different locomotions, the robot shape can be changed as illustrated in Fig. 3.7,

which led to the change of h as well. F,,; > Fig. 3.7(a). Therefore, to avoid

_ bR
2(a +0b)
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both sliding and turn-over failures, the robot’s magnetic force of each magnet block

should satisfy:

25P  Ph
Fo,(j=1: { : } .
0:(J n) > max a1 D) (3.3)
Following the proposed design, P = 30 N, h,0, = 13 cm, n = 4.
2.5 % 30 30213
Fo(j=1: { : :33.24N} 3.4
0:(J = Lim) > maz == 55" 635) () (3.4)

3.3 Motor Torque Analysis

FicURE 3.8: Magnet block position analysis.

The position of the magnet block is very important. It should be located in the
position described in Fig.8. In both cases when i; # i (Fig. 3.9 and Fig. 3.10) the

servo can not be optimal for the moment.

-1 >1i; we can see ¥ < 1, which means servo 4 bears more load from F,1, F,,2, Fy3

when moving.
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-1 < 11, the arm is longer, which makes a greater torque for the servo.

FicURE 3.9: Magnet block position analysis.

In order to make the robot move, the force created by the servo should win the
adhesion force of the last permanent magnet and the steel surface. As shown in Fig.
3.9, denote M as the torque of one motor, Q is the rotation fulcrum, and i is the arm
from F,,,; to Q. The required moment is satisfied: M; > i F},,;. i = 1.27 cm, selected

magnet force F,,; = 80 (N) satisfied condition (1). AM; > 101.6 (N.cm).

3.4 Experiment results

In order to measure the adhesion force created by the permanent magnet, we have set
up an environment as follows. The robot’s body - whose mass is m = 3kg - is placed
on top of a flat steel surface while it is connected to a scale through an inelastic wire.
We create a pull force onto the scale trying to lift the robot off the surface (similar
setup to Fig. 13 in ??). At the time the robot is about to be off the surface, the
force applied to the scale is equal to the sum of robot’s weight and the magnetic
pull force. Denote F,,; as the force we applied onto the scale, M is the value shown

on the scale while P is the weight of robot’s body, and F,,,, is the magnetic force.
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With g = 10m/s?, P = mg = 30N and F},,; = Mg = 10M, we can calculate magnetic
adhesion force as follows F,u; = P 4+ Fuy 80 Fiey = 10M — 3 (N). The adhesion

force measurement data is shown in Fig. 3.10 - 3.11.

FIGURE 3.10: Adhesion force on flat surfaces.

F1cURE 3.11: Adhesion force on curving surfaces with different radius.

From (1), the minimum adhesion force = n * F,,; (theory)= 4 * 62.9=251,6 (N).
From (3.2), the maximum adhesion force of robot = n * F,; (selected)= 4 * 80 =

320 (N) as shown in Fig.3.10 - 3.11. The climbing tests were performed on both steel
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structures and a steel bridge (Fig.3.12 - 3.13 - 3.14). In both cases, the robot was

able to adhere strongly to the steel surface during its motion.

FIGURE 3.12: Robot test on an I-shape beam.

F1GURE 3.13: Robot test on a cylindrical beam.



o6

FIGURE 3.14: Robot test on a curved surface.

3.5 Conclusion

This chapter discusses a new design of a climbing robot specifically for steel bridge
inspection and evaluation. The robot has been designed based on the roller-chain con-
cept to provide flexibility to the robot body, enabling it to climb smoothly on different
steel structures and pass joints safely. The chapter provides a detailed description
of the mechanical design and analysis of magnetic and motor forces. Experimental
results conducted on different steel surfaces (flat, curving, and paint coated) have

shown that the robot can adhere well and move safely while passing joints.
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Chapter 4

Hybrid Mobile-Worming Robot

This chapter presents a practical climbing robotic system, which combines the meth-
ods and subsequently the advantages of some of the other steel inspection robots
created previously. The robot can adapt to a wide range of different sorts of bridge
surfaces (flat, curving, rough). The hybrid approach implemented in the robot in
this chapter allows it to have both a mobile mode and a transforming mode (Fig.
4.2). These allow it to adapt to most complex steel bridge surfaces for efficient in-
spections. This robot utilizes adhesion force generated by permanent magnets in two
modes; untouched magnets during mobile mode and touched for transforming mode.
The flexible magnet array allows the robot to overcome obstacles including nuts and
bolts. To demonstrate the robot’s working principle, it has been deployed for climbing

on indoor and outdoor steel structures and steel bridges.
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4.1 Overall Design

FIGURE 4.1: Overall design of robot.

The design concept of the hybrid climbing robot is illustrated in Fig. 4.1 and its

function is described in Fig.4.2. The robot is divided into two main parts: the
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FIGURE 4.2: Robot function (a) Mobile mode; (b) Transforming mode, or worm
mode.

feet and the body. Each foot is loaded with permanent magnets for adhesion force,
therefore, allowing the robot to expend no energy for its continued attachment to
steel surfaces. In mobile mode, the magnets hover in an untouched position with a
Imm distance from the steel surface. The magnets are ring-shaped and arranged in an
array, which allows the robot to pass nuts and bolts smoothly while still maintaining
a full adhesion force. The torsion spring is instrumental in the design of the feet, they
allow every single magnet cell to individually adapt to varying external stimuli and
then return to its initial structure. The magnets utilized in the array are magnetized
through their diameter as opposed to through their thickness as shown in Fig. 4.3.

This allows them to be more suitable for their design purpose.

The distance between the magnet arrays and the surface is controllable, and each foot
is able to work in touched or untouched orientations. Two parallel feed screws are

utilized with an actuator to enable the control system to modify the distance that
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FIGURE 4.3: The robots foot with flexible magnet array.

each foot is kept. Feedback from a distance sensor helps to ensure that the magnet
arrays are kept at an optimal distance. The four wheels on each foot keep the robot
stable when standing on one foot and support large moments while simultaneously
being lightweight. The rubber wheels maximize the friction factor between the robot
and the surfaces that each foot adheres to. The foot design allows the ARA robot
to function on different surface conditions as described in Fig.4.4. The body has 6
degrees of freedom (DOF) and functions like a robot arm shown in Fig.4.5 when the

robot is in transforming mode.

When the robot encounters an area it is having difficulties traversing while in mobile

mode, the robot will alter the magnet orientation of one foot to touch so that the
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FIGURE 4.4: (a) The robot on flat surface; (b) The robot passing nuts; (c¢) The
robot on a curving surface.

FI1GURE 4.5: The robot body - 6 DOF robot arm.

robot may shift into transforming mode to find a new surface to travel along and
complete its task. In transforming mode, one foot’s magnet array will touch fully
to the surface to maximize its adhesion force. Then the magnets on the second foot
will move up to release the adhesion force. Now, the robot works as a 6 DOF robot
arm. When touching a new surface, the process happens again to the opposite feet.
This enables the robot to move the whole robot to a new place. The whole process

is shown in Fig. 4.6.
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FIGURE 4.6: Transformation process: (a) The robot in mobile mode; (b) The robot

makes the magnet array touch on the 1st foot and looks for new a new surface with

the other; (c) The 2nd foot touches a new surface and moves the rest of the robot
there; (d) The robot switches back to mobile mode on the new surface.

4.2 Mechanical Design and Analysis

Throughout the design process of this robot, the ARA team performed an extensive
set of statics analyses on the robot. These examinations into the mechanical behaviors
behind which this robot has been constructed have allowed the ARA team to design

and manufacture a robot, which surpasses the current capacities of other steel bridge
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inspection robots that came before it such as CROC [35], the inchworm inspired robot

or MINOAS [26].

4.2.1 Transformation Analysis

The purpose of the transformation analysis was to determine the maximum moment
the robot would experience under static conditions. This evaluation allowed us to
determine the moment the robot experiences when transforming and the minimum

torque required from our servos to overcome the force of gravity.

FIGURE 4.7: Extended statics diagram.

Variable hy represents the height of the feet, and m; is the mass of the foot. L, Lo, L3
are the lengths of links, one through three. m, is the mass of equipment that the
robot is carrying. mpi, mpa, mp3 are the masses of their respective links. g¢ is for

gravity.

First, the moment acting at point A in Fig. 4.7 was determined in order to obtain
a generic equation Equ. (4.1) to model the torque output required from a servo at
point A as a function of the variables above. After this, the ARA team could decide

upon a particular servo to use in the construction of the proposed robot.
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1 1
Ty = (§L1)mL19 + (L1 + §L2)(mL2 +me)g

1
+(L1 + Lg + ELg)ngg (41>

1
+(Ly+ Ly + Lz + éhf)mfg-

The moment the robot experiences when fully extended was determined in this anal-
ysis which informed the team about how large the moment acting upon the robot
would be through Equ. (4.2). In the Turn Over and Sliding Friction Analysis section
later in this chapter, we take the results of this study and use them as input for the

external moment that the foot is experiencing in the Turn Over Analysis.

1 1
Mp = (§hf)mf9 + (hy + §L1)mmg

1
+(hy + Ly + §L2)(mL2 —Me)g
(4.2)

1
+(hf —+ L1 + L2 + iLg)ngg

3
+(§hf + L1 + L2 + Lg)mfg.

In both the Moment and Torque equations (4.1) and (4.2), the mass of the feet
plays a very large role in how large the respective acting moment and torque are.
When we performed this analysis using aluminum as the material for the structural
members of the robot, we found that our robot needed a very significant amount of
torque to overcome gravity. From this, we concluded that our servos would have very

low factors of safety. One of the ways in which the ARA team addressed this issue
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was by changing the material with which the structural members of the robot were

manufactured, choosing carbon fiber instead of aluminum.

The reduction of the total mass in the feet gives our robot a much larger factor of
safety to subsequently operate in a much more desirable manner. This reduction in
mass (-40%) enables our robot to traverse steel structures because its servos can hoist
the robot and hold still or overpower the force of the moments acting on them. This
means that the ARA robot is able to carry more equipment than it would have been

able to if it was manufactured from aluminum.

4.2.2 Turn Over and Sliding Friction Analysis

At this point in the design process, the ARA team needed to conclude whether our
robot would be at risk of toppling over or slipping while in use. To do this, we
performed two more statics analyses, one, on an adhered foot with an external moment
acting on it and the other as a stationary foot adhered to a steel surface resisting

sliding.

Our turnover analysis (Fig. 4.8a) builds off of the transformation analysis by using
the proposed moment function Equ. (4.2) as an input to the external moment acting
upon the foot in this analysis. In order to determine how much adhesion force was
required by each foot, a moment was taken at point C', this produced equations (4.3)

and (4.4).
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FIGURE 4.8: Turn over/adhesion diagram.

Variables nq,no,ns,ny represent the number of magnets in each row. Mg is the
moment at point C, and F),,, is the force created by each magnet. di,ds,ds all
represent distances, where Mg = f(hy, mg, mp1, Me, Mo, M3, L1, Lo, L3, g), is solved

for in the Transformation Analysis subsection of this chapter.

M,=—Mpg+ Fmagngdg + Fmag’ng(dg + dg)
(4.3)

+Fmagn1(d1 + d2 + d3)
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Equ. (4.3) was then simplified and adjusted to emphasize the role magnet strength

and each distance would have upon the net moment, M¢, giving Equ. (4.4).

Mc = Fmag<d3<n1 + %) + ng) + dg(nl + ng)
—i—d1n1) - MB = —MB + Fmagngdg (44)

+Fmagn2(d2 + dg) + Fmagnl (dl + d2 -+ dg)

The resulting equation Equ. (4.4) helped develop a better understanding of the
importance of foot orientation, the location of magnets, and the power of the magnets
in the design. This analysis was also instrumental to the design layout of each of the
feet in our robot and helped to ensure that the robot would maintain its position on

steel structures.

The sliding friction analysis (Fig. 4.8b) assumes static conditions to determine what
the required force of friction acting on the wheels is to prevent sliding. The main
purpose of these calculations was to ensure that the robot’s feet would not slide down

the steel surfaces that they adhered to.

i represents the number of wheels that the normal force (Fy) is distributed between,
and n is for the total number of permanent magnets on the foot. Fr is the friction
force, and F,,g is the force generated by one magnet. o represents the friction

coefficient between steel and rubber. For the purposes of our study, we used a value

of 0.7 [84].
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This evaluation begins by defining the equation for the normal force acting perpen-

dicular to the surface that the robot is adhered to; Equ. (4.5).
Fy = Mmas. (4.5)

Then, a base equation is written to solve for the force of friction acting against the
motion, Equ. (4.6).

Which when both combined, yields Equ. (4.7).

Frp=nkF,q. (4.7)

Equ.(4.7) models the force of friction as a function of the total number of magnets
on the foot, the friction coefficient based on the materials in contact, and the force

generated by one magnet.

4.3 Robot Deployment

The purpose of the indoor testing was to evaluate the robot’s climbing abilities (Fig.

4.9) and examine how adhesion force varied with distance from the steel surface.
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FIGURE 4.9: The robot tests on a steel structure indoors.

The ARA Labs robot was able to successfully climb the lab’s steel beams (Fig. 4.9).
With the ARA robot’s climbing capabilities verified, the robot was then tested outside

on more complex structures than what could be found in the lab.

Outdoor testing for the robot began at a local steel art statue on the university

campus famous for having every commercial steel link type on it, as showcased in Fig

4.10.

At this art statue, the team was able to examine the robot’s physical ability to traverse
the complex geometries, which would come across out in the world as shown in Fig.
4.10. The results from this assessment and verification subsection showcase the ARA
Lab robot’s proposed ability to get around and traverse complex, jagged geometries

like those found on the art statue, Fig. 4.10. The testing at this art statue suggests
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FIGURE 4.10: Deployment of the robot on a steel structure.

that more work should be put into creating friction to resist twisting while the robot
is in worming mode. While not entirely crippling, the robot did struggle to maintain
its orientation when moving. This issue was also likely exacerbated by a rudimentary
controller design, which creates sharp, sudden movements that ended as quickly as
they began. Smoothing of the accelerations created by the servos will be imperative
in ensuring this robot is capable of meeting commercial demands for steel structure

inspection.

FIGURE 4.11: Mobile mode example on bridge.

Additional evaluations were done at a bridge on campus, which is comprised of long
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cylindrical members. As shown in Fig. 4.11, these members were useful for testing

the robot’s ability to adhere to round surfaces.

Link to the video demonstration of the robot deployments can be seen here: https:

//youtu.be/PwDf6h00m3c

4.4 Conclusion

The proposed inch-worm robot described in this chapter proposes a design, which
combines the best parts of other modern-day steel inspection robots in order to tra-
verse the complex geometries commonly found on steel structures such as windmills,
steel bridges, and buildings. The largest challenge so far in this project has been
making sure that the robot will function as intended. Since the team is implementing
a design, which draws from a wide range of other designs, the robot needs to be able
to accommodate all of the design parameters for each design in order to maintain
the intended functionalities of the implemented features. This created a necessity
for detailed design analyses to ensure that such an amalgamation of various designs

could successfully work together in unison.


https://youtu.be/PwDf6h0Om3c
https://youtu.be/PwDf6h0Om3c
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Chapter 5

Multi-directional Bicycle Robot

This chapter presents a novel two-wheeled climbing robotic system to provide an
efficient inspection solution for complex steel structures. We focus on optimizing
the climbing capability and the multi-directional locomotion of a bike-liked wheeled-
climbing robot, making it maneuver on complex ferromagnetic structures. We also
developed a transforming mechanism enabling the robot to reconfigure to overcome
concave and convex-edged obstacles such as L-, T-, and I-shaped beams or thorny cor-
ners/edges. Robot architecture allows us to equip a sensor deploying mechanism for
both an ultrasonic-based steel thickness measurement sensor and a camera in the most
space-efficient package. This study is a full and upgraded version evolved from our
initial prototypes [85] and [86]. This upgraded version has improved robot stability

when traversing horizontally on cylindrical structures by generating new a locomotion
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mode. Moreover, a simpler but more efficient method of a flexible material in contact-
ing part helps enhance the sensor deploying mechanism function. We demonstrated
the robot’s working principles and functionalities through laboratory and field tests.
Video of this deployment can be seen from the Advanced Robotics and Automation

(ARA) Laboratory’s website at this link: https://ara.cse.unr.edu/?page_id=11

The rest of the paper is organized as follows. Section 5.1 describes the overall robot
design. Section 5.2 presents a detailed mechanical design and magnetic force analysis
of the robot when moving on surfaces with different inclinations. Section 5.3 analyzes
magnetic force on different surface curvatures under both static and dynamic con-
ditions. Section 5.4 demonstrates various experiments to verify the proposed robot
design and validate the magnetic force analysis, robot locomotion, and transforma-
tion. Finally, the conclusion and discussion of future work are presented in Section

6.5.

5.1 Overall Design

The front view and the back view of the robot are depicted in Figure. 5.1a. We add
a thickness transducer in the space between the two wheels. This location is ideal
for protecting the sensor when traveling and allows good contact for measurements,

whether the robot is working on flat or curved surfaces. A detailed description is


https://ara.cse.unr.edu/?page_id=11
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FIGURE 5.1: (Left) The front and back view of the robot. (Right) The 3D design
model of the robot.

shown in Figure. 5.6. The robot’s mass is 1.2kg, including the sensor. We use 3D-
printed ABS plastic to manufacture the frame for a lightweight robot. When powered
by a 700mAh LiPo battery, a human operator can remotely control the robot to work
for 30 minutes. Figure. 5.1b shows the overall mechanical design of the robot. The
robot’s dimension is 150mm x 80mm X 90mm. We place the ring magnets at the
cores of the two rubber-covered wheels, driven by two high-torque gear DC motors
(100kg-cm torque each). The steering actuators and transforming mechanisms are
controlled by two servos (32kg-cm torque each). The front and the back of the frame

are linked by a bearing acting as a dynamic joint.

For high mobility, two revolute joints are installed, making two steering units (Figure.
5.2). These two units allow the robot to work in two modes: bicycle-like and multi-
steering modes. The bicycle-like mode is utilized when the robot operates on large
surfaces with only one activated steering unit (Figure. 5.2a). On narrow surfaces,

the robot can change the direction by activating the rear steering unit instead of the
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FIGURE 5.2: The design concept shows the maneuverability of our robot with
active joints colored green (for the front joint) and blue (for the rear joint). Two
independent steering actuators allow the robot to enable bicycle-like moving modes
(a) when only the front steering unit is activated and (b) when only the rear steering
unit is activated to change direction on narrow surfaces. (c) Two steering units are
activated simultaneously; the robot can move sideways. (d) The mix of bicycle
and multi-directional modes. On horizontal traversing, the bicycle shape is weak
in maintaining adhesive torque. This mode improves this disadvantage with wheel
paralleling configuration but is still able to turn.

front one (Figure. 5.2b). In locations that require sideway movements, the multi-
directional mode is enabled. In this mode, two steering units are active simultaneously
as in Figure. 5.2c. The maximum turning angle is kept at less than 90 degrees to
maintain the robot’s stabilization in this mode. In an extreme situation when a robot
traverses horizontally on cylindrical structures, adhesive torque decrease significantly.
The mix of bicycle and multi-directional mode Figure. 5.2d is switched to enhance

safety.

In addition, a free joint (orange joint in Figure. 5.3) working as a dynamic connection
between two halves of the robot’s body allows the two wheels to stick to surfaces

effectively, even uneven ones such as two flat curvatures (Figure. 5.3a), positive
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FIGURE 5.3: The free joint (orange) in the middle of the robot’s body helps its
wheels to better adhere to uneven surfaces, e.g., a) two flat curvatures, b) positive
curvatures, ¢) negative curvatures.

curvatures (Figure. 5.3b), or negative curvatures (Figure. 5.3c). Our design also
enables the robot to pass thin edge and acute corners with two other revolute joints
shown in Figure. 5.4. These two joints allow the distance between the two wheels to

be adjustable based on surfaces as shown in Figure. 5.4c and Figure. 5.4d.

FIGURE 5.4: Our design allows the distance between the two wheels to be ad-

justable with two revolute joints. The robot can pass corners without activating

the two joints in normal conditions (a), and (b). However, the robot can adjust the

wheels’ distance (the two joints are activated, hence colored purple) to be small to
pass a thin edge (c) or big to pass an acute corner (d).
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FIGURE 5.5: Robot configuration when traveling in an extreme situation (horizon-

tal traverse on a cylindrical structure). a) the robot in high risk of losing adhesive

force in normal bicycle mode, b) the robot is in fourth mode Figure 5.2d that
significantly improves adhesive torque to keep the robot safe in this situation.

5.2 Mechanical Design and Analysis

This section provides a detailed mechanical analysis of our robot, including the analy-
sis of the robot transformation, the robot maneuverability, and the sensor deployment

mechanism.

5.2.1 Robot Transformation Analysis

We use reciprocating mechanisms to allow the distance between the two wheels to
be adjustable. Due to the high load of attractive force when the two wheels are
close, a feed screw is applied for the slider-crank part. The mechanism can transform
the robot into three different shapes depending on particular situations, as shown in

Figure. 5.6.



FIGURE 5.6: The robot’s shape when applying reciprocating mechanisms. a) in

normal conditions, b) when passing thin edges, and ¢) when passing acute internal

corners. The sensor and deploying mechanism position do not affect to transforming

function. It also enables the sensor always be perpendicular to measuring surfaces
even if they are curved.

FIGURE 5.7: The reciprocating mechanism’s kinematic.
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5.2.1.1 Kinematic Analysis

The kinematic is analyzed in Figure. 5.7, where W is the wheel center, reciprocating

mechanism XYZ, and z = XS, we have:

XY sinpu = XY cosd — SZ, (5.1)

XY cos = XYsind — z. (5.2)

Square then sum both sides of (5.1) and (5.2), we have:

XY?(sin? p 4 cos? i) = (XY cos 6 — SZ)? + (XY sind — z)2. (5.3)

Simplifying (5.3) produces:

22+ YZ7? 4+ S7° — XY?
Z ing = A
SZ cos 6 + zsin & XY , (5.4)

resulting in a function § = f(z).

5.2.1.2 Force

The robot’s shape transformation is the combination of controlling ¢ in Fig. 5.8 and
moving wheels simultaneously. The load (the magnetic force between the two wheels)

is shared between the two wheels and the reciprocating mechanism. From Figure. 5.8,
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FI1GURE 5.8: Force analysis of the reciprocating mechanism.

with F' as the attractive force between the two wheels, M,.q is the torque that feeds

screw bears, and 7 is the feed screw’s transmission ratio, we have:

PW

Moa =F——i
foad QZCOSMZ

— Myheel- (5.5)

5.2.2 Robot Maneuverability Analysis
5.2.2.1 Adhesive Force

We analyze the adhesive force that the robot needs to climb reliably in any normal
working conditions. We perform the analysis in an extreme situation where the
adhesive force between the magnetic wheels and the contacting structures is minimal

Figure. 5.9. Here, X; and X, are two contact points of the back wheel and front
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FIGURE 5.9: A situation where the adhesive force is minimal, resulting in a high
chance of falling over. In this case, the adhesive force of the front wheel is signifi-
cantly reduced when the robot hits an edge.

wheel, respectively. We call P the robot’s weight, and h is the distance from the
center of mass of the robot to X;. If F5 is an adhesive force of the front wheel at X5
then Fy is at its minimum when the front wheel hits the corner. To keep the robot

safe, the following condition needs to be satisfied:

Ph

F5. XXy > Ph — F, > .
2 1422 2 X1X2

(5.6)

According to ISO 3691, [87] for safe weight lifting, a safety factor of 5 was selected.
Therefore, the real adhesive force F5 needs to be at least five times greater than the

result from the above theoretical calculation in (6.4).
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This analysis calculates the necessary motor torque when the robot stands the highest

load. The highest load occurs when the robot passes an internal corner between two

perpendicular surfaces (Fig. 5.10), the front wheel bears an additional force Fj s,

which is the adhesive force of the front wheel on the surface 2. Similarly, Fy; is the

adhesive forces of the front wheel on surface 1. F, is the friction of the front wheel

on surface 2, r is the wheel’s radius, k is the static friction coefficient (between rubber

and steel in our design). The minimum force of the front wheel that allows the robot

to be able to overcome the corner must satisfy:

Mmovin P
. & > F2.1+Ff2+§.

Therefore, the moving motor torque needs to satisfy:

P
Mioving > 7(Foq + kFy0 + —).

2

(5.7)

(5.8)

According to IEC 60034, [88], the actual torque selected is at least double that of

theoretical calculation in (5.8).
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FIGURE 5.10: When the robot passes an internal corner between two perpendicular
surfaces, the robot’s load increases significantly.

FIGURE 5.11: An experiment is conducted to investigate the load on a steering

servo motor. A dynamo meter is mounted on one wheel’s edge (point L) to measure

the load. The distance from L to the rotating point X5 is r (the wheel’s radius).
a) Side view. b) Top view.

5.2.2.3 Steering

An analysis is conducted to investigate the load torque on the revolute joints. Two
forces affect each other as illustrated in Figure. 5.11: the static friction and the
attractive force at the two magnetic wheels. Let Fi5 be the adhesive force of wheel 1
affecting wheel 2, and F; be the friction at X,. The measured load-force at point L

(Figure. 5.11a) has to satisfy the following condition:
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Ms eerin;
Fip+ Fy < % (5.9)

Thus, the steering servo torque needs to satisfy:
Msteering >T (F12 + k (F2 + P)) . (5].0)

Based on IEC 60034 [88], the actual servo’s torque is chosen to be at least two-fold

compared to that of theoretical calculation in (5.10).

5.2.2.4 Horizontal Traversing

FIGURE 5.12: a) robot shape is in conventional bicycle mode b) robot transforms
into the mixed mode to improve safety factor in extreme situations

This analysis provides a solution when fulling torque dramatically reduces when the
robot travels horizontally on a cylindrical structure Figure. 5.12a. Because crank lo

is short, the torque to keep the robot avoid turnover is weak as below:

(Fy + Fy)ly. (5.11)
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To improve the safety factor in this situation, the robot should transform to the mixed

mode as Figure. 5.2d. Crank [; is much longer than 5. so the fulling torque becomes:

Ph = Flll + Fglg. (512)

5.2.3 Sensor Deployment Mechanism Analysis

FIGURE 5.13: The four-bar mechanism. A flexible part (TPU) acts as a soft
contact between the probe and surfaces. An angle lock is added to create a range
of free movement of the probe when approaching uneven surfaces.

A four-bar mechanism is designed for generating vertical movements of the transducer,
as shown in Figure. 5.13. A compression spring is added together with an angle lock
to avoid the overload of servo motors and enhance contact between the transducer

and the working surfaces.

We analyze the mechanism using a simplified model shown in Figure. 5.14. This
figure shows that the target four-bar linkage ACDB can be considered a special mix

of ACE and BDE reciprocating mechanisms, with the same virtual slider E.
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FIGURE 5.14: The four-bar mechanism’s kinematic.

5.2.3.1 ACE Analysis

From Figure. 5.14, we have:

CEcosyp = x — AC cos a, (5.13)

CEsinp = AO + ACsin a. (5.14)

Applying the similar approach as in (5.1) and (5.2) for (5.13) and (5.14), we have:

22+ AO? + AC? — CE?

SAC (5.15)

zcosa — AOsina =

We see that (6.7) presents a function a = f(z).
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5.2.3.2 BDE Analysis

From Figure. 5.14:

BDcos f =z — BF — DE cos ¢, (5.16)

BDsin 8 = OF 4+ DEsin ¢, (5.17)

y? + AO* + DE? — BD?

1
DB : (5.18)

— ycosp —AOsing =

where y = x — BF. Similarly, (5.18) presents a function 8 = f(y).

FIGURE 5.15: The kinematic of the four-bar mechanism (AGHK) with HK is the
Servo arm.

5.2.3.3 Servo Crank Analysis

From Figure. 5.15, we have:

GHsino = AK — AGcosa + HK cose, (5.19)
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FIGURE 5.16: The design of rubber tires. a) One strip tire, b) Two separated
strips tire.

GHcoso = AGsina — HK sine. (5.20)

Square and sum both sides of (5.19) and (5.20) then simplify, we have:

2AGHK cos(a — €) + 2AK(AG cosa — HK cos€)

= AK® + AG? + HK? — GH?, (5.21)

presenting a function € = f(«).
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5.2.4 Wheel Tire and Couplant Pumping

5.2.4.1 Wheel Tire Design

Wheel tires require a particular pattern to warranty the robot’s stability in extreme
situations; particularly, when the robot’s body is horizontal as it travels along a
cylinder bar. Figure. 5.16 depicts a cross-section in this situation. With one strip
of tire for the entire wheel, the robot’s body is inclined because of gravity (Figure.
5.16a), causing drifting when the robot turns. To fix the drifting issue, two separated
rubber strips are applied to improve the approaching area between the tire and curved
surfaces. As shown in Figure. 5.16b, using two strips, the turning point L is created,

and the torque ef,,, is generated to stabilize the robot’s body.

F1GURE 5.17: High viscosity couplant is stored in a syringe tank. A mini peristaltic
pump with a silicone tube is utilized to release the couplant.



90

5.2.4.2 Couplant Pumping

Since we use an ultrasonic sensor for thickness measurement, couplant is necessary
to fill the air gap between the transducer and the test specimen [89]. The couplant
with high viscosity is utilized to stick well on surfaces, even in upside-down or vertical
positions. We selected the peristaltic pump type for high-viscosity gel. We also chose
the syringe mechanism for gel storage because it can work on any robot pose. The

pump is described in Figure. 5.17.

5.3 Magnetic Force Analysis

The previous analysis is only applied when the robot moves on flat steel surfaces.
However, there are also structures, which have curved surfaces and extreme cases
when magnetic force significantly increases or decreases. So, the following analysis

will help determine the impact of the magnetic force created.

We conducted experiments with different steel shapes in real conditions to verify the

performance of the magnetic wheel in both static and dynamic conditions.

The wheels tested is N52 neodymium magnet with a dimension of 2.5” od x 1/2” id x
1”7 thick. In static conditions, the minimum pull force is 205N at a 100mm diameter
steel cylinder. At an edge, the force drops to 145N. In the 90-degree internal corner,
the force hit 345N. In dynamic conditions, with the robot’s velocity of 20cm/s,

adhesive force falls to around 10 percent.
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5.3.1 Static condition

FIGURE 5.18: a) The test on a flat 4cm thick surface b) The test on a 10 cm

diameter tube with 5mm thickness. Several tests on cylindrical structures were

also conducted with diameters ranging from 20cm to 90 cm c) the test on a 90-

degree internal corner, when the wheel bears additional force from a transiting
surface d) The test on an edge of an external corner.

To measure the adhesive force created by permanent magnets, we set up different
tests as shown in Figure 5.18. The wheel mass is m = 0.3kg - is placed on top of
steel surfaces and corners while it is connected to a scale through an inelastic wire.
We create a pull force onto the scale trying to lift the wheel off the surface. At the
time the robot is about to be off the surface, the force applied to the scale is equal to
the sum of the robot’s weight and the magnetic pull force. Denote F},,; as the force
we applied onto the scale, M is the value shown on the scale while P is the weight of
the robot’s body, and F,,, is the magnetic force. With g = 10m/s?, P = mg = 3N

and F,,; = Mg = 10M, we can calculate magnetic adhesive force as follows:
F

pull:P+Fm:>Fm: pull_P

= Frag = 10M — 3(N). (5.22)
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Figure 6.11 shows the testing results of a non-coated magnetic wheel on flat and
different curved surfaces. On a flat surface magnetic force get a maximum of nearly
300N. With 0.5mm rubber coated, the force decreases by around 9 percent. Figure

Force (N)

H test #1

300
M test #2

|

D=100 D=200 D=300 D=400 D=500 D=600 D=700 D=800 D=900 FLAT

FIGURE 5.19: Adhesive forces measurements of a non-coated magnetic wheel on
steel surfaces.
6.12 presents the testing results of a non-coated magnetic wheel on 90-degree internal
(345N) and external corners (145N). These are two extreme cases robot deals with

complex steel structures.

5.3.2 Dynamic condition

We also measure the adhesive force of the robot in a moving state as shown in Figure.
5.21. Each measurement is conducted three times. On average, the adhesive force in

the dynamic condition is lower than approximately 10% compared to the static state.
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FIGURE 5.20: a) Magnetic force measurement in an internal corner b) Magnetic
force measurement in an external corner

FIGURE 5.21: Experimental setup for magnetic force measurement when robot
moving.

In this experiment, the full force of the robot’s body is measured. The adhesive force
is generated by two wheels and P in equation (5.22) is robot weight. All the tests are

executed three times.

In the worst situation, when a robot passes a thorny edge, two coated wheels contact
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least to the structure. The adhesive force of each wheel is lowest by 145N - 9% of
coated tire reduction - 10% of force losing in dynamic conditions = 119N. Two wheels
generate 238N, robot’s weight is 2kg, which still satisfies equation (6.4). Therefore,

the robot is safe in surveyed situations.

5.4 Robot Deployment

To evaluate the design and performance of the robot, experiments for evaluating
the magnetic force created by magnetic wheels have been conducted. The ability of
climbing and failure avoidance were tested. During the test, a Lipo battery (2 cells)
7.4V 900 milliampere-hour (mAh) is used to power the robot for about 30 minutes of
working. One laptop which can connect to a wireless LAN is used as a ground station.
The robot’s mass m = 2kg, and if we assume that the gravitational acceleration

g = 10m/s?, the total weight of the robot is approximately P = mg = 20N.

5.4.1 Laboratory Tests

We built an indoor structure comprising typical parts of general steel structures (cylin-
der, L-, I-, U-shaped beams) with structural transition joints to validate the robot’s
locomotion functionalities. Our robot can traverse smoothly to all locations in the
testing structure. Figure. 5.22 shows the verification of robot design in extreme con-

ditions. The robot crosses convex and concave surfaces. The robot makes a 90-degree
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turn on internal and external corners. Figure. 5.23 illustrates the robot is working on

FI1GUuRE 5.22: Robot passes 90 degrees internal and external corners.

a cylindrical shape. The robot in bicycle mode gets sliding when trying to transit be-

tween two surfaces. The robot can pass it smoothly in multi-directional mode Figure.

FIGURE 5.23: The robot travels along a rectangular structure. The robot gets
sliding failure when transiting to another surface. By switching to multi-directional
mode, the robot overcomes this situation easily.

5.24 shows a robot working on a cylindrical structure. Figure. 6.15 illustrates the

FIGURE 5.24: Thanks to free joint Figure. 5.3 makes the robot body flexible.
Wheels fully adhere to any surface curvatures. Robot locomotion tests on a cylin-
drical structure.

process by that a robot passes a thorny edge. A transforming mechanism is utilized

in this situation. Figure. 5.26 describe the process by that a robot transforms in
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FIGURE 5.25: A 20mm-thick steel plate is used for the thin edge test. The robot’s
wheel distance (RWD) is 40mm in normal conditions. The transforming mechanism
is activated to allow RWD as close as 15mm. So, the robot now can pass the edge.

shape to adapt to an acute corner. Once the front wheel can hit the second surface,

the transition conducts easily. Figure. 5.27 is a complete test of robot locomotion

FIGURE 5.26: A 60-degree acute corner is shown in this test. Because of the

robot’s shape, the front wheel cannot hit the acute corner in normal conditions.

The transforming mechanism controls RWD as big as 100mm which enables the

front wheel can touch the second surface of the acute corner to smoothly overcome
it.

on the entire indoor structure. Sensor deployment is presented in Figure. 5.28. We



FIGURE 5.27: A complex structure setup for indoor experiments. It includes

cylindrical, I-shape, U-shape, and rectangular steel frames. The robot can travel

to almost any location except for discontinuous transitions and narrow spaces for
robot size.

97
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demonstrate a test of thickness measurement in Figure. 5.29. The transducer with a
nozzle on one end is controlled to make contact with the target surface. Then cou-

plant is applied to the surface through the pump. Data collected locations and values

FIGURE 5.28: A demonstration of measuring the thickness of a steel surface. The
couplant nozzle is controllable to move up and down. First, the nozzle is adjusted to
fully touch the surface to make sure the gel/couplant will stick well without falling
off in cases: a) the robot is vertical and b) upside down. Second, the gel is pumped
0.4 milliliters. Next, the nozzle moves up 0.5 cm to give space for the transducer.
The transducer deploys 3 times to get an average value. If measurements are not
good by giving N/A, the gel is added more to improve the contact with the surface.

synchronization in a 3D environment for live monitoring and saving. The experiment

is shown in Figure. 5.29

5.4.2 Field Tests

Several implementations of field bridges have been conducted to verify robot perfor-
mance in real working conditions. The robots deployed on three bridges with two

main structures: cylindrical and I-shape beams. The first test is on a cylindrical type
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FIGURE 5.29: The tests are on (a) a square tube structure and (b) a cylindrical

structure. The robot travels and stops to collect thickness data in interesting

areas. Robot positions and data are matched and monitored in real time in a 3D

environment. The robot path represents in white color. Steel thickness measuring

positions are red dots. Thickness data (numbers in green color) is shown in inch
units.

bridge as shown in Figure. 5.30. The bridge’s structure includes cylindrical surfaces
of 30cm and 22cm diameters. The robot performs thickness measurements in some
areas that are rusty to check how severe the corrosion is. However, our sensor de-
ployment mechanism cannot reach the internal angles of some rusted spots due to

the vertical height limit of the four-bar mechanism.

We deployed the robot in a field test during an annual Highway inspection in Nevada,
USA. The bridge is located on Highway-80 in Lovelock City. Figure. 5.31 shows robot
performance in a real application, and the robot was able to traverse stably on the
structure and collect data on this bridge. Robot reliably passes extreme cases of
[-shape beam structure including internal and external corners. In real conditions,

thick dust may reduce the pulling force and friction factor. However high safety factor
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FIGURE 5.30: The robot operates on a cylindrical steel bridge on the campus of
the University of Nevada, Reno.

FIGURE 5.31: Robot deployment on a bridge on Highway-80 located in Lovelock

city, NV, USA. The robot traverses upside down on the main I-shape beam; the

Robot passes an edge of the I-shape beam; the Robot moves upside down on a
T-shape member, and the robot travels stably on a bridge water draining tube.

helps the robot getting no trouble, Figure 5.32. There is a data synchronization
with the robot’s pose presented when the robot deploy on a Highway bridge I-75 in
Georgia, USA, Figure 5.33 The robot successfully passes all the tests both indoors and
outdoors. In real working conditions, dust and rusty particles are further challenges

that the robot must deal with. They reduce adhesive force and friction constant.
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FIGURE 5.32: Robot smoothly traverses an edge of I-shape beam on the deploy-
ment on Highway-80

FIGURE 5.33: Robot deployment and data collection on a bridge on Highway 1-75

in Georgia, USA. Robot positions and steel thickness data are synchronized in real-

time. The robot path represents in white color. Steel thickness measuring positions
are red dots. Thickness data (numbers in green color) is shown in inch units.

The robot tests and deployments are demonstrated in this video: https://youtu.

be/Qdhloz_oxiQ


https://youtu.be/Qdh1oz_oxiQ
https://youtu.be/Qdh1oz_oxiQ
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5.5 Conclusions

This chapter presents a bicycle-like robot designed for steel structure inspection. The
robot carries an ultrasonic-based steel thickness measurement sensor and a camera
and is capable of agilely climbing different steel structures. Validation tests were
conducted on a laboratory structure, an outdoor bridge, and several highway bridges.
The robot was able to adhere firmly to steel structures with various challenging levels.
The kinematic and force of mechanisms were rigorously analyzed to confirm reliable
performance in challenging real-world situations. The robot was demonstrated to per-
form thickness measurements on steel structures. In the future, addressing dust and
rust issues and integrating additional non-destructive testing (NDT) sensing modules

for more in-depth inspections will be a challenge.
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Chapter 6

Onmi-directional Climbing Robot

This chapter proposes an advanced robotic system that employs a wheeled approach,
coupled with a larger adhesion system on board. The unique ring magnet wheels
used in this robot design make it capable of carrying large equipment loads and

accommodating numerous additional sensing equipment and sensors.

Four independent wheel sub-assemblies are incorporated to provide excellent steering
capabilities and maneuverability on steel surfaces. This system allows the robot to
efficiently reach specific positions and orientations, maximizing its ability to utilize
onboard equipment. Additionally, the proposed robot can travel on curved surfaces,
including those with a diameter greater than 90cm, pass 90-degree internal and ex-

ternal corners, and edges with a thickness of 10mm.
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The integration of the Ring system for multi-sensing deployment further enhances
the robot’s capabilities. The combination of these features into one compact robot
creates a more capable machine than other recent works, suitable for a broader range
of research settings. The robot’s omnidirectional maneuverability makes it highly

versatile and adaptable to diverse applications.

6.1 Overall System

The figures presented in Fig. 6.1 and Fig. 6.2 demonstrate a robot design featuring a
dynamic body chassis and four modular wheel sub-assemblies that are independently
steerable. The purpose of designing the robot with such features is to enable it to
perform inspection tasks with high accuracy when traveling on steel surfaces. This
feature is particularly useful when maneuvering in confined spaces or when localizing

sensor deployment positions.

Each wheel sub-assembly consists of two steel rims on each side and a large ring mag-
net. The robot’s design allows it to traverse long, continuous steel surfaces commonly
found on steel bridges, and its ability to employ different steering configurations sig-
nificantly enhances its ability to reach precise locations with specific orientations.
This feature also enables the robot to make optimal use of its onboard inspection
equipment, as it has a high capacity to modify its heading. Additionally, the differ-

ent steering modes provide the robot’s controller with intuitive methods to interact
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FIGURE 6.1: 3D model of the robot. There are four magnetic wheels driven by
four moving motors. The flexibility of omnidirectional function is by four indepen-
dent steering units. The robot body is flexible to fully adhere to any surface by an
agile-free joint that links two halve of the robot body. The ring system for sensor/-
module deployment is placed in the middle of the robot body. This position is ideal
for deployment on any surface even curved contours. This also protects sensors/-
modules and is in conflict with locomotion functions. The robot is equipped with
an onboard computer and a 3D camera for visual defect detection and mapping.
The ultrasonic sensor is integrated for physical exams to measure material and coat
thicknesses.

with and move the robot. The robot’s locomotion is designed in three modes, as

described in Fig. 6.3.

For visual inspection and localization, the robot incorporates a 3D camera (ZED),
which provides the robot with poses and visual input for its rust detection module.

The ring located in the center of the robot’s body is a physical module designed
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FIGURE 6.2: Robot is named Cab. It is 9 kg weight and an additional 2 kg

load. Robots can provide both visual and physical inspections with available space

sensors. In this design, the robot is integrated ultrasonic sensor module to measure
the material thickness and gel pumping mechanism.

for contact-based examinations. Up to three sensors or modules can be attached to
the ring, and in this particular application, a gel pumping module and an ultrasonic

sensor for thickness measurement are attached.

6.2 Mechanical Design and Analysis

In general, the mechanical analysis for the Cab robot is similar to the multi-directional
bicycle robot in the previous chapter in terms of locomotion including sliding analysis,

turning over analysis, magnetic force analysis, and extreme locomotive situations.

In this design, due to the four-wheeled configuration, there are new maneuverability

robots that can archive will be presented. Besides, the Ring mechanism for sensor
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FIGURE 6.3: The advanced locomotion performance of the robot is illustrated.

a) and c) the robot is in mode 1. It navigates in Ackerman configuration on

simple contours or passing internal corners. b) Mode 2, when the robot needs to

spin around, steering units change their shape to allow this motion, it is useful in

limited space. d) In mode 3, when passing obstacles such as thin edges (reinforce

bar of structures) robot heading transforms 90 degrees compared to mode 1. front
and back wheels are close together with an 8mm distance.

deployment is analyzed.

6.2.1 Robot Maneuverability Analysis

In general, all maneuverability analysis for this robot is similar to the bicycle robot
in the previous chapter. The only difference is the calculation applies to four wheels

rather than two.
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The proposed robot has been designed using a conventional approach to robotic kine-
matics, with four magnetic wheels that can be independently steered. This configu-
ration of wheels enables the robot to utilize various advantageous steering configura-

tions, including Ackerman, Synchronous, and Static-Point Steering.

These allow the proposed robot to be particularly adept at navigating awkward and
uneven terrain found on steel structures through its ability to utilize each of the

steering types shown in Fig. 6.3.

The proposed robot’s degree of mobility (d,,), steerability (ds) and maneuverability

(0pr) can be determined.

O = 3 — rank|Cy(5,)]. (6.1)
8, = rank[Cy,(8;)]. (6.2)
5pr = O + 0. (6.3)

The robot’s constraints are represented by the C' matrix, and the vector 5, describes
the steering angles of each of the robot’s wheels. By implementing proper control
mechanisms, the robot can be configured such that each of the wheel axes intersects
at a single point, known as the instantaneous center of rotation (ICR). This point

serves as the pivot point around which the robot moves.

When the robot satisfies this condition, it achieves a degree of mobility of one and

a degree of steerability of two, resulting in an overall degree of maneuverability of
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FIGURE 6.4: When the robot is spinning in place, the instantaneous center of
rotation (ICR) is located at the center of the robot’s body.

three. This means that the ICR of the robot is not constrained to any specific point

on the surfaces it navigates.

In the mode 2, ICR is in the center of the robot body. So, the directions of wheels

are on tangents of the spinning circle as shown in Fig. 6.4.

To ensure the safety of the robot, we need to analyze the adhesive force required for
reliable climbing in all normal working conditions, even in the most extreme situation
where the Cab design must pass a 10mm edge. In this scenario, the robot’s minimum

contact with the structure puts it at the highest risk of falling.

Figure 6.5 illustrates the extreme situation, where the adhesive force between the
magnetic wheels and the contacting structures is minimal. Let us denote X; and X,

as the two contacting points of the front and back wheels, respectively. Additionally,
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FIGURE 6.5: When the robot is in mode 3 and passes a 10mm edge, it experiences
the minimum attractive force to the steel structure.

let P denote the weight of the robot, and h denote the distance from the center of

mass of the robot to Xj.

To keep the robot safe, we must ensure that the adhesive force of the front wheel at X;
(denoted by F}) is at its minimum when the front wheel hits the corner. Therefore,
the following condition must be satisfied:

Ph
X1 Xy

F.X1Xy > Ph— F, > (6.4)

6.2.2 Ring System Analysis

A twin reciprocating mechanism has been designed for generating vertical movements

of the sensor/module, as depicted in Figure 6.6. The final links of the mechanism are
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FIGURE 6.6: The Ring mechanism is a hybrid planetary gear system that is specif-
ically designed for selecting sensors/modules and deploying them.

made of elastic materials to prevent the overloading of the actuators and to enhance

contact between the sensor/module and the working surfaces.

To analyze the mechanism, a simplified model is used, as shown in Figure 6.7. This fig-
ure illustrates that the deploying mechanism can be regarded as a special combination
of ACE and BDF reciprocating mechanisms that work symmetrically. Specifically,

we will analyze the ACE component of the mechanism.

From Figure. 6.7, we have:

CEcos¢p = x — ACcos a, (6.5)
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FIGURE 6.7: The symmetrically reciprocating mechanism kinematic.

CEsinp = AO + ACsin a. (6.6)

Applying the similar approach as in (5.1) and (5.2) for (6.5) and (6.6), we have:

22+ AO? + AC? — CE?
2AC '

zcosa — AOsina =

(6.7)

We observe that equation (6.7) represents a function aw = f(x).

The working principle of the Ring mechanism is illustrated in Figures 6.8, 6.9, and
6.10. The gear arrangement is depicted in Figure 6.8, which shows the planetary
gears starting from Gear 1 and 2 (Sun) to the Moon gears and finally to the Planet

gears.

Figure 6.9 illustrates the Ring mechanism in selecting mode, in which the entire

system rotates when Gear 1 and Gear 2 are rotating in the same direction.

Figure 6.10 illustrates how the deploying mode works when Gear 1 and Gear 2 are
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FIGURE 6.8: The center gears of the Ring mechanism, Gear 1 and 2, are placed on

opposite sides and are driven by two actuators. The next round of gears consists

of six Moon gears, named M1, M2, M3 on one side, and M4, M5, M6 on the other

side. The Moon gears on each side rotate in the same direction. The Moon gears

are connected to planetary gears or arms named P1 to P6. The P1-2, P3-4, and
P5-6 gear pairs control the deployment of sensors or modules.

FIGURE 6.9: When Gear 1 and Gear 2 are rotating in the same direction, the whole
Ring mechanism will rotate and allow for the selection of which module/sensor to
deploy. In this design, three options are provided, as shown in Figure 6.9.
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FIGURE 6.10: When gears 1 and 2 spin in opposite directions to each other, their

moon gears M1, M2, and M3 rotate in one direction while M4, M5, and M6 ro-

tate in the opposite direction. Planetary gear pairs P1-2, P3-4, and P5-6 act as

reciprocating links to control the positions of the module/sensor for deployment

or standby. To achieve soft contact with the surface, the sub-links are made with
elastic materials, as shown in Figure 6.6.

rotating in different directions. In this mode, the Moon gears are forced to rotate
in opposite directions, which causes the planetary gears to rotate around the sta-
tionary Sun gears. As a result, the arms attached to the planetary gears move in a

reciprocating motion, which is used for deploying the selected module/sensor.

The ratio of the Ring system is the multiplication of the gear ratios from the actuators

to the planetary arms. It can be calculated as follows:

Motor Sun Moon Planet

) * T(Moon) T ENA ) (6.8)

Trin =T
g ( Planet arm

Sun

where 1,10 1S the number of teeth on the gears of the actuators, and Tsun, Thioon

and Tpjaner are the number of teeth on the gears of the planetary gears. The gear
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ratio of each stage is the ratio of the number of teeth on the input gear to the number

Planet
) is the ratio of planetary gear radius

of teeth on the output gear while T'(
arm

divided to the arm length.

For the transducer to make good contact during deployment, it requires a minimum
force of 20N. Each arm of the planet gear mechanism needs to provide a force of 10N.
Let the length of each arm be denoted by [ (m). Therefore, the torque (load) required

is given by 10/ (Nm).

As aresult, the actuator torque requirement is the load multiplied by the transmission
ratio of the Ring mechanism, denoted by T,;,, (Nm). Thus, the actuator torque

requirement can be expressed as:

Actuator torque requirement = Load x T}, (Nm) = 107 - T}y (Nm)

6.3 Magnetic Force Analysis

Figure 6.12 presents the testing results of a non-coated magnetic wheel on 90-degree
internal (345N) and external corners (145N). These are two extreme cases robot

deals with complex steel structures.

Continuing from the previous chapter, this section aims to explore the magnetic force
under different scenarios, including flat and curved surfaces as well as transitions.

The analysis will provide insights into the impact of the magnetic force generated. To
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FIGURE 6.11: Magnetic force measurement in different working conditions. a) flat
surface b) external corner c) internal corner

verify the effectiveness of the magnetic wheel in both static and dynamic conditions,
we conducted experiments with various steel shapes in real-life situations. The wheels
we tested were N52 neodymium magnets with dimensions of 3”7 od x 2”7 id x 17
thick and 2mm rubber tires. Our findings showed that in static conditions, the
minimum pull force at the edge (90 degrees external corner) was 110N, while in the
90-degree internal corner, the force reached 305N. On a flat surface, the adhesive
force was 285N, but it dropped to 265N when tested on a 90-degree curved surface.
In dynamic conditions with a robot velocity of 10cm/s, the adhesive force decreased

to approximately 10 percent.
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6.4 Experimental Evaluation

To evaluate the design and performance of the robot, experiments for evaluating
the magnetic force created by magnetic wheels have been conducted. The ability
of climbing, maneuverability, and failure avoidance were tested as well as the Ring
system for thickness measurement. The robot’s mass m = 9kg, and if we assume
that the gravitational acceleration g = 10m/s?, the total weight of the robot is

approximately P =mg = 90N.

Overall, the experiments showed that the robot is capable of achieving different modes
of locomotion, allowing it to move effectively and efficiently in various environments.
The Ackerman mechanism in Mode 1 provided the robot with a stable and precise
method of movement, while Mode 2 allowed for quick and efficient changes in direc-
tion. Mode 3 provided the robot with the ability to traverse obstacles and thin edges

with ease.



FIGURE 6.13: Robot locomotion, a) b) Mode 1: Robot mobility is Ackerman (car-

like) mechanism. c¢) Mode 2: The robot turns around the spot. It is useful to

change direction in a narrow space. d) Mode 3: The robot changes its head to

move sideways. In this mode, the front and back wheels’ distance is close to 8mm
which function to pass obstacles and thin edges.

FIGURE 6.14: Robot traverses on mode 1.

118
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FIGURE 6.15: Robot does side-way movement in mode 3.

a) In Mode 1, Figure 6.14, robot mobility is achieved through the use of an Ackerman
mechanism, which is similar to the movement of a car. This mode allows the robot to
move in a forward direction while maintaining its stability and maneuverability. The
experiment showed that the robot could move smoothly and accurately in different

directions while maintaining its balance.

b) In Mode 2, the robot is capable of turning around a spot, which is particularly
useful in changing direction in narrow spaces. This mode was found to be effective

in allowing the robot to navigate tight corners and move in confined areas.

¢) In Mode 3, Figure 6.15, the robot changes its head to move sideways. This mode
was found to be particularly useful in allowing the robot to pass over obstacles and
thin edges. The front and back wheels of the robot are placed closer together in this
mode, with a distance of only 8mm, which allows the robot to maintain its stability

while traversing uneven surfaces.

Experimental results show that the Ring system can smoothly change modules and

deploy them with high precision. To measure material thickness, gel pumping is
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FIGURE 6.16: Ring system operation to measure material thickness. a) Gel pump-
ing is deployed to enhance contact between the transducer and the surface. b)
Ultrasonic transducer is deployed.

deployed to enhance the contact between the ultrasonic transducer and the surface
being measured. The ultrasonic transducer successfully measures the thickness of the

material with high accuracy.

The ultrasonic transducer was able to accurately measure the thickness of a variety
of materials, including metals, plastics, and composites. The Ring system was able
to select the appropriate transducer module and deploy it to the surface, ensuring

that the measurements were taken at the correct location.
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The gel pumping system helped to reduce the effects of surface roughness and un-
evenness, resulting in more accurate and consistent measurements. Additionally, the
ability of the Ring system to deploy the transducer in a controlled and precise manner
allowed for measurements to be taken in areas that would be difficult or impossible

to access with traditional measurement tools.

Overall, the Ring system proved to be a reliable and effective tool for measuring
material thickness, with the combination of the ultrasonic transducer and gel pumping

providing accurate and consistent results.

6.5 Conclusions

In conclusion, the proposed advanced robotic system named Cab incorporating the
Ring system and wheeled approach provides a highly maneuverable and versatile plat-
form for a wide range of research settings. The unique ring magnet wheels enable the
robot to carry large equipment loads and accommodate additional sensing equipment
and sensors. The four independent wheel sub-assemblies provide excellent steering ca-
pabilities. The robot can travel on curved surfaces, and pass corners and edges with a
thickness of 10mm. The integration of the Ring system for multi-sensing deployment
further enhances the robot’s capabilities, allowing for smooth and precise deployment
of multiple sensors. Overall, the proposed robot design offers a more capable machine

than other recent works, with excellent potential for diverse applications.
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Chapter 7

Conclusion & Future Work

7.1 Conclusion

This dissertation explores several innovative approaches to climbing robots for in-
specting steel structures. The first design is a transformable tank-like robot that can
navigate flat and curved surfaces, conduct crack detection via an Eddy current sensor
and collect visual data remotely from a haptic device. The second design is a roller-
chain-like robot with a unique shape and design that adapts well to various terrains
and includes a detailed kinematic description and force analysis. The third design
is a hybrid worming-mobile robot that combines the functions of a worm-moving
type and a wheeled-mobile robot to handle complex structures, with a comprehensive
physical analysis documented for reference and improvement. The fourth design is a

multi-directional bicycle robot with high maneuverability and a simple mechanic and
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control system, well suited for complicated steel structures such as bridges, and in-
cludes a sensor deployment mechanism that fits the robot’s structure. All designs have
been tested on laboratory structures and a cylindrical steel outdoor bridge, demon-
strating firm adherence to steel structures of various challenging levels. A theoretical
analysis of the kinematics and force of mechanisms confirms the robot’s reliability in
challenging real-world situations. Finally, the Cab robot is introduced as the most
promising candidate for industrial applications, equipped with a large adhesion sys-
tem and unique ring magnet wheels, and capable of carrying heavy loads and various
sensing equipment. The integration of the Ring system enhances the robot’s multi-
sensing deployment capabilities, making it more versatile and adaptable to diverse

applications than other recent works.

7.2 Future Work

In addition to the current innovations presented in this dissertation, there are several
promising directions for future research in climbing robots for steel structure inspec-
tion. One important area is the development of autonomous navigation systems that
can operate the robot without requiring human intervention. This could be achieved
by integrating advanced sensor technologies, such as lidar and radar, which would
allow the robot to accurately detect its surroundings and navigate through complex

steel structures.
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Another area of interest is using image processing techniques to enable the robot to
perform automated inspection and mapping of steel structures. This would involve
equipping the robot with high-resolution cameras and advanced software algorithms
that can analyze the images and identify potential areas of concern. The information
gathered could then be used to generate detailed reports and maps, which could be

used to inform maintenance decisions and improve safety.

To enable autonomous navigation, accurate localization is a critical requirement. A
combination of GPS and Visual Internal Odometry (VIO) can be used for this purpose
in field applications. GPS provides the robot with a global position while VIO uses a
camera or a set of cameras to track the robot’s movements relative to its surroundings.
This real-time pose information is useful for navigation on google earth-based maps

and can be updated on this platform for easy management of collected data.

In conclusion, there are many exciting opportunities for further research in the area
of climbing robots for steel structure inspection. By exploring these promising di-
rections, researchers can continue to develop innovative solutions that improve the

safety and efficiency of steel structure inspection, maintenance, and management.
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