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Abstract

Inspections of both industrial and civil structures are necessary to prevent damages and loss

of human life. Although robotic inspection is gaining momentum, most of the operations

are still performed by human workers. Many are the factors that slow down the spread of

inspection robots, in particular, the lack of versatility as well as the low reliability of these

devices constitute a huge limitation. In this work, it is proposed a novel Hybrid Platform in

the context of industrial inspection tasks, with the main focus on the design of the Crawler

Unit. The aim is to address versatility issues exploiting modularity and self-reconfigurability.

The final Hybrid Platform will consist of three main components: a mobile Main Base and

two Crawler Units. All these systems would operate independently accomplishing specific

inspection tasks. However, docking interfaces on each device will allow the systems to

reconfigure into different robots extending the application range of each unit. The Crawler

Unit will work mainly in constrained environments and narrow spaces. The Main Base will

monitor wide areas, carrying around the Crawlers and deploying them near the inspection

target. For dealing with challenging conditions, the two Crawler Units will dock together,

reconfiguring into a snake-like robot. Additionally, once docked to the Main Base, the

two Crawlers would operate also as robotic arms, providing manipulation abilities to the

system, thus allowing to perform maintenance operations as well. The Crawler kinematics

and dynamics are investigated through theoretical models which provide the foundation for

the mechanical design and the control algorithm development. The first prototype of the

Crawler Unit validates the theoretical results achieving interesting performance over flat and
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uneven terrains. To improve the abilities of the first prototype, a second version has been

designed introducing some innovations in the system design and enhances the performance

of version one. The described work will pave the way to future works on the mechanical

systems of the Crawler Units. Future works would focus also on improving the dynamic

models introducing common inspection scenarios for developing advanced control strategies.
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Chapter 1

Introduction

Regular inspection and maintenance operations are crucial to meet safety regulations and

to ensure ef�cient functioning of machines and structures, reporting issues before problems

become critical. This is particularly true in power plants, Oil & Gas industries and civil

infrastructures, where unexpected failures or breakages may lead to catastrophic events and

potential loss of life. In addition, such assets may require an extraordinary monitoring in

response to unexpected natural events or when malfunctions and alarms occur. Moreover, it

is worth to recall that most of these infrastructures were built many decades ago and their

design life of about 50� 100 year has been extended already, or it is going to be.

Nowadays, inspections are still largely performed by human operators and the most

common operations involve data collection through Non-destructive testings (NDT), which

are used to assess the target conditions. These tests includes many techniques such as: visual

evaluation, ultrasonic methods, radiography methods, thermography methods and so on, see

[1–4]. However, there are many regions in industrial and civil infrastructures dif�cult to

reach by the inspection personnel which has to access con�ned spaces or harsh environments,

often in presence of hazardous substances and high temperatures. In such cases, even regular

inspections may endanger the workers safety, therefore the operations require long downtime,

with consequent public disruption, and high costs related to preparatory work in order to
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mitigate these threats. In addition, human-based inspections are prone to evaluation errors or

data misinterpretations which may occur due to the working conditions and the repetitiveness

of the tasks.

1.1 Inspection Robotics

In recent years, many technological breakthroughs occurred in robotics, enabling and spread-

ing the usage of robotic systems almost in all �elds. As a matter of fact, there has been an

increasing interest in promoting the design and development of inspection robots, with the

primary goal of minimizing the involvement of humans in such dangerous and repetitive

tasks. In addition, these robots greatly improve the repeatability of tests and the reliability of

results. Simultaneously, the introduction of these devices in such framework drastically cut

the costs related to the inspection operations, reducing as well downtime and outages.

The increasing interest toward inspection robots, and, in general, inspection related

technologies, is demonstrated by the �ourishing of European and international projects and

competitions on this topic.

For instance, the PETROBOT project aimed at developing a set of robotic devices

which perform remote inspections supervised by human operators, see [5]. Inspections

involve pressure vessels and storage tanks which are largely present in the oil & gas and

petrochemical industries. The intents of PETROBOT project were to limit the risks for

workers related to hazardous conditions, to reduce downtime and to save resources by using

robotic technologies.

Another European initiative was the MAINBOT project, see [6]. MAINBOT proposed

the use of multiple mobile robots for inspecting large areas and vertical assets. The ground

robot traverses vast solar �elds reaching different inspection sites within the plant. The

climbing robot vertically moves along a thermosolar tower stopping at desired inspection

points. The declared goal of MAINBOT project was: the development of semi-autonomous
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or fully autonomous mobile robots for increasing plant ef�ciency, reducing the inspection

costs and improving safety conditions for workers.

Although the incredible results achieved by inspection robots, still there are many open

challenges that have to be solved. For this reason, international competitions challenge

researchers worldwide in developing more and more advanced systems pushing further the

boundaries of inspection robotics.

The World Robot Summit, held in Japan and concluded in late2021, included in the

Disaster Robotic Category among all the other challenges. In this category, it was included

the Plant Disaster Prevention Challenge, see [7]. The competition consisted in �ve missions

each one with speci�c tasks. The organizers identi�ed key abilities for the inspection robots,

such as:

• Mobility The areas that must be traversed are walkways (600mm wide at narrowest

point), slopes, and groups of pipes. The surfaces consist of concrete, grating, and

checker plate. The robots must be able to move around these areas (walkways 600mm

wide, steps 130mm high).

• Monitoring and Operation The targets to inspect and adjust are meters and valves of

a pre-disclosed shape and position. The robot must be able to inspect and adjust these

targets through the use of its sensors and manipulators (read pressure gauges and water

levels, operate valves).

• Adapting to the Environment Robots must have the ability to adapt to an everyday

plant environment comprising of various machines and equipment surrounded by a

maze of pipes. In addition, they must have the ability to deal with weather such as

wind and rain, and the ability to deal with fogged or dirty glass on the faces of the

meters.
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Another interesting competition was the ARGOS challenge which started in2013and

ended in2017, [8]. The �nal goal was to develop robots capable of optimizing the way in

which oil & gas facilities are inspected. The evaluation criteria adopeted by the jury were:

• Navigate and perform inspections autonomously in complete safety and deliver reliable

information and analyses.

• Manage internal and external events correctly: anomalies at inspection point, internal

malfunctions, emergency shut-downs, low battery, alarms, static or moving obstacles

such as detecting the presence of an operator.

• Operate in a degraded situation such as: loss of wi� connection, unknown obstacle

detection and navigation.

• Monitor the environment by analysing the sounds coming from pumps.

• Demonstrate the robot reactivity: programming speed, rapid switch between au-

tonomous mode and teleoperated mode.

• Develop a man-machine interface that is easy to use and intuitive.

1.2 State of Art

In the perspective of minimizing risks for human operators simultaneously increasing the

ef�ciency and reliability of inspections, plant and pipe inspection robots assume particular

relevance. In these contexts, inspection operations are often analogous and present many

similar challenges: narrow spaces, small entrances, harsh environment, obstacles, etc. For

these reasons, many common features can be identi�ed in the designs of ground inspection

systems. Of course, many other technologies are used in some inspection scenarios, such as

Unmanned Aerial Vehicles (UAVs), Remotely Operated Vehicle (ROVs) and Autonomous
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Underwater Vehicles (AUVs). These systems present very different characteristics with

respect to ground robots, however, in this thesis, the focus is on ground systems. Ground

inspection robots can be roughly divided into two families according to their main purpose:

general inspection and monitoring and inspection of speci�c equipment.

1.2.1 Plant Inspection

During general inspections within power plants, the primary goal of robots is to collect data

on wide areas. As a matter of fact, these systems span extensive industrial plants in order to

reach the targets to inspect, such as pipes, pumps, valves, tanks, boilers and so on. Therefore,

these robots consist in autonomous or remotely operated mobile platforms equipped with

sensors and �xed robotic arms, see[9–12].

In [13] a mobile robot with a robotic arm on top is proposed to deal with routine tasks in

re�neries. The mobile platform is an off-the-shelf solution, while the robotic arm is custom

and it is designed with �ve degrees of freedom. The robot arm reaches a maximum height

taller than the average human. The platform is supervised by a human operator which can

tele-operate the system manually or by assigning high-level tasks in semi-autonomous mode.

Therefore, the robot is equipped with a suite of sensors for navigation and a wide set of

inspection sensors, see [14].

The same approach is adopted in [15], for the development of the ground inspection robot

in the MAINBOT project. The commercial mobile platform equips a custom six degrees of

freedom arm and a set of sensors for navigation and inspection, see [16].

Similar design is presented also in [17, 18]. Here, the RoboGas Inspector is a mobile

platform, which adopts tracks in place of wheels. The robotic arm is replaced by a pan-tilt

unit that equips inspection sensors. The navigation sensors are stored in a compartment

module on the platform top, [19].
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(a) The RobotGas Inspector, [17]. (b) The Vikings, [20].

Fig. 1.1 Examples of robots for plant inspection and monitoring.

The aforementioned robots are meant to navigate over �at terrains or climb ramps.

However, in complex environments such as re�neries, nuclear power plants and in general

industrial plants, the presence of stairs, curbs and obstacles is almost ubiquitous. Therefore,

more advanced mobile platforms have been developed recently. For instance, the robots that

competed in the ARGOS challenge exhibited some special features to deal with the complex

and harsh environment, see [20–22]. In terms of locomotion, these mobile platforms equip

differential drive systems which are based on tracks. Four mobile �ippers, similar to small

arms, can rotate and extend the track contact area providing the platform with the ability

of climbing stairs. In the same way, such recon�gurability is used for overcoming curbs

or any possible obstacle. With respect to sensors, these robots incorporate navigation and

localization sensors, control algorithms enable autonomous and semi-autonomous locomotion

within the plant, [23]. To achieve the competition goals, inspection sensors such as sound

detectors, temperature detectors and gas detectors are mounted on robotic arms or extensible

masts.
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1.2.2 Speci�c Equipment Inspection

Within industrial plants, and especially in power plants, there are many assets that have to be

internally inspected. Generators, steam chests, boiler headers and tanks are just few examples.

However, the robots discussed in previous subsection can not operate a thorough internal

inspection of such equipment due to their dimensions. For this reason, many specialized

robots have been developed to cover all those critical components. Typically, these devices

exhibit a small-sized and target-oriented design in order to accomplish inspections, see

[24, 25].

For instance, inspection of power generators requires time-consuming and risky prepara-

tory work to extract the rotor from the stator. Therefore, thin inspection robots have been

developed in order to avoid the rotor removal. Such systems are capable of �tting the air-gap

in between the stator and the rotor. In [26, 27], it is discussed the design and control of

IDLIR, a magnetic crawler capable of attaching to ferromagnetic stators and performing

non-destructive analysis on the machine. This tracked robot consists of three sub-modules,

the central one houses the on-board electronics, the inspection probes and the camera, the

lateral ones encloses the actuators for locomotion. For the same purpose, similar robots with

slightly different design are proposed and discussed in, [28–30].

Inspection of steam chests presents different challenges. The steam chest is a a tube-like

supply structure which collects and distributes steam to the turbine inlet nozzles. Before

starting the inspection, the steam chest is removed from the turbine, then the robot accesses

such equipment through an opening. The steam chest internal geometry is very demanding,

it includes smooth curved surfaces with the presence of gaps and steps. Referring to [31–33],

the MagneBike robot consists of two magnetic wheeled units connected by joints and with

small lateral arms. These arms help in laterally stabilizing the system during navigation and

in decreasing the magnetic force when the robot deals with concave edges. The steering of



8 Introduction

(a) The IDLIR robot, [26]. (b) The MagneBike robot, [32].

Fig. 1.2 Examples of robots for inspection of speci�c equipment.

the vehicle is allowed by an active joints on the front wheel. The robot equips probes for

scanning the steam chest internal surface looking for cracks or �ssures.

In industrial plants, big metallic tanks store crude oil and gas and any other substance

necessary for production. These tanks consists of multiple plates welded together, the

welding seams represent weak points for such structures and are prone to leakages induced

by corrosion. In addition, the products stored in tanks may generate corrosive substances

that degrade even further the seals on tank �oor and walls. Many robots have been developed

to address such application, [34–38]. In particular, the Neptune is a tracked mobile robot

designed for in-tank inspection [34]. This robot performs inspection of above-ground tanks

and it encompasses various sensors for spotting corrosion and leakages. This system attaches

to tank walls using magnets within the tracks, as in [36, 37].

1.2.3 Pipe Inspection

Within industrial and civil contexts, pipelines are tools for transporting �uids of all kind, from

oil, gas or steam to drinking water and waste water. Some pipes are installed above-ground,

others under water or in underground environment. In general, pipelines are exposed to

extreme conditions due to atmospheric factors or due to operational conditions like extreme

temperature and pressure, dust, vibrations and so on. Therefore, pipelines are subject to
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corrosion, cracks, pitting, [39]. Any possible leakage from pipelines represents a waste of

resources and it may have a catastrophic impact on the environment. Regular inspection and

maintenance of such assets are of paramount importance, but human-based operations are

very risky and cumbersome, often resulting in major disruptions.

The literature about pipe inspection robots is very vast and throughout the years it grows

more and more, [10, 39–41]. A common way of categorizing such inspection devices is by

sorting these robots according to the locomotion method used: wheels, tracks, screw, legs,

inchworm, snake. Wheeled and tracked robots are the simplest and yet most used methods,

however just few systems adopt a single locomotion method. In fact, the vast majority of

such devices adopt a combination of locomotion techniques. Another interesting feature of

pipe inspection robots is represented by the way in which they ensure traction within the

pipeline.

For instance, the MRINSPECT robots constitute a series of wheeled robots, [42, 43].

These systems can maneuver easily inside the pipe using a differential drives which allow to

control the speed of each driving wheel. In addition, the robots can adapt to various diameters

thanks to three foldable wheeled legs equally spaced along the central axis. Other examples

of wheeled robots with wall-pressing mechanisms can be found in [44–46].

Tracks are often used in place of wheels because they provide a large contact footprint

increasing the robot stability. On the other hand, tracked vehicles tend to be larger than

wheeled systems. Paroys-II consists of a central module, three track driving blocks and an

active adaptive mechanism with pantograph, refer to [47–49]. The three track blocks are

evenly spaced around the central module and are connected to it by the pantograph mechanism.

In this way, the robot can negotiate changes in pipe diameters and overcome small obstacles.

Other designs of tracked inspection robots with active and passive mechanisms are described

in [50–52].
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