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Abstract

Nuclear decommissioning is forecast to cost the UK £121 billion over the next 120
years. This is due to the hazardous environment nuclear material creates making it
very expensive to dispose of. In a large number of legacy facilities their contents is un-
known and thus must be treated as contaminated waste, unless it is characterised. The
aim of this project is to develop an in-pipe robot that can aid in characterisation by au-
tonomously travelling along the unknown pipe networks and recording their geometric
data. This enables a map to be generated with the radiation hotspots identified.

A key limitation of similar existing systems is the traversal through elbows and
junctions. Their primary cornering method is brute force, which can lead to early
fatigue and damage to the robots. To allow a robot to safely travel through unknown
pipe networks a controlled method for turning is required.

The solution to overcome this challenge is the robust, novel wall-pressing robot
FURO II, which has been designed and built as part of this project. This 150 mm di-
ameter robot features both active and passive wall-pressing and is able to pass through
elbows. It acted as the test platform for the developed control system.

The parameters of unknown corners have to determine before a control action can
be determined. This is achieved with a novel, low-cost set of feeler sensors and an
accompanying algorithm that is able to identify the corner direction with an absolute
mean error of 4◦, and is the only system to practically estimate the corner radius.

These estimated parameters are used as part of an autonomous elbow controller
which was tested on FURO II. The controller showed a significant improvement over
the brute force method with a reduction in the impulse applied to the robot of 213.97 Ns.

A method to visualise the captured data from the robot is proposed and showed to
work on the captured data from the previous testing.

To summarise, this thesis presents a successful autonomous elbow controller for
the navigation of small diameter pipe networks with unknown maps for an in-pipe,
wall-pressing, differential drive robot.
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Chapter 1

Introduction

Nuclear decommissioning is a worldwide issue forecast to cost the United Kingdom
(UK) alone £121 billion over the next 120 years [1]. This is due to the number of
legacy sites that require decommissioning and the large cost to safely dispose of nu-
clear material.

The legacy sites date back to the 1930s from the discovery and early research into
fission [2]. The initial interest in the nuclear industry was in weaponry, but later the
technology was also used to create power stations. An example of this is the Sellafield
site. It started its life as a munitions factory for the war effort, then in 1956 opened
Calder Hall. This became the first nuclear power station connected to a national grid
that could provide electricity on a commercial scale and operated until 2003. Calder
Hall and its sister plant Windscale were combined and renamed Sellafield [3].

The Sellafield site also contains reprocessing facilities to recover the component
parts of the spent nuclear fuel [4]. Calder Hall, as well as many other retired facilities
now require decommissioning. For many of the old buildings the blueprints as well as
records of the material they contain have been lost [4]. There is a major challenge to
identify this information so that the facilities can be decommissioned.

It is important to know the contents of a building when it is being decommissioned,
such that the waste can be correctly disposed of. It is categorised into four different
types:

Very Low Level Waste (VLLW) or free release has very little activity limits for
its radiation levels. VLLW can be disposed of at landfill sites [5].

Low Level Waste (LLW) contains relatively low levels of radiation. They are

19
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mostly industrial items that have picked up traces of radiation from clean-up and main-
tenance activities, such as mops, cloths etc. To be classed as low level waste the ra-
diation must not exceed 4 Gbq per tonne of alpha activity or 12 Gbq per tonne of
beta/gamma [5]. LLW is compacted and sent for long-term storage in specially de-
signed sites [6].

Intermediate Level Waste (ILW) exceeds the radiation levels of the LLW but
does not pose a risk with the heat it generates [5]. Is mostly made up from reactor
components that have had direct, long-term contact with the fuel. This material is
mixed with a grout and stored in stainless steel drums to form a solid stable form. It is
then placed in long-term storage [4].

High Level Waste (HLW) is highly radioactive and is often spent fuel from re-
actors. It is defined as waste which causes a significant temperature rise due to its
radioactivity [5]. This waste is processed by drying it to a powder, mixing it with glass
and melting it down into stainless steel containers before being stored using specialised
methods to manage the heat levels [4].

Each waste level becomes increasingly expensive to dispose of, with VLLW being
the cheapest and HLW being the most expensive. The reason why characterisation
is important is because if there is any uncertainty in the radioactivity of an item it
must be treated as HLW. This means if uncharacterised, the cost of disposing of the
material increases dramatically. As such there is significant work being undertaken to
characterise the facilities being decommissioned.

The current method of characterisation involves sending workers into the poten-
tially hazardous zones to manually dismantle and scan the contents for traces of radia-
tion. Due to the hazardous environment, the workers have to wear full air-fed Hazmat
suits [7]. Their suits can be very uncomfortable and hot to wear making unpleasant
working conditions. As well as this, there is a risk to the workers when sending them
into these facilities, as they could be exposed to radiation if an accident were to occur.

The process of sending workers into these environments also generates large amounts
of secondary waste. These are items that have to be disposed of because they have been
exposed to, and therefore could have picked up traces of radiation, such as the workers’
suits and tools taken into the facilities. This secondary waste then has to be disposed
of, often classed as LLW.

A commonality between all the facilities, whether used for weapons manufacturing
or power generation is the miles of pipework they contain. This pipework forms part
of the decommissioning challenge and is the focus of this research.
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Figure 1.1: Photo of pipework from an exemplar facility

Figure 1.1 shows a photo taken of pipework requiring decommissioning in an ex-
emplar facility. Each section of pipework requires dismantling and scanning. If a
low-cost, robotic solution existed to aid the workers in their task of characterising the
pipework, it could help reduce the cost of decommissioning and reduce the time spent
by the workers in the hazardous zones as well as the amount of secondary waste cre-
ated. The development of this robotic solution is the overriding vision for the project.

The environment inside these pipe networks can be unpleasant, as they are in the
final stages of the nuclear life cycle. To determine the potential hazards faced by the
robotic system, the full life cycle is reviewed.

Nuclear Life Cycle

The stages of the nuclear life cycle is shown in Figure 1.2 as given in [7].

Commissioning Operations

POCO Decommissioing Demolition

Construction

Figure 1.2: Nuclear life cycle
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Each stage is expanded upon below,

• Construction, this is the design and building of the facility, no active material is
in the plant at this point.

• Commissioning, is split into two main sections, the testing of the physical struc-
ture of the plant, then the introduction of nuclear materials.

• Operations, this is the running of the facility, completing whatever purpose it is
designed for.

• POCO, Post Operational Clean Out (POCO) is completed when the site is shut-
ting down. It is the removal of as much of the active material as possible. During
this process, the pipework is flushed with highly acidic liquid to try to dissolve
any traces of radioactive materials left in the pipes.

• Decommissioning, the final characterisation, removal then disposal of all the
remaining nuclear material. The decommissioning stage is the focus of this re-
search.

• Demolition, the removal of the building and supporting structure.

1.1 Pipe Networks

The pipework is reviewed in more detail to understand the operating environment for
the robotic system being developed.

Like the legacy nuclear facilities, the pipework is generally unknown, specifically
the structure of the networks. Some of the information available on the pipework
networks is that standard-sized piping of between 50 - 150 mm in diameter was used.

The pipe networks can consist of vertical and horizontal sections of pipe as well
elbows and other junctions. The lengths of the networks can vary dramatically, from
small sections of a few meters between gloveboxes to much larger drainage systems,
which in some cases can have runs for miles [8], [9].

It is assumed that the facilities are constructed to industrial standards, which con-
strain the material choices for the pipework as well as features such as elbow radius.
The UK HSE (Health and Safety Executive) guide on the ‘Use of Pipeline Standards
and Good Practice Guidance’ [10], follows the British Standard PD series of pipeline
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standards or the European standards implemented in the UK as British Normative Stan-
dards (BS EN series). Specifically, the ‘Onshore Major Accident Hazard Pipelines -
BS PD 8010 Part 1’ within the BS EN standards. It should be noted that these stan-
dards are for steel pipeline, which is likely the material used in the majority of the
pipework but the exact materials are unknown. As various materials for pipework are
used in construction such as plastics and other metals like cast iron. It will be taken as a
general set of rules for the industrial pipework in the facilities this project is exploring.

R = D

D

(a) Short Elbow

R≥ 3D

D

(b) Long Elbow

Figure 1.3: Short and long elbow

Elbows (or corners) can be classified into two types: long and short (Figure 1.3). A
short elbow is the tightest bend within pipework and is not recommended to be used as
the tighter a corner the larger resistance it has on the flow of the fluid within it. A short
elbow is defined as the radius of the curve being equal to the diameter of the pipe. Note
the radius of the curve is specified at the centre of the pipe. A long elbow is defined as
the radius of the curve being equal to or greater than three times the pipe diameter.

As the pipework in the decommissioning stage of the nuclear life cycle (Section 1),
it has undergone POCO. This means that most of the major radioactive sources are
removed and only trace amounts remain. However, the environment inside these pipes
is still hazardous.

Another effect of POCO is the possible pools of nitric acid left in recesses in the
pipe networks. This could damage the robot as well as making traction more difficult.
The pipework is likely to contain small amounts of debris that were not removed during
POCO, however any major blockages would have been cleared.

As some of the facilities date back to the 1930s [2], the pipework could be corroded,
fragile or damaged in sections.



24 CHAPTER 1. INTRODUCTION

As well as the characterisation application, pipe inspection could be used in other
aspects of the nuclear life cycle, such as inspecting for maintenance purposes during
operation. As well as other nuclear related applications, it could be used in a number of
different industries. Oil, gas, water and sewage utilities all required miles of pipework
to be regularly inspected. The robotic solution being developed for this project could
be applicable in other industries and applications.

1.2 Pipe Inspection Robots

Pipework is abundant in buildings and infrastructure. It is a basic requirement for util-
ity services as well as many other industries. All of this pipework requires inspection
as damage to these pipes can cause large losses [11]. Robotic systems have been de-
veloped to speed up pipe inspection and make it more efficient [12]. As well as the
utilities, the previous section highlights the need for robotic systems in the nuclear in-
dustry. The general challenges faced by robots navigating through pipework and the
specifics for the nuclear industry are discussed in the following section.

1.2.1 Challenges

Navigating through pipework can be a difficult task, especially with small diameters.
One major challenge of the project is the design of a robot which is able to navigate
within 50 - 150 mm pipework.

Turning elbows within a pipe can also be a challenge for wall-pressing robots,
which requires differential drive in order to turn [13]. Calculating this control action
is a difficult task and any error in this will cause the robot to slip in the elbow and
possibly damage or fatigue the robot [14].

For the pipework described in Section 1.1 there could be pools of acid in the pipes.
Not only does this pose a challenge due to the effect of acid on the robot but surfaces
of the pipes will be wet and could cause the robot to slip. Slippage could lead to the
robot being unable to climb in sections of pipework causing it to get stuck.

Operating in an unknown environment is a challenge for any robotic system as
the surroundings have to be detected. Not only does sensing these parameters pose a
challenge for the system but the selection of sensors are also limited due to the size,
budget and computational constraints. As the system will need to be disposed of once
contaminated, it is required to be low cost.
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Localisation within a network of pipes is another challenge that arises due to a
lack of features in the pipework and orientation changes of the robot. This change in
orientation is caused by small errors in the manufacturing of the robot, meaning the
drive mechanisms are not aligned or there is an unsymmetrical weight distribution on
the robot.

Some of the challenges highlighted above are targeted in the aim and objectives of
this project.

1.3 Aim and Objectives

The aim of the project is to develop a robotic system that can autonomously navigate
through unknown pipe networks, then produce a geometric map of the information
gathered.

To achieve this aim a list of objectives have been created:

• Design and build a robot for navigating through pipe networks.

– Research current in-pipe robots and identify the feasible designs for com-
pleting the aim.

– Investigate current methods of in-pipe transportation and select the most
feasible designs for prototyping at the larger 150 mm diameter.

– Design and build a robotic platform.

• Develop autonomous controller for navigating through pipe networks.

– Determine suitability of current control methods.

– Identify requirements for the controller.

– Develop method to determine the required information for the controller.

– Test the controller on the robot previously developed.

• Visualisation of a geometric map of the data.

– Review current mapping techniques and algorithms.

– Develop visualisation system for viewing recorded data from the robot.

– Test the system on captured data from the robot.
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1.4 Thesis Structure

The thesis is structured as follows. First the literature is reviewed to highlight the chal-
lenges with cornering and present a robotic locomotion method which is best suited to
meet the aim of the project (Chapter 2). It shows a controller is required and it is found
that the parameters of the elbow are required to be sensed to be able to determine a
control action. To identify them, a novel feeler sensor and accompanying algorithm
is developed in Chapter 3. It is able to identify the corner direction and major radius.
The proposed method is also tested on a real pipe elbow (Chapter 4).

A pipe inspection robot is developed for the task of turning elbows (Chapter 5).
Once the corner parameters are determined the controller can be fully designed and
tested on a prototype robot to confirm the method is successful (Chapter 6). Once
the robot can successfully navigate elbows, work on visualising the captured data is
completed. Chapter 7 presents a method to visualise large pipe networks and is tested
on simulated and real data. Finally the summary and further work are presented in
Chapter 8.

1.5 Contribution

This section summarises the four major contributions of the thesis:

1. The development of a sensor and algorithm for the purpose of elbow pa-
rameter estimation:

A novel feeler sensor is designed for the purpose of detecting the change in the
pipe ahead of a robot. Alongside the feeler design is the development of an
algorithm which takes the change from three feeler sensors and uses it to detect
the parameters of an unknown elbow. The algorithm and sensor offers a low-cost
solution (both computationally and financially) for estimating the parameters.

When practically tested, it is able to detect the corner direction with an absolute
mean error of 4.69◦. It is also able to estimate the radius with an absolute mean
error of 0.91 mm. The solution offers a method that is scalable to any pipe
diameter and specifically is suitable for small pipes with diameters of 50 mm.
Comparing it to the literature gives a comparable error in terms of direction, but
is able to function in small pipes. It also offers some practical results of radius
prediction which is not offered by any of the literature.
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2. A pipe inspection robot is designed for the task of navigating elbows:

FURO II is a novel, custom built, differential drive, wall-pressing, tracked robot
which is able to operate within 150 mm pipes and with components costing less
than £250. To develop the final design, four pipe inspection robots were con-
structed and tested in house with continual design and material improvement. It
is largely constructed from aluminium to give a robust design to allow it to over-
come the high forces generated when turning through elbows. The robot features
both active and passive wall-pressing to allow it to passively overcome small ob-
stacles as well as actively alter its diameter for different sized pipes. FURO II
utilises off the shelf motors and belt kits to help reduce the cost of the robot and
is controlled through the Robotics Operating System (ROS) framework.

3. An Autonomous Elbow Controller (AEC) is developed for the navigation of
unknown elbows in a pipe:

It is identified that differential drive, wall-pressing robots required a control ac-
tion to turn as the brute force method can lead to early fatigue of a robot. A
controller is designed to overcome this issue. It takes the corner parameters pre-
viously estimated and determines the control action for a differential drive robot.
It utilises the detection of exit conditions using the feeler sensor to determine the
end of an elbow, thus allowing it to navigate through any corner angle.

FURO II is used as the test platform for the controller. The controller proves
successful, allowing the robot to navigate through the corner 39 times. Compar-
ing the results with the brute force method shows an improvement of 213.97 Ns
applied to the robot when using the controller. This shows that the controller not
only works but is able to safely navigate around unknown pipe elbows.

4. A visualisation system is designed to reconstruct the pipework the FURO II
robot has navigated through:

The system uses homogeneous transformation matrices to generate the pipework.
This allows large complex networks to be mapped and viewed. The system takes
the sensor outputs from the robot, the encoder counts and feeler predictions. Us-
ing this it is able to determine the distances between landmarks (elbows, pipes,
etc.) and generate the visualisation from their estimated parameters. The visual-
isation system is able to reconstruct complex networks from simulated data and
able to accurately show the sections of pipework from the elbow controller tests.
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Chapter 2

Literature Review

This chapter contains a review of the literature for pipe inspection robots, and identifies
the challenges faced by them to navigate around elbows. It also provides the literature
on sensing / detecting pipework.

The contribution of this chapter is the identification of the need for a controller to
navigate a differential drive robot through an elbow. As well as the identification and
selection of a feeler sensor for the detection of the elbow parameters.

2.1 Pipe Inspection

Pipework is crucial to modern life; having sewage systems, water, oil and gas to ev-
ery house means a large amount of pipework is required. These pipes need to have
scheduled inspection as defects in the pipe can lead to large losses [11]. Closing off
and digging up sections of pipework to send humans in can be very expensive and
time consuming [15]. Therefore pipe inspection robots have been developed. They
started with systems that were basic, manually controlled and required large amounts
of supporting equipment and workers to use them.

Using systems such as these was shown to be successful, but the time and cost
of deploying these robots meant more new pipework was being laid than inspected.
Due to this more efficient solutions were needed [12]. For some of these new systems,
autonomous control was introduced to remove the need for as many workers.

These systems were designed for their specific application and pipe diameter. For
oil pipelines, the robots vary in diameter from 200 - 500 mm [16], sewage pipes vary
between 200 - 300 mm [17] and urban gas pipelines vary between 160 - 240 mm
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[18]. As oil, gas and water pipe networks tend to be long straight sections of pipe,
the autonomous systems had few challenges for the task of navigating them. They are
also larger than the pipework in question for this project. As part of the development
of these robots, many different types of locomotion were created. Each type of pipe
inspection robot is reviewed in detail in Section 2.2.

An overview of alternate methods of pipe inspection are reviewed in the following
section.

2.1.1 Alternative Methods of Pipe Inspection

The majority of pipe inspection is done with robots travelling down the pipelines.
However, some other methods have been presented in the literature.

One method is sending workers into the hazardous facilities in fully air fed suits,
to dismantle the pipework then scan with hand sensors. This is unpleasant, a potential
risk to their health and there is a limited diameter of pipes they are able to inspect.

Acoustics can be used at the end of pipes to determine features about the network,
such as distance to junctions and locations of obstacles [19]. Acoustic methods can be
successful but cannot give details such as the direction of the pipeline only distances
to features.

Robotic manipulators can also be used such as the complex snake like robots that
have been summarised by Buckingham and Graham [20]. They can provide high qual-
ity scans of pipework and can also offer methods to dismantle them such as laser cut-
ters [21]. Systems such as these require very large hardware for their deployment and
are limited to short sections of pipework.

As the networks in question can have runs for miles (Section 1.1) the above so-
lutions would not be suitable or would be very time and labour intensive, so pipe
inspection robots have been selected.

2.2 Pipe Inspection Robots

Pipe inspection robots are commonly classified into different categories as presented
in [11]. They are as follows, Wall-Pressing, Pipe Inspection Gauge (PIG), Tracked,
Wheeled, Walking, Inchworm and Spiral. All of the categories are locomotion meth-
ods, with the exception of wall-pressing which is a feature of a robot. The categories
are shown in Figure 2.1.
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(a) Wall-pressing (b) PIG (c) Tracked (d) Wheeled

(e) Walking (f) Inchworm (g) Spiral

Figure 2.1: Pipe vehicle categories, as presented in [11]

Wall-pressing was first proposed on the MOGRER [22] and FERRET-1 [23] robots
in 1987. Wall-pressing is the use of a force to press the robot into the walls of a pipe
(Figure 2.1(a)). This gives the robot the ability to climb but adds complexity to the
design with the extra actuation that is required. According to Mills et al. [24] it is used
by 23 % of pipe inspection robots. Wall-pressing only describes if a robot can apply
force on to pipe, an additional locomotion method is required to allow the robots to
move. It will be required on this project to allow climbing.

Each of the locomotion categories from [11] are discussed in detail below and one
identified for the design of the robot for this research.

2.2.1 Pipe Inspection Gauge

A PIG robot is a passive system that moves with the flow of fluids within a pipe [25]
(Figure 2.2). PIGs are the most common in-pipe robot as they are widely used in the oil
and gas industries to inspect and clean pipelines [26]. PIGs are very simple systems as
they require very few to no moving parts for locomotion, which means they are easily
scalable. As the PIG moves with the flow of the fluid it has little to no control in the
direction it travels. The pipework in question contains no flowing fluids so the PIG
would be unable to move and is unsuitable for this project.
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Figure 2.2: PIG robot, as presented in [25]

2.2.2 Wheeled

Wheeled robots use driven wheels as their method of propulsion. These are the most
common form of self-propelling locomotion, and often have a similar designs combin-
ing six wheels in pairs with wall-pressing. An example is the MRINSPECT series [27]
(shown in Figure 2.3) which uses that design to explore various methods of navigating
within pipes. This configuration of robot is widely used as it offers wall-pressing and
high mobility Choi and Ryew [28], Roh and Choi [14].

Figure 2.3: Wheeled robot - MRINSPECT VI, as presented in [27]

Wheeled vehicles can have simple designs which can easily be miniaturised down
to smaller pipes. Hirose et al. [29] has developed the THES series of wheeled inspec-
tion robots in the 25 - 150 mm range and Suzumori et al. [30] has made an inspection
robot to fit in a 1 inch pipe.

Other adoptions of wheeled systems include Yoon and Park’s [31] robot which uses
magnetic wheels to attract to the pipe surface. A commercially available version of this
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is made by Honeybee [32] who also uses omni-wheels to increase the robot’s mobility.
The major downfall of the magnetic method is the need for ferrous pipes.

Wheels inherently have high energy efficiency for moving and have good mobility.
However, they can suffer in environments with low friction and rough terrain.

2.2.3 Tracked

A tracked robot uses a band, timing belt, caterpillar track or similar that connects the
wheels providing a greater area of contact to walls of the pipe and increasing grip [33].
Like wheeled systems, it is often combined with wall-pressing to give the ability to
climb. Park et al. [34], [35] developed the PAROYS-II (shown in Figure 2.4), a three
tracked radial layout robot with manoeuvrable segments within the tracks for increased
control. This was designed for 400−700 mm diameter pipes.

Figure 2.4: Tracked robot - PAROYS-II, as presented in [34]

Another variation of a tracked system using multiple segments is presented by Sato
et al. [36], utilizing a very complex tracked system with independent control of each
segment to give a very robust navigation ability within a pipe.

Tracked robots have good mobility and efficiency of locomotion, they also offer
increased traction in comparison to the wheeled type. However, with the addition of
a track they can face issues with derailing and increased design complexity making
miniaturisation more difficult.
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2.2.4 Walking

These use legs or similar, to walk through the pipe [37]. They are highly complex
systems but offer very high mobility and can work in complex, rough in-pipe envi-
ronments that other methods of transportation are unable to overcome [38]. The high
complexity makes them very complicated systems in both design and control, causing
them to be difficult to miniaturise. The MORTIZ robot [39] (shown in Figure 2.5), has
simulated results to control the robot through junctions but can only operate in very
large pipes of diameter 600 - 700 mm.

Figure 2.5: Walking robot - MORTIZ, as presented in [39]

Walking robots also require multiple motors for locomotion and thus have a large
power usage. To reduce the number of legs and thus actuation Yu et al. [37] produced
a walking system that uses two legs on one side and wheels on the other. This causes a
problem when trying to navigate due to only being able to control the robot from one
side of the pipe.

2.2.5 Inchworm

An inchworm robot uses the same principle of motion as the titled caterpillar to move,
they require a minimum of two sections, a front and rear pod. The general process of
movement is as follows: the back pod is locked in place then the front pod is translated
up the pipe, which is then locked in place and the back pod detaches from the pipe and
moves up to the front pod, the cycle then repeats [40]. A model of a typical inchworm
is shown in Figure 2.6.
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Figure 2.6: Inchworm robot, as presented in [40]

To allow long robots to navigate turns flexible joints can be added [41]. Due to their
method of movement they have low motion efficiency but are highly stable systems and
are often used in low friction environments. They do provide a challenge with control
around junctions as extra actuation has to be added.

2.2.6 Spiral

A classic spiral drive system consists of a two-bodied design: a rotor and a stator. The
stator has wheels pressed against the pipe walls, inline with its direction. The rotor has
wheels at an angle to the pipe walls which, when the rotor is turned, drive the robot
up the pipe in a spiral motion. This provides a very simple design requiring only one
motor for locomotion. Due to this they can be easily miniaturised [42] (Figure 2.7).

Figure 2.7: Spiral robot, as presented in [42]

A spiral drive system is inherently wall-pressing as it uses this to move. Due to their
simplicity spiral drive systems have very limited navigation ability apart from forward
and reverse. Kakogawa and Nishimura et al. [43], [44] have developed a modified
spiral drive system able to navigate T-junctions in 125 mm pipes. However, it was
experimentally found to have inconsistent results.
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2.2.7 Other

There are other methods of locomotion which have their own unique advantages and
disadvantages. Snake type robots move in a wave-like motion, very similar to an inch-
worm system on a basic level. An example of this is Suzumori at al [45]’s system for
55−331 mm pipes. These systems tend to be more complex and require large numbers
of motors and thus energy to move.

Figure 2.8: Wheeled/snake hybrid robot - AiRo-II, As Presented In [46]

Another example is a hybrid wheeled/snake type vehicle, AiRo-II [46] (Figure 2.8).
It is able to pass around the corner without the need for differential drive. Despite
having the advantage of easier cornering, it is a less stable platform for a sensitive
sensor package, as the body is not in a fixed position within the pipe and it is not able
to controllably select a direction at a junction.

2.2.8 Discussion

From the overview of each locomotion method, each type has been summarised in
Table 2.1.

As the PIG is a passive system its locomotion efficiency is very high but it is unable
to move under its down power (Denoted as ‘Passive*’ in Table 2.1). Due to this it is
unsuitable for this project as there is no flow of fluids within the pipe. For overcoming
junctions, both the spiral and the inchworm require major mechanical modifications to
their designs.

Wall-pressing is a requirement for the robot as it must climb vertical pipes. This
leaves wheeled, caterpillar and walking, all of which have high mobility. The pipework
in question has diameters of 50 - 150 mm, as walking robots have very complex designs
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Table 2.1: Overview of locomotion types

Design
Complexity

Ability to
Navigate Junctions Control

Locomotion
Efficiency

PIG Low No Simple Passive*
Tracked Medium Yes Average Medium
Wheeled Medium Yes Average High
Walking High Yes Complex Very Low

Inchworm Medium Limited Average Low
Spiral Low Limited Simple Medium

making them difficult to miniaturise they are unsuitable. Therefore, the selected robot
design is a wall-pressing, wheeled or tracked type.

The design parameters of the wall-pressing, wheeled or tracked robots summarised
above are shown in Table 2.2. It can be seen that the robots vary dramatically in size
and weight and very few of the systems are autonomous. A larger version of the table
can be found in the Appendix Table 9.1.

Table 2.2: Design parameters of wheeled and tracked, differential drive robots

Size
Number of Wall-pressing

Maximum
Speed

Weight
Tethered

ControlDiameter
Length

Min Max

Robots mm mm mm
Drive
Units

Drive
Modules Passive Active mms−1 kg Autonomous Manual

MRINSPECT VI [27] 150 200 - 3 1 Yes No - - Yes Yes -
Choi and Ryew [28] 160 240 - 3 2 Yes No - - Yes Straights Yes
MRINSPECT IV [14] 85 109 150 3 1 Yes No 150 0.7 Yes Yes Yes
THES-II

[29]
50 2 2 Yes No - - Yes No Yes

THES-III 100 200 4 1 Yes No - - Yes No Yes
Suzumari et al. [30] 23 110 2 1 No Limited 6 0.016 Yes No Yes
Yoon and Park [31] 110 110 2 1 No Magnetic 12 0.15 Yes No Yes
Kim et al. [33] 600 800 680 3 1 No Yes 217 80 Yes No Yes
PAROYS-II [34] 400 700 390 3 1 Yes Yes 41.7 7.8 - Yes -
Sato et al. [36] 69 - - 1 variable No Yes - 0.613 Yes - -

Navigating junctions: This can be a difficult task for pipe inspection robots, even
those with manual control. Most pipe inspection robots are tele-operated and the ap-
propriate direction at a junction can be selected using a camera. However, once the
direction is known the junction must still be traversed. The focus of the thesis is nav-
igating through an elbow junction, but other junction types will be discussed. The
ability of wall-pressing robots to corner is discussed in the following section.
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2.3 Navigating Elbows with a Wall-Pressing Robot

Most systems use the Brute Force (BF) method for cornering, i.e. there is no or little
control on how to overcome junctions, the robot is driven as if it is in a straight section
of pipe. Using BF causes extra forces to be applied to the robot as it pushes its way
around the corner, which can lead to damage and early fatigue. As well as this it can
also cause the robot to become lodged in the pipe. For this application of characterising
nuclear-contaminated pipework it would be unsuitable to deploy a robot which is able
to get stuck and become irretrievable.

Work has been completed on reducing the effect of the extra forces on the robot
when using BF by making it compliant. The simplistic tracked robot from Nagase and
Fukunaga [47], requires only one motor for navigating junctions, vertical sections and
variable pipe diameters but as it is not differential drive it is unable to actively chose
direction so is unsuitable.

Some wheeled and tracked systems use their design to allow them to corner. Both
NIRVANA [48] and MRINSPECT VII [49] use multi-axis gear mechanisms that allow
for the wheels to spin at different speeds, providing differential drive without the need
of controlling individual motors. This solution contains very complex gear mecha-
nisms that would be very difficult to miniaturise for a 50 mm pipe making it unsuitable
for this application. They also would be unable to select a direction at a junction such
as a T-junction, due to not having independent differential drive.

Wheeled and tracked type robots with wall-pressing require differential drive to
allow them to corner [13]. In addition to this Roh and Choi [11] found the current
consumption was increased by 10 % when no control was used and states “It can be
concluded that the speed modulation of the differential-drive robot is very important
for moving in the elbow.” (Roh and Choi [11]), showing there is a requirement for a
method of cornering control when using a differential drive robot.

The major challenge with this is determining the control action required to corner
which can be complex, and multiple approaches have been taken. Lee et al. [50] uses
a double actuated joint to force the drive unit to stick to the centre of the elbow. This
method essentially still uses BF but tries to control the position of the robot inside the
elbow with an extra actuator. Zhang et al. [51] and Chen et al. [52] both analyse the
kinematics of a wheeled robot to determine the wheel velocities. They provide a very
complex solution to the problem and have no practical implementation. Chen et al. [52]
again uses a kinematic model with a wheeled robot to determine the wheel velocities.
Zhang and Wang [53] determine the optimal posture for a track robot turning an elbow
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but do not use this to determine any control actions for the robot. These also all assume
that the parameters of the corner are known.

Fully autonomous pipe inspection robots such as FAMPER [54] require a pre-
determined map of the pipe network such that it is not required to sense the corners
ahead. This is demonstrated to work, but for the use case of the research the pipe
network is assumed to be unknown, so this method would be unsuitable.

There is a clear need to control the robots as they navigate around an elbow, with
very few that will work in networks with very little or no prior knowledge. The follow-
ing section contains a review of the controlled cornering methods with wall-pressing
wheeled or tracked robots where the elbow is considered to be unknown.

2.3.1 Control Strategies for Navigating Elbows

There are only a very limited number of systems that can controllably navigate un-
known elbows. Their elbow sensing and control methods are summarised in Table 2.3.

Table 2.3: Control of elbows

Robot Sensors Control
MRINSPECT [55] PSD with Camera Velocities Calculated

Lee et al. [56] IMU -
IPR-D300 [57] US Velocity Halved

MRINSPECT V [55] proposes using pose sensing after its prediction of corner
parameters, measuring the change in its orientation to determine when the robot has
turned the corner. There is very limited information on whether this method is viable
as it requires a knowledge of the elbow angle such that the pose can be sensed for that
change. As the pipework in question is unknown this is not suitable for this project.

Lee et al. [56] also used an Inertial Measurement Unit (IMU) to detect when the
robot is in an elbow. By reviewing the change in angular velocity they can determine
when the robot has exited the elbow. This work, despite being accurate, is unsuitable
as the robot needs to have exited the corner so the end of the corner and the direction
can be detected. This would mean the robot would have already completed the corner
before the control action is calculated.

The IPR-D300 [57] uses ultrasonic (US) sensors to detect the wall distance from
the Drive Unit (DU). When the distance passes a pre-set threshold the motor speed of
that DU is halved. This offers some aid in turning, but it is a very inaccurate method of
sensing and would still lead to large amounts of extra force being exerted on the robot.
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They show images of the robot successfully navigating an elbow but this led to a track
derailing which is likely an effect of the increased forces.

There is a clear gap in the literature for a controlled method of navigating an un-
known small elbows with a differential drive, wall-pressing robot.

2.4 In-Pipe Sensing

To be able to determine the control action for the unknown elbow, the parameters of
the elbow are required to be detected. The parameters of the elbow are summarised in
the following section.

2.4.1 Elbow Parameters

The parameters of the elbow are reviewed to determine which of them the estimation
system is required to predict.

R

z Ẑ

r

φa

θd

y

Ŷ

Figure 2.9: Corner parameter definitions

The required parameters to be determined are shown in Figure 2.9. It shows a pipe
elbow with the variables defined. R is the major radius of the elbow also called the
corner radius; r is the elbow minor radius or pipe radius; φa is the corner angle; the
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difference between the local robot axis, z, and the corner axes, Ẑ is the corner direction,
denoted as θd . A corner direction of θd = 0 would mean the z and Ẑ axes are aligned.

In-pipe sensing is used for two different purposes: environmental observations and
robot navigation. This section discusses the methods used to detect and characterise
the pipework geometry for navigation and defines the sensor selected for use.

2.4.2 Current In-pipe Sensing Methods

Tamura et al. [58] utilise a Charged-Coupled Device (CCD) camera with ring type laser
to detect junctions and defects within the pipe. However, they are not used to determine
the parameters of the junctions. Kakogawa et al. [59] use a Laser Spot Array (LSA)
and camera. They assume the radius of the pipe is known and state the accuracy of the
system is inadequate, but they are able to identify junction types.

The IPR-D300 [57], has a more scalable solution which does not involve detecting
the corner parameters as discussed in Section 2.3.1. Despite this method being unsuit-
able due to the lack of accuracy, similar techniques reviewing the change in the pipe
can be considered.

Kim et al.’s [60] robot uses a Two Dimensional (2D) LIDAR to scan elbows and
T-junctions. It is able to determine corner direction with a mean error of 0.64◦; this
test was completed on two different corner angles. Despite the result being accurate
the sensor itself has a package size of 75×60×60 mm which is too large for the end
goal of a 50 mm pipe. LIDAR sensors also have a minimum distance threshold of
approximately 100 - 150 mm and are very costly which is problematic as the system is
required to be disposable.

The most advanced in-pipe autonomous robots for unknown pipes are the MRIN-
SPECT series [27]. They utilise Position Sensitive Device (PSD)s, lasers and a CCD
camera to provide corner directional information. Early versions used a camera to de-
tect the patterns of shadows for identifying landmarks within the pipe [55]. Using the
PSDs they are able to detect corner direction and distinguish between a T-junction and
mitre [61]. The camera and laser system is also able to determine features ahead in the
pipe, including corner direction [62].

Both the PSDs and camera work in fixed radius pipe networks, although a method
determining radius has been proposed [27]. This system has a mean error of 2.84◦ for
predicting the angle of the corner direction.

Despite MRINSPECT’s [27] method being computationally light, the requirement
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of a camera and image processing would add an additional unwanted load to the sys-
tem. They also utilised 6 - 8 Infrared Radiation (IR) sensors for the PSD system which
would add further load in sampling and powering the sensors themselves. Their IR
sensors also have a minimum range of 20 mm meaning they would be unsuitable for
the 50 mm diameter pipe as for large segments of the junctions, they would be out of
range. This method is proven to be successful and suitable for their application. How-
ever, this thesis will review an alternative method for detection which will be better
suited for the intended application of 50 mm pipework.

Each of the discussed sensor systems are summarised in Table 2.4.

Table 2.4: Current in-pipe sensor suits

Robot Sensors Detection
Accuracy of

Detection
Direction Radius

Tamura et al. [58]
CCD and

Ring Laser Defects - -

Kakogawa et al. [59]
LSA and
Camera Direction “Inadequate” -

IPR-D300 [57] US Threshold Inaccurate -
Kim et al. [60] 2D LIDAR Direction ε̄ = 0.64◦ -

MRINSPECT [27]
PSDs and

CCD
Direction

and Radius ε̄ = 2.84◦ -

There are very few sensor packages that are able to detect the required corner pa-
rameters, none of which are suitable for the proposed application. Therefore an in-pipe
sensor for this purpose will be developed as part of this thesis. As MRINSPECT [27]
and Kim et al. [60] are the only methods that give quantitative results, these will be
used as a benchmark the sensor suite being developed. They express their results in
mean error, the absolute mean error will be used as the metric in this analysis to allow
comparison but with a fairer representation of the error.

As there are no suitable sensors in the literature other methods of detection are
considered. An extrinsic sensor is required as the sensor parameters need to be deter-
mined before the robot enters the elbow. IR, ultrasonic (US), laser and cameras have
been considered above. An alternative is a whisker-like sensor, despite not previously
being used on in-pipe robots they can provide a suitable form factor for a small pipe
and can be highly sensitive.
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2.4.3 Feeler Sensors

Whisker sensors have been well researched, a good summary is provided by Pipe and
Martin [63]. Their summary and others are expanded upon in the following section.

Kaneko and Tsuji [64] are able to achieve very high sensitivity (5 µm) using a
whisker and torque sensor. Their findings are that a curved whisker did not work for
surface reconstruction with their torque sensor alone and only a straight-lined whisker
sensor was suitable. They are able to detect surface irregularities irrespective of contact
friction. Their sensor is made from piano wire, which is sufficient for their experiments
but a more robust design will be required for the sensor being developed.

Jung and Zelinsky [65] as well as others are able to achieve robot navigation with
them. Their design uses piano wire which when moved contacts a conductor to give a
binary feedback of contact.

Russell [66] proposes a Potentiometer (POT) and spring system to determine the
angle of the whisker when it has been moved. It was found to have “encouraging”
(Russell [66]) results, the sensor provided a good visual representation of the object
it was scanning. They conclude that a slight curve to the contact point of the whisker
sensor similar to that of a cat will increase the likelihood of the tip touching the re-
quired object. Some error conditions are also discussed, when the body of the whisker
contacts the object before the tip and when an object prevents the point from sliding
which could lead to damaging the sensors.

The SCRATCHbot [67] uses a bank of 18 whisker sensors on a robotic head, they
are 185 mm in length and have a tapering width from 2 - 0.5 mm. The Crunchbot is
developed by the same team [67], it uses shorter whiskers (160 mm in length) made
from Three Dimensional (3D) printed Acrylonitrile Butadiene Styrene (ABS) plastic
to allow them to be more robust and be able to not break under high impacts. The
design tapers down from 1.45 - 0.3 mm at the tip to mimic a rats whisker. However,
the plastic is still very thin and a large force could damage these sensors.

Due to the research discussed above being bio-inspired with a thin whisker extend-
ing from a pivot point with detection method, it has led to their sensors being fragile.
Due to the environment the pipe inspection robot is required to operate in (Section 1.1),
a single point tipped feeler like this would be unsuitable. A more robust design is re-
quired. There are a limited number of other mechanical (none whisker) sensors which
are reviewed below.

Cowan et al. [68] use a tactile passive sensor to mimic a cockroach’s antenna. Their
sensors consists of a flexible beam designed to be bent and a flex sensor along it to use
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tactile flow to determine. the rate at which it is approaching a wall so they can then
follow it. It curves so that the arm is bent back along the wall, meaning it would be
able to overcome defects or steps without getting stuck and breaking.

Lee et al. [69] also use a cockroach inspired sensor to follow a wall, this has a very
robust design. It is made from a cured urethane casting compound with embedded flex
sensors. This again uses a curved design to overcome defects in a wall.

Laperski et al. [70] provides a robust passive tactile sensor design from 3.2 mm
laser cut plastic, a two-link sprung arm uses two POTs to provide angular feedback to
allow a robot to follow a curved wall. Their design would be too large for an in-pipe
robot and is complex but the sprung passive mechanism provides a good approach to
keep the sensor following a wall.

Both bio-inspired and generic custom feeler sensors are compared in Table 2.5. It
can be seen that custom feelers tend to be much more robust than the thin whisker
type sensors, they can also be used to provide angular feedback which is desirable for
this application. Being very thin, bio-inspired is both an advantage and a disadvantage
compared to a large wheel, as they can have very high sensitivity to small changes but
it also makes them weak.

Table 2.5: Comparison of bio-inspired whiskers and custom feelers

Bio-Inspired Whisker Custom Feeler
Feedback On / off Angular

Arm Robustness Low / weak High
Sensitivity Very high High

Contact Shape Point Wheel / curve

The literature shows that a feeler sensors are often bio-inspired which leads to a
limited number of designs but it shows that they can offer a highly sensitive output and
can work with various sizes of beam or arm. The required sensor for this project needs
to be robust when contacting the pipe walls. Methods of using a curved arm poses one
method of achieving this, however, others such as wheels have not been considered.

The feeler sensor shows it is a viable option for a detection system and is selected
for further development.
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2.5 Conclusion

Section 2.2 identifies that for the specified pipework a differential drive, wall-pressing
wheel or tracked robot is required. The design and development of this robot is shown
in Chapter 5. Section 2.3 highlights that there is a requirement for a control method
when a differential drive, wall-pressing robots in turning through an elbows. To de-
termine this control action the parameters of the elbow need to be sensed, Section 2.4
identifies a feeler sensor as the best detection system for further development. Chap-
ter 3 presents the design of the feeler sensor and accompanying algorithm to estimate
the parameters of the elbow so the control action can be determined. Finally the control
action is estimated and tested in Chapter 6.
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Chapter 3

Corner Parameter Estimation

There is a gap in the literature for an autonomous controller that is able to navi-
gate differential drive, wall-pressing robots through small unknown pipe elbows (Sec-
tion 2.3.1). It has been identified in Section 2.4.3 that to determine the control action,
a feeler sensor to detect the corner parameters is required. This chapter presents an
overview of the proposed controller as well as the design of the feeler sensors and the
accompanying algorithm to estimate the corner direction and radius.

3.1 System Architecture Overview

As identified in Section 2.3 a controller is required for a differential drive robot to
safely navigate through an elbow. This section presents the overview for an autonomous
controller which will be developed as part of this project to reduce the forces applied
to a robot when turning in an elbow.

As the controller doesn’t know its environment, it must be able to sense the in-
formation it requires. This will allow it to appropriately determine a control action
to be able to safely navigate through the corner. The output of the controller will be
the velocities of each of the robots DUs. Once in the elbow it will try to detect exit
conditions of the corner to allow it to enter the straight pipe again. The state machine
for this controller is shown in Figure 3.1.

The controller shows various states which form the bases of the structure of the
thesis. This chapter proposes a sensor and algorithm to determine the required param-
eters for the control system. Chapter 6 presents the full elbow traversing controller and
tests the full system on a pipe inspection robot.

47
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Entrance Conditions Met
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Figure 3.1: Autonomous elbow controller overview

3.2 Local and Global Axes

This sections defines some of the global parameters that are used throughout the chap-
ter.

z

x

Ẑ

X̂

Robot

Figure 3.2: Global and local axes

The axes shown in Figure 3.2 are the local and global coordinate frames for the
robot and corner. The local coordinate frame, x, y and z are referenced to the centre
of the inspection robot itself. In this case the x axis points in the direction the robot
is travelling and the z axis points in the direction of the first Drive Unit (DU) on the
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robot, usually coloured red. The global coordinate frame is defined as X̂ , Ŷ and Ẑ, and
is referenced to the elbow. Ẑ intersects the shortest radius of the elbow, i.e the direction
of the curve, and X̂ points into the back of the corner. The global axes are fixed as the
elbows do not move, whereas the robot axes change with the robot so that despite what
is shown in Figure 3.2 the Ẑ and z axes are unlikely to be aligned, unless manually set
at the start.

3.3 In-Pipe Sensing Requirements

To determine the requirements of the sensing system the elbow parameters (Section 2.4.1)
are reviewed. The four major parameters of an elbow are: corner direction (θd), minor
radius (r), major radius (R) and corner angle (φa). As r is the pipe radius it can be found
using feedback from the wall-pressing system of the robot. A feedback mechanism can
be used to determine the diameter of the robot and thus the pipe radius. Alternately,
this could be measured by the sensing system on the robot or as the robot is placed in
the pipe.

For a first approximation, R is assumed to be fixed for that of a standard short
elbow [10] where it is equal to the diameter of the pipe. However, a method of detecting
this would be advantageous. As a result, φa and θd are the only unknowns. Assuming
the robot is approaching the elbow, unless φa was sufficiently shallow that the end of
the corner could be seen, it cannot be determined at the start of the elbow.

The controller proposed in Section 3.1 checks for exit conditions to leave the elbow.
This allows φa to be unknown as it enters the pipe. Leaving θd , corner direction, as the
final required parameter to be detected.

To be competitive with the systems in the literature (Section 2.4), a target accuracy
for the estimation system is selected: an absolute mean error of θdtarget = 10◦ for corner
direction. Despite being untested by other methods, a 5% error for the major radius is
selected.

The estimation system must be able to identify the corner direction (θd) and major
radius (R) ahead of the robot. To allow the control action to be determined before the
robot enters the elbow. The feeler sensors are also required to have a mechanism to
press them against the walls of the pipe, the force required to be exerted on the wall
needs to be sufficient to hold in the arm against the pipe wall but not so high it damages
the pipe or the sensor.
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The contribution of this chapter is the presentation of a novel sensor and algorithm
designed for the task of estimating the corner direction to allow autonomous navigation
in an unknown pipe network. The focus of the estimation is corner direction. However,
a method for predicting the elbow major radius (R) is also proposed.

3.4 Feeler Sensor

The proposed designs will consist of an arm that follows the pipe wall with a method
of feeding back the angle. As the corner can change in any direction, a set of three
feelers which are equally separated around the pipe are required. Their separation is
defined by δi. The feelers are mounted ahead of the robot to allow the estimation to be
made before the robot enters the elbow.

The measured angle from the sensor is defined as α f . It is recorded as it travels
along the pipe ahead of the robot. Figure 3.3 shows a simplified diagram of the design.
The mounting height (md) and feeler length (l f ) are also shown.

Pipe Wall

α f

l f

Feeler Arm

Angle Sensor

md

Figure 3.3: Simplified diagram of feeler

In addition to the feeler an on-board encoder is required, the use of which will be
discussed later. To simplify visualising the feeler data, the three sensors are referred to
by colour, Red, Green and Blue.

3.5 Corner Parameter Estimation

This section presents the proposed method for predicting the corner direction, θd ,
which is the primary contribution of this chapter. It also presents an extension to the
method to determine the corner radius, R, for the case that the robot is not travelling in
a standard short elbow.
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As discussed, the feelers are mounted ahead of the robot. As such, the feelers enter
the corner before the robot. During that time, the mounting point of the feeler is in the
straight pipe and the feeler arms are passing through the corner. The corner parameters
for the control system need to be calculated before the robot enters the corner. This
gives a region in the elbow in which the estimation needs to be made. This region is
called the corner entrance, which is shown in Figure 3.4.

Robot

Corner Entrance
Feelers

Corner Exit

Figure 3.4: Corner entrance

The length of the corner entrance (dx) is based on the feeler length (l f ): the longer
the feeler the greater the entrance size. As α f changes when the robot is in the corner,
dx is calculated with the straight pipe value (α fNOM) to ensure the estimation is always
made before the robot enters the elbow, dx = l f sinα fNOM

As the feelers pass into the corner, through the entrance, all three are sampled. The
combination of the three samples is S. These samples are taken multiple times {S1, S2,
..., Sn} as the feelers progress into the corner, see Figure 3.5. The number of samples
taken vary depending on the sample rate (sr) and robot velocity (Vr), i.e. Smax =

dxsr
Vr

.

The algorithm requires a minimum of two samples to be taken in the corner. The
final sample (Sn) is the sample at the end of the entrance, and the first (S1) is the start.

3.5.1 Corner Direction Estimation

The direction, θd , to be estimated is the angle between the robot and the corner’s z

axis. This direction is crucial to determine the control action for the robot.

The process of predicting the direction has been split into three stages: Stage I:
Sample Processing, Stage II: Sample Combination, and Stage III: Final Estimation, as
shown in Figure 3.6.

The full process is summarised in a flow chart shown Appendix Figure 9.1.
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Figure 3.5: Corner entrance for short elbow with samples S labelled
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Figure 3.6: Corner direction stages

Stage I: Sample Processing

In the first stage data is collected from all the feelers. The data is taken over multiple
samples {S1, S2, ..., Sn} as the feelers travel through the corner entrance, Figure 3.5.
Note the sample distance in Figure 3.5 is not to scale as it will vary depending on
robot velocity and sample speed. The method of dealing with a single sample will be
explained in more detail in the following. The method is the same for all the samples
taken in the corner.

The three feeler sensors are sampled and the angle determined; {α fR,α fG , α fB} are
the feeler angles for the Red, Green and Blue sensors at a single sample point (Si).
These three angles can be entered into the kinematic model to give the end coordinates
of the three feelers; {PR, PG, PB} are the contact points of each feeler with the elbow
wall. Each end point has its own set of coordinates in the robot’s local coordinate
frame, PR = (xR,yR,zR), PG = (xG,yG,zG) and PB = (xB,yB,zB).

A simplified diagram of the kinematic model is shown in Figure 3.7. ll is defined
by the mounting height (md) of the feelers and the radius of the pipe ll = r−md .
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Figure 3.7: Kinematic model of feelers

The kinematic model can be determined as follows,

xi = l f sinα fi, (3.1a)

yi = (ll + l f cosα fi)sinδi, (3.1b)

zi = (ll + l f cosα fi) cosδi; (3.1c)

where i = R, G or B depending on if the feeler angle has been entered from the Red,
Green or Blue feeler and δi is the angular separation of each feeler sensor from the
robot’s local z axis.

Once the end of the three feelers has been found they can be combined to give
their middle point, Pf m. The central point can be found by finding the mean of the end
points as shown in the following equations,

ȳ =
yR + yG + yB

3
, (3.2a)

z̄ =
zR + zG + zB

3
, (3.2b)

Pf m = (ȳ, z̄). (3.2c)
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Figure 3.8 shows the local (y,z) and global (ȳ, z̄) axis of the robot with the feeler
end locations (Pi), feeler centre point (Pf m) and robot centre (Pc) labelled. For compar-
ison both the offset when in a straight pipe and when in an elbow are shown. When in
the straight pipe, the robot centre (PC) and the feeler centre (Pf m) are at the same point
and as the feeler angles change in the corner they become separated.

z̄

ȳ

PG
(yG,zG)

PR
(yR,zR)

PB
(yB,zB)

Pf m
(ȳ, z̄)
PC

(0,0)
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z

(a) Straight pipe
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ȳ
y

z
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(yG,zG)

PB
(yB,zB)

PR
(yR,zR)

Pf m
(ȳ, z̄)

PC
(0,0)

(b) In elbow

Figure 3.8: Feeler end points layout in (y,z) plane

The next step is to find the change between the feeler central point, Pf m, and the
robot centre, Pc. This will give the overall change in y and z for that sample. The
changes dy and dz are given by,

dy = Pf my−Pcy , (3.3a)

dz = Pf mz−Pcz. (3.3b)

This process is repeated for each new sample of the feelers to give a change in y and
z for each sample. As the feelers travel further into the corner entrance, it is expected
that dy and dz will increase as Pf m moves further away from Pc and more towards the
direction of the corner. This is because the deeper they go the more the pipe itself
changes thus giving a greater angle change to the feelers. Figure 3.5 shows the change
in the pipe as the samples progress into the corner entrance. It should also be noted
that as each sample sees a single slice of the corner, the shape tends from a circle in
the first sample, S1, to an ellipsoid like shape in Sn (shown in Figure 3.8(b)).



3.5. CORNER PARAMETER ESTIMATION 55

Stage II: Sample Combination

The second stage of the corner direction estimation is the combination of the previous
samples (shown in Figure 3.9) to give a single angle output.

S1

z
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(dyS1

,dzS1
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Sn

(dySn
,dzSn

)

Figure 3.9: Sample changes in (y,z) plane

Their change, dy and dz is summed giving a total displacement in y and z over all the
samples for the direction. For the real system, combining them in this method would
allow for the rejection of small errors in the changes, as the overall change would be in
the corner direction. The sum of the changes are denoted by Dy and Dz and given by:

Dy = ∑dyS1
+dyS2

...+dySn
, (3.4a)

Dz = ∑dzS1
+dzS2

...+dzSn
. (3.4b)

Once the total changes in y and z has been found, they can be used to find the
direction (θ f m). Figure 3.10 shows the summed samples and identifies θ f m. As a
result, the angle θ f m is given by:

θ f m = arctan2(Dy,Dz), (3.5)

where arctan2 is the four-quadrant inverse tangent.
To simplify the computation for the combination of the samples, it is assumed

that averaging the feeler ends to give the total displacement will represent the corner
direction. However, the feelers actually follow an ellipsoid shape as they enter the
corner (Figure 3.8). A second assumption is that the feeler angles which are taken
at a single sample are in the same vertical plane (as shown in Figure 3.5). These
assumptions introduce a small error in θ f m. This error is shown in Figure 3.11 in the
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z
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θ f m
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Figure 3.10: Combination of sample changes in (y,z) plane

difference between θd and θ f m. Figure 3.11 shows the final sample Sn for a simulated
corner. The feeler layouts, feeler central point (Pf m) and robot centre (PC) are shown.

To more accurately identify the corner direction from the feeler data an elbow
would need to be fitted to the three sets of feeler end coordinates, then the accurate
direction could be inferred from that. This would be very complex and computationally
heavy. This is why an average was used.

Stage III: Final Estimation

The final stages compensates for the small discrepancy introduced earlier by analysing
the correlation of θ f m and θd .

Figure 3.12 shows the comparison of the ideal estimation of the corner direction
(θd) and the angle generated from θ f m. It can be seen that there is a clear correlation
between the estimated (θ f m) and actual (θd) direction. This correlation is independent
to each estimate and can be corrected for. Due to the error being introduced by the
estimation method, it is true for all elbows with the following features: constant major
and minor radius, and continual direction (meeting the standard elbow classification in
Section 1.1).

To be able to correct for the difference, curve fitting is used to best approximate the
function. This is done using a sine function and the best fit is shown in Figure 3.12.
The following approximation (θdest ) of θd is found,

θdest = θ f m +13sin(3.0184θ f m). (3.6)
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Figure 3.11: Diagram of leg layout and robot and feeler centre points

It can be seen from (3.6) that the variable affecting the phase of the sine function
is very close to three. This is related to the three feeler units in the pipe. The response
from the feelers will repeat every 120◦ and the factor will be treated as 3 from this
point. This extra term is the compensation term (ζ), where ζ = 13sin(3θ f m).

As a result, the compensated angle for the corner direction is given by,

θdest = θ f m +ζ. (3.7)

This method offers a light-weight estimation with a maximum systematic error
(εmax) of less than 2◦.

3.5.2 Corner Radius

A method of extending the corner direction to also determine the major radius, R, is
proposed. The process of predicting R utilises the Intersecting Chords Theorem (ICT).
This theory, with some manipulation, allows the radius of a circle to be determined
from a chord across it. Following [71], the radius R of a circle with a chord of width
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Figure 3.12: Empirical approximation for calibrating θ f m

(W ) and height (H) is defined by:

R =
H
2
+

W 2

8H
. (3.8)

As the feelers take multiple samples through the corner entrance, Figure 3.5, the
change in the x axis (from an on board encoder) is also recorded, dx. To apply this to
the ICT, dx is used as half the chord width W . To give a height from the chord, the final
sample taken in the corner entrance can be used, Sn = (dySn

,dzSn
) to give a magnitude,

dyz, to that point from the robot centre, PC, i.e.

dyz =
√

d2
ySn

+d2
zSn

. (3.9)

As the change has already been calculated for the corner direction this requires no
more sensing of the feelers. For this application, dyz is used as H. Substituting the
values and rearranging (3.9) gives the following equation to calculate the radius,

Rest =
d2

x +d2
yz

2dyz
. (3.10)

Figure 3.13 shows the method of applying the feeler data to the ICT.
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Figure 3.13: Using Intersecting Chords Theorem (ICT) to determine corner radius

3.5.3 Algorithm Triggering

When no noise is present the algorithm can simply be triggered when any change
is detected, but when using real sensors that have noise, a threshold value (Tstart) is
set. This value is selected based on the noise characteristics of the sensors. As a
guideline value, a threshold of 20 % of the minimum final expected change can be
selected, Tstart = 0.2dyzSn

. Where dyz is the magnitude of change of Pf m calculated by

dyz =
√

d2
y +d2

z and Sn is the final sample. The minimum change is selected as, dyz

varies based on the corner direction and thus the worst case is considered.

In the real application the previous feeler values can be placed in a buffer so they
can be referred back to for finding the first sample (S1). The number of samples stored
in the buffer (Bn) will be depended on the sample frequency (Fs), robot velocity (VR)
and corner entrance distance (dx), Bn >= 0.2dx

Vr/Fs
.

Storing the information allows the algorithm to be triggered further into the corner
entrance when the change in the feeler angles is large. Then the samples previously
gathered can be recalled to allow the estimation of the corner parameters. Using this
method allows greater noise rejection.
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3.6 Summary and Contribution

The chapter proposes a method of detecting and estimating the parameters of an un-
known elbow. The method presented utilises a feeler sensor that is developed for the
task of detecting the change ahead of a robot within a pipe. A set of three sensors are
used and the data from them manipulated to give an estimation of the corner direction
with an error of less than 2. A method of extending the algorithm to predict cor-
ner radius is also proposed. The proposed algorithm provides a computationally light
method of determining the corner parameters, and the solution is scalable to small or
large pipe diameters.



Chapter 4

Corner Parameter Estimation
Experiment

This chapter provides the method and results for testing the corner parameter estima-
tion algorithm and sensors presented in Chapter 3. The motivation for the experiment
is the validation of the proposed method of direction and radius estimation. This can
then be used to calculate the velocity for each Drive Unit (DU) to form the ‘Estimate
Elbow Parameters’ state of the proposed elbow controller, shown in Figure 3.1.

The Contribution of this chapter is the validation of the feeler sensors and algo-
rithm of the estimation of direction and radius in an unknown elbow.

The chapter first describes the hardware used in the experiment, then presents the
results and discusses them. The requirements of the detection system are laid out in
Section 3.3. They are summarised in the following:

• Corner direction estimation target accuracy of θdtarget = 10◦.

• Major radius estimation target accuracy of 5%.

• Detection method that can complete its estimation before the main body of the
robot enters the elbow. The exact distance is dependent on the length of the
feeler arm.

4.1 Experimental Hardware and Methodology

To practically test the algorithm developed for the estimation of unknown corner pa-
rameters, an experiment was derived to measure the feeler data as it passed through an
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elbow with various directions (θd) over multiple samples. To achieve this, the feeler
sensor and a linear translation test rig were designed and constructed. The experiment
was created for a 150 mm diameter pipe and elbow with R = 152.4 mm.

4.1.1 Feeler Sensor

The feeler sensors are designed around the basic diagram shown in Figure 3.3. A
Potentiometer (POT) was used as the method of determining angle (similar to Russell
[66]) as they are low-cost and very computationally light to sample. For the contact
point of the feeler a passive roller ball was used to remove any effect of the lateral
forces damaging the feelers. A spring was used to pull the feeler on to the wall such that
it has a constant contact. For the use in T-junctions an active way to retract the feelers
could be considered but this will be reviewed in further work. A labelled simplified
diagram of the feeler is shown in Figure 4.1.

α

Feeler

SpringPOT

Roller Ball

Pipewall l f
P

Drive Unit

Figure 4.1: Simplified diagram of feeler

Due to the low tolerances of the POTs, there were errors between the outputs of the
three feelers for the same angle of the POTs. To overcome this issue, the feelers have
been individually characterised and a look up table of voltage output from the potential
divider and input angle was used for each feeler to give a more accurate angle output.

The finalised feeler sensors for the corner direction estimation experiment is shown
in Figure 4.2.

The length of the feelers (l f ) was calculated by modelling the detection angle range
for differing lengths as shown in Figure 4.3. The model simulates a feeler passing into
the entrance of a 150 mm elbow (on the shortest path) and determines the angle (α f )
as it progresses through. It does this for varying lengths of feeler. This allows the full
range of angles for each feeler length to be found and thus the one with the greatest
range of angles can be selected.
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POT

Mount For
Drive Unit
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Figure 4.2: Feeler sensor for corner direction estimation experiment

66.14 mm

Figure 4.3: Plot of change in angle vs feeler length

It is desirable to maximise the change in feeler angle (δα f ) as it gives a wider de-
tectable range. The feeler arm length that gives the maximum change of δα f = 20.83◦

is estimated to be l f = 66.14 mm, for a short elbow (R = 150 mm, r = 75 mm) with a
mounting height of 22 mm. It can be seen from Figure 4.3 that the feeler length peaks
at this value and then quickly reduces as l f increases. The manufactured length was
rounded to the nearest millimetre giving a feeler length of l f = 66 mm. A triggering
threshold of 1 mm was selected for this combination of feeler length and elbow size,
based on practical experimentation. The effects of manufacturing tolerances will be
reviewed later in the chapter. Despite the feeler being designed for the 150 mm pipe
it will still be effective in a different pipe size, however if the nominal size of the pipe
is known a new l f can be found for that pipe diameter and the feeler manufactured to
that length.
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Figure 4.4: Feeler data for a straight section of pipe

To characterise the feeler sensors, they were moved through a straight section of
pipe and their resistance recorded (through a potential divider). The recorded data was
converted to feeler angle and the results are shown in Figure 4.4. It can be seen in the
figure that there is noise present in the recorded data. This is likely due to the low-cost
POTs and the minor imperfections on the inside face of the real pipe.

4.1.2 Linear Translation Test Rig

The experiment was designed to give feeler data for an accurate estimation of the
corner parameters. The test pipe consisted of a 150 mm diameter section of straight
pipe with a coupler to a 90◦ elbow with R = 152.4 mm.

Start Of

Feeler Sensors

Fixed Outer Body Rotating
Retaining Pin

Rotation
Motor

Sliding PlateLinear Translation Motor

Section Entrance

Figure 4.5: Simplified diagram of test rig
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The test rig was designed and constructed in house to fit within the pipe and is
locked in place with a retaining pin. This held the rig with the feelers in line with the
entrance to the pipe. A linear translation stepper motor drove a plate with the feelers
attached to it into the corner in 0.01 mm increments with an accuracy of ±5% [72].
The step distance of the test rig will be smaller than the actual robot, however this was
used to characterise the feelers and the method will still be applicable to the deployable
robot. The translating plate was mounted inside a large bearing which can rotate the
whole assembly within the pipe. The rotation controlled the direction of the corner in
relation to the robot, θd . A motor drove this rotation with an accuracy of 0.54◦ [73]. A
simplified diagram of the experiment is shown in Figure 4.5 and a photo of the real rig
is shown in Figure 4.6.

Fixed Sections

Rotating Section

Feeler Sensors

Linear
Translation
Motor

Sliding Plate

Rotation Motor

Figure 4.6: Simplified diagram of test rig

The specification of the linear test rig is summarised in Table 4.1.

Table 4.1: Linear translation test rig specification

Rotational Step Size 10◦

Rotational Accuracy 0.54◦

Rotational Range ±180◦

Linear Translation Step Size 0.01 mm
Linear Translation Accuracy ±5%

Linear Translation Range 0 - 0.065 m
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4.1.3 Experimental Procedure

The rotation motor held the rotating section at the specified angle (θd). For each θd the
feeler sensors were stepped into the corner using the linear translation stepper motor.
On each step, the feeler angles (α fi) were sampled and logged. This process is called
a pass and is repeated a minimum of five times.
Once complete, θd was then incremented and the passes repeated. θd was varied in
increments of 10◦ between ±180◦ to give full 360◦ coverage of the elbow.

The raw data was then run through the corner estimation algorithm. This was
compared with the actual corner direction and radius to evaluate the performance of
both the feeler sensors as well as the algorithm.

4.2 Results and Discussion

This section reviews the results taken from the feeler rig then follows with a discussion.
The experimental method used to gain the data is explained in Section 4.1.3.

4.2.1 Results

As such a large volume of data was gathered from the experiment, first a single data set
which is representative of the whole set will be analysed in detail, then the averaged
data for each direction will be presented for the full analysis.

Single Pass: The selected set of data for detailed investigation was taken from the
θd =−70◦ set, as the results for this direction are the closest to the mean error and can
be viewed as representative of the full data set.

First the raw feeler data was compared to the simulated expected change to prove
the feasibility of using the feeler sensor as a detection method.

Figure 4.7 shows the simulated progression of the end points of the three feelers at
θd =−70◦. Where PiS1

is the end point of the Red, Green or Blue feelers at the start of
the Corner Entrance and PiSn

is the end point at the end of the Corner Entrance.

It can be seen that for the Blue feeler, the end point (PB) moves closer to the centre
of the robot (Pc) increasing the feeler angle by a large magnitude. For the Red feeler
(PR), the movement is away from the centre (Pc) decreasing the feeler angle but with a
small magnitude. The Green feeler end point (PG) also moves away from Pc decreasing
the feeler angle, but with a larger magnitude than the Red feeler. It should be noted that
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Ẑ

θ =−70◦

PRSn

PRS1

PGS1

PGSn

PBSnPBS1

Pf m

z

S1, Start of
Corner
Entrance

Sn, End
of Corner
Entrance

Figure 4.7: Leg layout of feelers at start (S1) and end of corner (Sn) entrance for θd =
−70◦

as the selected θd =−70◦ contains 10 passes into the corner. This expected change is
applicable for any elbow satisfying the assumptions of the estimation system (defined
in Section 3.5.1), with a corner direction of θd = −70◦ as the feeler sensors will pass
along the same paths in the elbow.

Figure 4.8: A single pass (Pass 5) of raw feeler angle data at θd =−70◦
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Figure 4.8 shows the raw data from one of the passes (pass 5) with the simulated
angles added for comparison. It is very noisy, however there is a trend in direction for
each feeler angle as the distance into the corner increases. The Blue feeler has a large
positive change in angle (α fB), the Red feeler has a slight decrease in the angle (α fR)
and the Green feeler has a decrease in angle (α fG), which is larger than the Red feeler.

The general trends that were expected for from this data match the expected changes
shown in Figure 4.7 and the simulated data in the figure. This proves using the feeler
sensors to detect the change in the corner is feasible. Figure 4.8 also highlights the
region where the feeler sensors passed over a lip on the coupling of the elbow to the
straight pipe, this is very apparent from the Blue feeler data where the bump can clearly
be seen. This lip adds an additional error to the measurement, but it is acceptable as
the general trend of the data is correct.

Now the sensing method has been accepted, the estimation from that data can be
reviewed. Note despite the focus of the proposed estimation method being corner
direction, the extension to the radius was also run and its results analysed. Passing
the full set of data (all 10 passes) at θd = −70◦ through the presented algorithm from
Section 3.5.1, the final estimation of corner direction (θdest ) and radius (Rest) can be
found, as shown in Table 4.2. The highlighted row is the estimation from the feeler
angles presented in Figure 4.8.

Table 4.2: Predicted angles of the multiple passes for θd =−70◦

Predicted Direction (θdest ) Predicted Radius (Rest)
Pass Degrees m

1 -66.05 0.1524
2 -65.16 0.1522
3 -62.97 0.1521
4 -65.12 0.1523
5 -65.09 0.1522
6 -63.49 0.1522
7 -66.61 0.1523
8 -63.52 0.1521
9 -67.88 0.1523

10 -64.74 0.1522
Average -65.06 0.1522

The average estimation across the multiple passes was −65.06◦ with a range of
4.91◦; this gave a mean estimation error of 4.94◦. The radius target was 0.1524 m, the
average estimation was 0.1522 m giving and average mean error of 0.2 mm.
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Full Data Set: For each value of θd in increments of 10◦ between −180◦ to 180◦,
there are a set of multiple passes of feeler data. For each pass the feeler angles
have been passed through the corner direction estimation algorithm and the estima-
tion logged. To display this data, the mean estimation of each corner direction θdest

for each of the entry angles θd has been plotted in Figure 4.9 with error bars for the
minimum and maximum estimation for each set.

Figure 4.9: Mean estimated angles Vs target angle

It can be seen that the predicted direction follows the ideal estimation with a small
amount of error. The largest error for the estimation was at θd = 70◦ with an error of
20.53◦. Reviewing the averaged estimations for each angle, the mean absolute error
in the direction was ε̄θd = 4.69◦. This metric is used to allow it to be compared with
MRINSPECT VI [27] and Kim et al. [60] which are being used as the benchmark for
this system. For the radius estimation there was a mean absolute error of ε̄R = 0.91 mm
over all the samples.

4.2.2 Discussion

The changes in the raw feeler data from Figure 4.8, followed the expected change for
the feeler angles. This shows the basic principle of the method is valid and the change
in direction can be detected using the feeler sensors.

From the full set of data shown in Figure 4.9, the trend of the estimations followed
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the target angles but there were errors present. The mean absolute error in the di-
rection estimation was ε̄θd = 4.69◦ and the worst case was εmax = 20.53◦. However
the algorithm provides a good estimation of direction, which was required for the el-
bow controller. Further analysis on the error from the estimation will be completed in
Chapter 6.

Reviewing the requirements of the sensing system (Section 3.3), the corner direc-
tion estimation (ε̄θd = 4.69◦) was an improvement over the target accuracy of θdtarget =

10◦. It also achieved the target accuracy of radius estimation (5%) with an error of
0.61%, but this was only tested on a single radius elbow. Finally, the estimation sys-
tem was able to determine the parameters before the robot entered the elbow, fulfilling
the requirements of the system.

Comparing this to the simulated results the expected error was εmax = 1.78◦ which
was lower than the measured result. This shows the method is viable for predicting
corner direction but could be improved. The error in the measurements was due to the
low-cost POTs used for measuring the angle. These provided noisy data and require
lengthy individual characterisation as the tolerances in the components cause their re-
sistance to vary across the three feelers. Even with the characterisation there was still
a large amount of noise in the data from the sensors.

As the three feelers were at a fixed offset to each other of 120◦, if the sensors were
ideal and had clean responses, the output of feelers and thus error in the estimation
would repeat every 120◦. It can be seen in Figure 4.9 that the areas where there are
large errors, such as θd = 80◦, the error was not repeated at ±120◦ from it (−40◦).
This shows the errors are not due to estimation method but due to poor readings from
the sensors themselves. Improvements could be made by replacing the low-cost sen-
sors with higher end encoders to reduce the noise from the sensors and improve the
accuracy of the estimation system.

4.2.3 Effect of Manufacturing Tolerances on Prediction

The effects of manufacturing tolerances on the length of the feeler was reviewed to
see the effect this would have on the final output of the system. The target length
for manufacturing was taken as 66.14 mm with the feeler’s ideal length of 66.14 mm.
Reviewing the worst case errors in manufacturing the maximum and minimum possible
feeler lengths were found to be l fmax = 66.52 mm and l fmin = 65.68 mm. Propagating
these values through the system and reviewing the worst case application of two feelers
at length l fmax and one feeler at length l fmin led to an absolute mean error in the output
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of 4.19◦. This includes the maximum simulated error in the method of εmax = 1.775◦.
Due to this variation and the probability of this case occurring being small, the effect
of the manufacturing tolerances in predicting corner direction will be negligible.

4.2.4 Comparison Other Detection Systems

The MRINSPECT VI [27] and Kim et al. [60] are being used as the benchmark for this
estimation, they have a mean error (ε̄θd ) of 2.84◦ and 0.64◦ respectively. Comparing
this to the results, the mean error of the real system was ε̄θd = 4.69◦ which shows that
both the sensor suits have a more accurate corner detection. However, the aim of this
task was to make a comparable estimation method which is scalable for use within a
50 mm pipe, and which is computationally and financially cheap and has a low system
load. The cost of the sensors for systems are compared in Table 4.3. All the prices
are only for the sensors, additional items such as the processor required to run the
algorithms and mounting materials are not included. However, it can be seen that there
is a clear advantage in using the feeler based system in terms of cost meeting its aim.
It is also the only system to provide practical results for radius estimation.

Table 4.3: Comparison of sensor cost for elbow detection, note as the C905 is no longer
sold the equivalent available product was used C920

Method Sensor Type Sensor Quantity Total Cost
Kim et al. [60] 2D LIDAR Hokuyo UBG-04LX-F01 [74] 1 £1706.11

Choi et al. [27]
IR Sharp GP2Y0A41SK0F [75] 10

£152.9
Camera Logitech C905 [76] 1

Brown et
al. POT Bournes 53 series [77] 3 £21

4.2.5 Scalability

The detection method is simulated and tested at the 150 mm size. This section applies
the same simulations to the 50 mm pipe to show the method is scalable. The 50 mm
pipe has an optimal feeler length of 23.06 mm for maximum change in its angle (α f )
in a short elbow with scaled dimensions for the prototype. Applying the algorithms
presented in Section 3.5, the mean error in direction is found. The miniaturised system
has a ε̄θd = 1.81◦. This shows the method is applicable to both the 150 mm and 50 mm
diameter pipes and the detection method is scalable.
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4.3 Summary and Contribution

The chapter presents a successful algorithm for predicting the corner direction of an
unknown elbow ahead of the robot with an absolute mean error 4.69◦. It can be ex-
tended to estimate the radius with an absolute mean error of ε̄R = 0.91 mm. The
corner direction is comparable to the literature and the addition of radius provides an
improvement. This method uses the change in angle of three low-cost feeler sensors
developed for this task. The method and sensors are scalable to small pipes and are
computationally light.



Chapter 5

Robot Design and Development

To be able to test the autonomous controller a robot is required. This chapter presents
the development of the design of an in-pipe robot for the task of navigating elbows,
with the final prototype (FURO II) presented at the end of the chapter.

Aim of the Robot: As identified in the literature review (Section 2.3.1) there are no
suitable methods for controlling a robot to navigate through an elbow. A method of
control to tackle this problem is proposed in Section 3.1. The aim of the design and
development of the robot is to create a platform that is suitable to test the proposed
cornering controller. The robot will act as a mount for the feeler sensors from Sec-
tion 4.1.1 and allow the controller to be implemented on it. A successful outcome is
a system able to autonomously navigate elbows when the proposed controller is used.
As such it must meet the following design.

Design: As identified in Section 2.2 a wall-pressing, differential drive, wheeled or
tracked robot is selected. For the final prototype a tracked robot is selected as it offers
greater traction in comparison to its wheeled alternate. This is important as there may
be fluids left inside the pipework (Section 1.1).

Due to the size restraints of working in a 50 mm pipe, the initial target for the
prototype is to navigate within a 150 mm pipe (Section 1.3), miniaturisation will be
reviewed in the further work of the project.

The contribution of this chapter is the design and development of a differential
drive, in-pipe robot with both active and passive wall-pressing for navigating through
150 mm, horizontal and vertical pipes as well as elbows.

73



74 CHAPTER 5. ROBOT DESIGN AND DEVELOPMENT

To design the tracked prototype, an analysis of current tracked inspection robots
has been undertaken.

5.1 Tracked In-Pipe Robots

Moghaddaml and Hadi [78] provide a very detailed review of the current state of the
art of tracked inspection robots. The robots from their review as well as other have
been summarised in Table 5.1 (This can act as an extension to Table 2.2). A larger
view of the table can be seen in the Appendix Table 9.2.

Table 5.1: Design parameters tracked, differential drive robots

Size
Number of Wall-pressing

Maximum
Speed

Weight
Tethered

ControlDiameter
Length

Min Max

Robot mm mm mm
Drive
Units

Drive
Modules Passive Active mms−1 kg Autonomous Manual

Kim et al. [33] 600 800 680 3 1 No Yes 217 80 Yes No Yes
PAROYS-II [34] 400 700 390 3 1 Yes Yes 41.7 7.8 - Yes -

FAMPER [79] 127 157 148 4 1 Yes No 72.4 - No - Yes
Kwon et al. [80] 75 105 75 3 1 Yes No - - Yes No Yes

PIC [81] 254 508 - 3 1 No Yes - - Yes No Yes
Kakogawa [82] 136 226 235 3 2 Yes No 230 1.8 Yes - -

Designs like the system developed by Kwon et al. [80], are able to navigate junc-
tions such as the T-junction and elbow. The robot uses passive wall-pressing via a
central spring, which means the robot cannot control its diameter. This could lead to
problems with certain obstacles in the pipe, such as a step change in diameter.

Active wall-pressing via a lead screw can be found on PAROYS-II [34], [35] and
the Pipe Inspection Crawler (PIC) [81] is a key design feature that if miniaturised
would be applicable to the prototype.

There is a requirement for an autonomous pipe inspection robot for navigating in
150 mm pipes with elbows, due to this a custom prototype is developed for this task.

The key design ideas taken from the literature which are also requirements of the
exemplar robot are, the use of active wall-pressing which is required for climbing
vertical sections of pipes and obstacle navigation, and the use of multiple powered
DUs to give differential drive.

Three DUs is the most common number from the literature as it is the minimum
required number to allow control in any direction, robots such as FAMPER [79] utilise
four DUs, which has no apparent advantage over three and only adds excess weight
and design complexity. The three DUs are normally radially separated by 120◦ similar
to the PIC robot [78]. This layout will be used for the prototype being developed.
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5.2 Design Requirements and Constraints

To develop a prototype, basic design requirements and constraints are defined to allow
it to complete its aim and navigate through an elbow in a network.

• Ability to climb in a vertical pipe,
using wall-pressing.

• Use of three, equally radially sepa-
rated differential drive units.

• Use of tracks for increased grip.

• Nominally be able to navigate
within a 150 mm pipe.

• Navigate with an average velocity
of 10 mms−1.

• Physically fit through a R= 150 mm
short elbow.

• Low-cost, as the robot is disposable.

• Carry equipment for sensing and
communication (0.5 kg payload).

These requirements were developed from reviewing the specifications of the robots
from the literature (Section 5.1) as well as conversations with representatives from Sel-
lafield Ltd and the National Nuclear Laboratory. The designs to achieve the require-
ments, they have been expended upon in the following.

Dimensions

The robot is required to turn short elbows, which will dictate the maximum length and
width to allow it a fit through the corner, and this is shown in Figure 5.1.

wr

lr

R - r

R + r

Figure 5.1: Largest robot dimensions to fit around a short elbow
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Using Figure 5.1 it can be seen that a triangle can be made to find the length (lr)
and width (wr).

lr = 2
√

((R+ r)2− (R− r+wr)2). (5.1)

This formula relates the length and width of the robot. As R and r are known. The
ratio can be used in the design process of each prototype.

Mass and Wall-Pressing

To allow the robot to climb in a vertical pipe, the wall-pressing force must be suffi-
cient to stop the robot slipping. To determine the force required (FN), the weight and
coefficient of friction of the robot must be known. The mass of the robot is assumed to
be 1 kg with a 0.5 kg payload. This gives a total mass of m = 1.5 kg. As the material
of the pipe networks are unknown, the coefficient of friction is tested for on multiple
materials. To practically test this the track material should be known. The selected
tracks for the prototype are the Pololu 30T track set [83], they offer a small, low-cost,
fully rubber track that is thin enough to be used on the robot. The coefficient of static
friction (µs) of the track on the materials is determined by testing the selected Pololu
tracks on three surfaces (Aluminium, steel and Perspex). The results are shown in
Table 5.2.

Table 5.2: Coefficient of static friction of the selected tracks on various materials

Material Coefficient of Static Friction
Perspex 0.78
Aluminium 0.56
Steel 0.64

To ensure the robot can climb on all materials, the worst case is used and to take
into account any error in the measurements a µs = 0.5 is selected.

Now µs and m are known, the normal force can be determined,

FN > µsmg, (5.2)

where g = 9.81 ms−2 is the acceleration due to gravity. This gives a required wall-
pressing force of FN > 7.36 N.
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Motor Selection

As discussed in Section 6.2.1, the select number of DUs is three because it is the min-
imum required number to turn in any direction. To determine the motors for selection
a benchmark torque (τm) is required.

τm = Fmrw, (5.3)

where, τm is the torque required by each motor, rw is the radius of the drive wheel and
Fm is the force required by each motor. Fm can be found by reviewing the climbing
case again, to accelerate when climbing the robot must overcome the full gravitational
force (mg) and the rolling resistance for each track, Fr (Fr = FNµr, where µr is the
coefficient of rolling friction),

3Fm > mg+3FNµr. (5.4)

µr is required to be found, which is done experimentally using the same three ma-
terials as the µs test (Table 5.2). The results of the rolling resistance test are shown
in Table 5.3. Again a worst case is reviewed and a value of µr = 0.05 is selected to

Table 5.3: Coefficient of rolling friction of the selected tracks on various materials

Material Coefficient of Rolling Friction
Perspex 0.043
Aluminium 0.033
Steel 0.035

compensate for any error in the results.
Now µr is known and a normal force of FN = 7.5 N is selected to be sufficiently

greater than the required wall-pressing force from Section 5.2, the motor force can be
calculated using (5.4), Fm > 5.28 N and finally the torque can be found, assuming a
wheel radius of rw = 25 mm. Therefore, τm = 0.132 N.

Another constraint on the motor selection is the physical size of the motor as they
must fit in a 150 mm pipe. The selected motors for the robot are GMW32W0950 [84],
these are worm gear motors capable of producing 4.30 Nm of torque at stall which
comfortably supersedes the required τm. The range of GMW32’s offer different ratios
such that the speed/torque can be altered without changing the design of the robot.

The use of back drivable motors may remove the need for controlling their speeds
as the forces in the corner could provide resistance to the motor to alter their velocities



78 CHAPTER 5. ROBOT DESIGN AND DEVELOPMENT

and make the turn. This could be damaging to the robot as the forces from the corner
must be greater than the force of the motor, meaning the robot and drive components
would be placed under greater stress. It would also have poor efficiency compared to
the proposed method of controlling speeds, but would offer a more simple controller
as the velocities would not need to calculated. Due to the large torque requirements
of the motors (calculated above), high torque, low-cost motors are not back drivable
and the selection of suitable motors would greatly increase the cost of the prototype
system.

Now the design constraints are known, the prototyping of the robot can be com-
plete.

5.3 Prototype Development

To reach the final prototype design, took multiple stages of development of the robot,
each an improvement of the previous. A short discussion on each will show the evo-
lution of the design and the key challenges faced with each version. Then the final
prototype is presented. All the prototype robots were wall-pressing and consisted of
three differential drive DUs as highlighted from the literature in Section 5.1. The evo-
lution of the prototypes and their improvements are shown in Figure 5.2.

NIVALIS I FURO I NIVALIS II FURO II

2016

2017

2017

2018Active Wall-pressing
Differential Drive
Fixed track lengths

Centrally Alinged
Tracks

Constructed from
SLA - Tough material

Active and Passive Wall-pressing

Constructed from
Aluminum

M6 Lead ScrewM3 Lead Screw

Figure 5.2: Evolution of design improvements through the prototypes

5.3.1 NIVALIS I

There were two versions of the initial NIVALIS I prototype, named from the weasel
trinomen ‘Mustela nivalis’. NIVALIS I-a (Figure 5.3(a)) used active wall-pressing via
a Three Dimensional (3D) printed (PolyLactic Acid (PLA) plastic on a Fused Deposi-
tion Modelling (FDM) printer) screw mechanism to provide the normal force required
by the robot. The PLA material was found to be too weak to be suitable and was
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replaced by an M3 threaded rod in NIVALIS I-b which proved a much sturdier re-
placement (Figure 5.3(b)). The active wall-pressing using a lead screw is a key design
feature from the literature as shown on robots such as the PIC [81].

(a) NIVALIS I-a Prototype (b) NIVALIS I-b

Figure 5.3: NIVALIS I tracked prototypes

The full prototype was constructed for less than £100 and was prominently made
from PLA and laser cut acrylic. Both prototypes use the Pololu off the shelf belt kits
with a fixed length, but custom cogs were required to allow clearance for the motors
on the pipe walls. The NIVALIS I series were a successful prototype achieving both
vertical and horizontal navigation in 150 mm pipes. A video can be seen in Appendix,
Video 9.1. The major shortcoming with the NIVALIS I design was the tracks not being
aligned with the centre of the pipe as shown in Figure 5.4, they have an offset. This
causes an uneven force to be put on the track causing it to derail regularly.

Motor
Wheel

Track

(a) Offset

Motor
Wheel

Track

(b) Central

Figure 5.4: Offset and central track alignment
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5.3.2 FURO I

FURO I has been inspired by the the design changes and improvements from the NI-
VALIS I prototypes. It used active wall-pressing via a screw mechanism, fixed track
lengths and centrally aligned tracks to remove the derailing issues the NIVALIS I
robots faced. FURO is named from the trinomen of the ferret ‘Mustela putorius furo’.
It is presented in [85] and [86]. The design included guides for the tracks to help re-
duce the likelihood of derailing. Due to the size of the of the gear motors once the track
was centrally aligned custom housings for the gears were made to reduce likelihood
of fouling inside the pipe. The robot was constructed from 3D printed PLA and made
for less than £100. FURO I is shown in Figure 5.5. It was able to expand and contract
between 142.22 - 185.84 mm meaning it could fit in a large range of pipe diameters as
well as the target 150 mm.

(a) FURO I painted with feeler sensors (b) FURO I unpainted

Figure 5.5: FURO I tracked prototype

This was a successful prototype able to navigate through vertical and horizontal
pipes and around elbows (see Appendix, Video 9.2). As the robot had a rigid body and
no passive wall-pressing there are very large forces exerted on the robot in the corners.
This caused the swing arms to break regularly and new materials for construction to be
considered as well as some passive compliance to help reduce the effect of the forces.
The prototype also had issues with the custom designed gearboxes mainly due to the
tolerances of the FDM 3D printed parts.
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5.3.3 NIVALIS II

The NIVALIS II prototypes were developed after the FURO I robot. These robots were
constructed using a Stereolithography (SLA) printer. This technology offers a higher
resolution on prints and materials (Tough [87]) that give higher yield under stress and
strain than PLA, which was the major downfall of the FURO I prototype. Designed
with all the features of the previous FURO I prototype but with the addition of a sprung
sliding section on the lead screw to allow for passive wall-pressing to give compliance
in the corners. The combination of both active and passive wall-pressing can be seen
in larger robots such as the PAROYS-II [34].

(a) NIVALIS II-a (b) NIVALIS II-b

Figure 5.6: NIVALIS II tracked prototypes

The first of the NIVALIS II series of prototypes shown in Figure 5.6(a). They
had variable diameters between 121.67 - 151.22 mm for NIVALIS II-a and 125.71 -
171.12 mm for NIVALIS II-b. The use of the SLA printer allowed the structure of the
robots to be thinner, such as the custom gearbox housings, meaning they were able
to fit in smaller pipes than the FURO I robot which was constructed from PLA. NI-
VALIS II-a failed due to the thermal effects on the material after being left in a warm
environment. The material warped leaving the main structural parts of the robot, such
as the swing arms as unusable. This drove the design of NIVALIS II-b to be con-
structed using aluminium parts in addition to the 3D printed ones for greater support
(Figure 5.6(b)). The central lead screw was also uprated to an M6 threaded rod as the
M3 flexed under large cornering forces. An extra set of swing arms was added at the
rear of the robot to add rigidity to the expansion mechanism. The increase in robust-
ness can be seen in the increase of the minimum diameter of the robot, compared to
the previous version.

During early testing it was found the swing arm pairs were placed too close together
which allows the DUs to buckle an not keep the tracks parallel with the pipe walls. The
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custom gearboxes also proved unable to withstand the forces required by the motors
under Brute Force (BF) cornering. Due to this the NIVALIS II series were halted but
key design choices such as the addition of passive and active wall-pressing was taken
forward to the final prototype.

5.4 Final FURO II Prototype

The final FURO II prototype was designed and built around all the key design features
from the previous prototypes. To overcome the derailing which was present on the
NIVALIS I prototypes, the tracks are centrally aligned and rail guides are used. Similar
to the NIVALIS II robots it featured both active and passive wall-pressing. It also
utilised an M6 lead screw to provide greater strength when under cornering forces.
The final improvement over the previous prototypes was the selection of aluminium
for the main construction to remove the weaker 3D printed parts. The specifics on the
design of the robot and implementation of the controller is broken down into sections.

System Architecture

The control of the FURO II robot was implement on the Robotics Operating System
(ROS). ROS is an open-source framework designed for writing software for robots
[88]. It is widely used in the robotics community and it offers a flexible solution for
programming robots.

A master controller based in a pod on the back of the robot interfaced with the
ROS master via a serial link. From here the control was distributed to each DU over
a Inter-integrated Circuits (I2C) bus. Figure 5.7 shows the control architecture. Each
DU consisted of a micro controller which had a local Serial Peripheral Interface (SPI)
bus for reading both the feeler sensor and the track encoder. This microcontroller
controlled the motor speed with a velocity PID controller, where the set point was
sent from the ROS master and distributed by the FURO master. The set points for the
velocity controllers were calculated within a ROS node on the master PC running the
autonomous controller.

Active and Passive Wall-Pressing

Similar to PAROYS-II [34] a lead screw mechanism has been designed to give wall-
pressing to the system but on a smaller scale. The system had both an active lead screw
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Figure 5.7: System architecture diagram

and a passive spring to press on the walls. A simplified diagram of the setup is shown
in Figure 5.8.

To select the spring to give the required force against the walls of the pipe, the
worst-case scenario was reviewed, when the robot is climbing in a vertical pipe and is
contracted to its minimum. The dynamic model is shown in Figure 5.9.

To ensure the robot will not slip, the normal force calculated in Section 5.2 must
be met, FN > 7.36 N. For the case of the FURO II the wall-pressing is a hybrid system
with both the lead screw and the spring. For the normal case the spring will provide
the wall-pressing force and the lead screw will be fixed, Fscrew = 0 N.
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Drive Unit
Slider

Lead ScrewLead Screw Motor

Compression Spring

Pivot Arms

Figure 5.8: Simplified diagram of wall-pressing assembly

The DUs are attached to the centre using pivot arms. As the arms expand and
contract their angle changes meaning the transfer of forces varies depending on the
radius of the robot. To ensure the robot will work in all pipe diameters, the worst
case arm angles (ρ) is reviewed. This occurs when the robot is fully collapsed with
ρ = 5.75◦.

The wall-pressing force is the combination of the individual forces transferred from
the three arms,

FN = F1 +F2 +F3. (5.5)

Each force can be found using the following,

F1 =
1
4

Fspring tanρ, (5.6)

F2 =
1
4

Fspring tanρ, (5.7)

F3 =
1
2

Fspring tanρ. (5.8)

Combining the forces using (5.5) gives,

FN = Fspring tanρ. (5.9)
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Figure 5.9: Force diagram of wall-pressing

Therefore, to not slide in the pipe when fully contracted,

µsFspring tanρ = FN , (5.10)

Fspring =
FN

µs tanρ
. (5.11)

Solving to find the required force of the spring gives, Fspring = 162.53 Nm.

As Fspring = KX where K is the spring stiffness and X is the compression. Using
the force an appropriate spring is selected that produces 220.77 Nm at the resting slider
displacement of 38 mm. This will provide more than sufficient wall-pressing force.

Using this set up, the passive spring will always apply the required force even in the
event of the central motor losing power. The lead screw mechanism can then be used
to expand and contract the size as well as provide extra wall-pressing force if required.

Varying Diameter

The passive wall-pressing mechanism presented in Section 5.4 was also designed to
give sufficient travel to allow the robot to pass through a corner without the aid of
its active mechanism. This means during operation in a 150 mm pipe the robot can
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passively reduce its width to the required 137.02 mm to turn the corner. As well as the
passive spring there was an active lead screw mechanism. This allowed the diameter to
be varied between 137.02 - 243.66 mm. To alter the range of diameters the robot, the
pivot arms length can be changed, the selected arms for the given range had a length
of 59.5 mm.

To allow the robot to reach the smallest possible diameter, the arms have been
designed with opposite bends to allow them to sit parallel with each other at its most
compact position (Figure 5.10).

(a) Nominal (b) Contracted

Figure 5.10: FURO II varying diameter

Drive Unit Clearance

As the tracks were centrally aligned and the use of custom 3D printed gearboxes was
proven to be problematic, the original gearboxes were used. These we larger than the
custom ones previously used which could limit the minimum pipe size, so the laser
cut drive wheels were designed to minimise the size of the DU package whilst still
clearing the pipe walls. Figure 5.11, shows the method of determined the drive wheel
radius (rw) to give the motor 1 mm clearance on the pipe wall.

rw = 23.91 mm to satisfy the clearance requirements. The assembled DU is shown
in Figure 5.12.

The supporting plates were used to not only mount the motors and other compo-
nents, they also acted as a guide for the track to limit any possible problems with
derailing. To aid in velocity control for the robot an encoder was included on the rear
custom cog. A custom Printed Circuit Board (PCB) was designed to hold the micro-
controller for each 3D. This was responsible for the low-level velocity control on each
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Figure 5.11: Diagram to show drive wheel radius selection to minimise size whilst
giving 1 mm clearance
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Figure 5.12: Labelled diagram of drive unit

unit and sampling the sensors. The overall control and communication method on the
robot is described in the following section.

Final Design

Figure 5.13 shows an annotated image of the prototype. The full design can be found
in the Appendix CAD 9.1.



88 CHAPTER 5. ROBOT DESIGN AND DEVELOPMENT

Drive Units Feeler Sensors

Robust Metal
Design

Lead Screw for
Active Wall-
Pressing

Spring for
Passive
Wall-Pressing

Three

Tracked for
Extra Grip in
Low Friction
Enviroments

Figure 5.13: FURO II prototype

Table 5.4: Parameters of the custom in-pipe robots developed for this project

Dimensions
Number of Wall-pressing

Construction
Materials

Diameter Length
Min Max

Robot mm mm mm
Drive
Units

Drive
Modules Active Passive

NIVALIS
I-a - - - 3 1 Y N PLA
I-a - - - 3 1 Y N PLA

FURO I 142.22 185.84 211.41 3 1 Y N PLA

NIVALIS
II-a 121.67 159.22 235.25 3 1 Y Y SLA - Tough
II-b 125.71 172.12 300.12 3 1 Y Y SLA - Tough/ Aluminium

FURO II 137.02 243.66 237.38 3 1 Y Y Aluminium

5.5 Summary and Contribution

This chapter presents the development of the final design of the differential drive,
wall-pressing, tracked pipe inspection robot FURO II. Five development inspection
robots were designed and built with continual improvement before the final design
was reached. The key features of each of the robots are summarised in Table 5.4.

The final FURO II is a low-cost platform designed for the task of navigating through
150 mm diameter pipes and turning elbows meeting the requirements at the start of the
chapter. FURO II is the test platform that will be used for testing the autonomous
elbow controller developed in Chapter 6.



Chapter 6

Autonomous Elbow Navigation
Control

It has been identified in that there is a requirement for a differential drive, wall-pressing
robot to have a controller to allow it to safely turn corners. From the review of the liter-
ature in Section 2.3.1, it can be seen that there are no suitable controllers for navigating
around an unknown elbow for the diameters of pipe in question.

The aim of the chapter is the development of an autonomous control system for
the navigation of unknown elbows for a differential drive, wall-pressing robot. The
controller is designed to overcome the shortcomings in the current methods of turning
through elbows in the literature (Section 2.3.1). The full overview of the controller
is presented in Section 3.1, this chapter tests the full cycle of the proposed control
method. It is tested against the Brute Force (BF) method and will be deemed a success
if it shows a significant improvement over this method.

This chapter contains the development of the Autonomous Elbow Controller (AEC).
The controller is tested on the FURO II prototype from Chapter 5 and finally the results
from the AEC are compared with the BF method to determine its suitability.

The controller takes the inputs from the corner parameter estimation (Chapter 3) to
determine the control action and calculate the robots Drive Unit (DU) velocities.

The contribution of this chapter is the development of an AEC that can navigate
around elbows with an unknown corner direction θd and angle φa using data from
low-cost feeler sensor which is an improvement over the BF method.

89
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Definition Of Autonomy For the presented controller, autonomy is being defined as
requiring no human interaction to fully enter, turn and exit the elbow.

6.1 Low-Level Control

Before the development of the full AEC, the low-level control on the FURO II had to
be designed and tuned. As introduced in Section 5.4, the low-level control for each
Drive Unit (DU) uses a PID controller. This ensures the velocity set points generated
by the AEC are followed for each of the DUs.

The controller was implemented using the Arduino PID library [89]. To ensure
compatibility with the FURO II micro-controllers as well as the robust design of the
controller itself. In order to reduce derivative kick, the derivative gain acts only on the
output of the motor rather than the reference signal. The layout of the controller is
shown in the Appendix, Figure 9.2. The set point is defined by the overall AEC and
the output is the motor velocity measured by an encoder sensor mounted on the idle
wheel of the track.

The aim of the low-level controller is to ensure the motor speeds accurately track
the set point value. The controller is tuned using a holistic approach, manually adjust-
ing the gains until the desired output is achieved. The final values from the tuning are
shown in Table 6.1.

Table 6.1: Low-level controller PID gains

kp 2.5
ki 10
kd 0.005

It can be seen that the integral gain (ki) is high to ensure the aim of the low-level
controller is met and the set point is tracked. Although a high ki gives quick removal
of a steady state error, it can also result in an oscillatory response. However, in this
case it is small enough to provide a stable output. The small derivative gain (kd) gives
a slight ramp up to the set point, this reduces current spikes from the motors as the
transmission between set points is smoothed out. The proportional gain (kp) selected
as it achieved the required response. A plot of the response of the controller is shown
in Figure 6.1.
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Figure 6.1: Output of the PID controller

It can be seen that there were fluctuations in the output velocity once the set point
had been reached, this was due to a mechanical fouling of the drive wheel on the track
guides which at a certain point during the rotation would slow the wheel down. Despite
the effect of this physical issue, the controller achieved its aim to follow the set point.

6.2 Proposed Method Of Autonomous Elbow Control

The proposed method has two main states of operation, the straight pipe state and the
elbow state. The straight pipe state is when the robot is operating within a straight sec-
tion of pipe, at this time all the differential drive motor speeds are equal and feeler sen-
sors are being monitored for the trigger threshold (Tstart) to be met. Once the threshold
has been triggered the estimation of the corner parameters is completed and the elbow
state begins. During the elbow state the AEC is used to navigate through the elbow.
Once the elbow state has met its exit conditions (a threshold from feeler data (Texit))
it returns to the straight pipe state. Figure 6.3 restates the basic state machine for this
with updated information.

Similar to Lee et al.’s [55] method, the elbow is split into three stages: entrance,
traversing and exiting. The stages of the controller are shown in Figure 6.2.own fur-
ther to help explain the processes. In general terms the process is as follows: the robot
makes the prediction of corner direction in the entrance phase and calculates the re-
quired velocities for each of the robot’s DUs based on the estimation. In the traversing
stage, the velocities are set for each DU and the robot progresses around the corner.
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Figure 6.2: Autonomous elbow control stages

The final stage is the exit where the straight pipe is sensed and as the robot leaves the
corner the DU velocities are set back to equal and the robot leaves the elbow state. The
proposed control algorithm is shown in the Appendix, Figure 9.3.

Note that the velocities being set by the controller are the set points for each of the
drive units, {VR,VG,V,B}, each drive unit contains its own closed-loop PID controller
to maintain the velocity, as discussed in Section 5.4.

As the proposed method utilises the direction estimation (Chapter 3), the AEC can
work in pipes with unknown directions. The required parameters to determine the
control action are defined in Section 3.1, all the parameters except the corner angle
(φr) can be determine at the start of the corner. As φr is unknown the proposed control
method of sensing for exit conditions allows the AEC to not need to know the corner
angle and is able to navigate an elbow with any angle.

The three stages of the controller are broken down in the following sections.
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Figure 6.3: Autonomous elbow controller overview updated

6.2.1 Entrance

The entrance section is responsible for the estimation of the corner parameters (Chap-
ter 3). The entrance stage is complete as the main body of the robot enters the elbow.
This is when the velocities of each DU are calculated based on the estimation.

To calculate the velocities from the prediction, the radii of the DU paths, RpathR
,

RpathG
and RpathB

are calculated. The first step is finding the path length required for
each of the three differential DUs. It is initially assumed that the bends are all 90◦

elbows (φa = 90◦). Figure 6.4 shows the geometric layout of the three DU’s path
lengths, lpathR

, lpathG
and lpathB

.

Using Figure 6.4 the equations for the path radii, RpathR
, RpathG

and RpathB
can be

found as follows,

Rpathi
=
√

(R− r cos(θd +δi))2 +(r sin(θd +δi))2, (6.1)

where i=R, G or B and δi is the separation angle of each DU, for this example δR,G,B =

[0◦,120◦,−120◦]. Once the radii of the path is known, the path length, lpathi
, can be

calculated,
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Figure 6.4: Calculating radii

lpathi
= Rpathi

φa. (6.2)

From the path lengths the individual velocities can be determined. The path length
of the central path (lpathc

) can be calculated and thus the time taken to turn the corner
found, tturn =

lpathc
Vr

. This can be used to determine the other velocities for their varying
path lengths.

Knowing the path lengths vary due to their radii, the prior steps of determining path
length and time can be negated as they are constant across all the DUs. This allows the
radii to be used to give a ratio with the centre radius which can be treated as a multiplier
for the average velocity to give the DU speeds. This also removes the requirement to
know φa if exit conditions can be sensed. The velocities for the drive units, Vi can be
found using,

Vi =Vr
Rpathi

R
, (6.3)

where Vr is the average required velocity of the robot. Once the velocities are calcu-
lated at the end of the corner entrance, completing this stage of the AEC.
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6.2.2 Traversing

The traversing phase is categorised as when the robot is within the elbow and driving
around the corner. This is where any error in the prediction will show in the form of
slip of the tracks.

Due to the reviewed methods in Section 2.3.1 providing limited or no metrics for
their cornering methods, the system will be benchmarked and tested against the BF
method. The literature is included in the discussion of the experiments for comparison.

The metric selected to review the system is impulse (Ns). Impulse is force multi-
plied by time, this can be used to not only express the amount of force being exerted on
the robot due to error in estimation (causing the tracks to slip) but also the amount of
time that is spent slipping by all the tracks. This allows the force exerted on the robot
to be expressed whilst also being related to the time. The impulse is used to show
the extra force applied to the robot over the time it spends slipping in the corner, it is
calculated from the wall-pressing force the robot is able to exert on the walls (Chap-
ter 5). The more force the robot is subjected to, the sooner fatigue and other issues will
occur. The amount the robot is required to slip will vary depending on the error in the
prediction.

Reviewing the case of a perfect prediction, the required velocities will be calculated
correctly and thus no slip will occur, as the paths covered by each DU will end at the
same time.

Any error in the prediction will lead to incorrect DU velocities being set for the
actual path length. As the robot is a rigid body the DUs will be forced to exit the
corner at the same time. Thus, the errors in the velocities must be overcome with slip.

To determine the time spent slipping (slip time, tslip), it is assumed that the corner-
ing time of the robot will be the same as the slowest path, be that a fast track speed on
a longer path or a slow track speed on a short path. The difference in path completion
time between the drive units is the slip time. Using this slip time the impulse (I) can
be determined once the force exerted is known using,

I = tslipFs, (6.4)

where Fs is the force required to overcome static friction. This means it must be greater
than the normal force (FN) being exerted by the robot’s spring mechanism and the
coefficient of static friction (µs),

Fs > FNµs, (6.5)
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both FN and µs are calculated in Chapter 5. FN = Fspring tan(ρ) = 39.05 N and µs = 0.5.
Fspring = 220.77 and ρ= 10.03◦ these are dictated by design of the robot. ρ is measured
from the robot’s design when it is at its required width to pass through the corner.

Given both the normal force and the coefficient of friction, the calculated force
required to overcome to static friction is Fs > 19.52 N. Note the force is calculated
from the design of the robot rather than measured from the robot. Given this and the
slip time, the impulse can be calculated using (6.4) based on the error in the prediction
and the BF method.

Figure 6.5: Impulse vs angle of entry

Figure 6.5 shows the comparison of the BF method verses corner direction esti-
mation error. Note for the estimation, the prediction is 0◦ for every orientation, thus
making the angle of entry the error in prediction.

The figure shows that as the estimation error increases there is a dramatic increase
in the impulse. This peaks at ±120◦ (which are the symmetry points for a robot with
three DUs) then drops off again as the predicted velocities become closer to the correct
values.

The black dashed plot shows the impulse required using the BF method, again vary-
ing as the entry angle changes. The blue horizontal line shows the minimum impulse
required using the BF method. With errors in the estimated direction up to ±36◦ the
impulse is lower than the minimum of the BF method. Therefore, the target accuracy
of the estimate of θd must be less than ±36◦, to ensure it is an improvement over BF.
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Impulse From Corner Direction Estimation: To determine the suitability of the
corner direction estimation from Chapter 3, the error in the estimation of ε̄θd = 4.69◦

was compared with the required value to better BF ±36◦. It can be seen that the ac-
curacy is sufficient to better BF. Reviewing the error in terms of the increased impulse
using Figure 6.5 gives Figure 6.6.

Figure 6.6: Impulse vs angle of entry

The increase in impulse was I ¯εθd
= 15.44 Ns, comparing this to the minimum in-

crease when using BF IBFmin = 185.1 Ns showed that the accuracy of the direction
estimation system is more than sufficient for the controller.

6.2.3 Exit Conditions

The third stage of the controller is responsible for the robot leaving the elbow and
returning to the straight pipe. It does this by determining the exit conditions and using
this as a trigger. To find the exit conditions a simulation is developed to determine the
feeler angles as the robot passes through the elbow.

To simulate the conditions the corner and robot parameters must be known. The
parameters of the robot are taken from the FURO II Prototype presented in Section 5.4,
and the corner parameters are taken from a 150 mm standard short pipe elbow.

The simulation generates the path of the feelers as the robot passes through the
elbow using a kinematic model and determines the contact point on the inside of the
pipe to find the angles of the feelers. A Two Dimensional (2D) simplified diagram of
this is shown in Figure 6.7. It can be seen from the figure that as the robot progresses
around the corner the feeler angles change. A more detailed view of the model can be
seen in Figure 6.8, it shows the kinematic model of the robot in the corner.



98 CHAPTER 6. AUTONOMOUS ELBOW NAVIGATION CONTROL

φrφr

CoB

CoB

Red Feeler

Blue Feeler

Red Feeler

Blue Feeler
α fR

α fB

α fB

Figure 6.7: 2D simplified diagram of exit conditions

From Figure 6.8, R is the major radius of the pipe, ml is the length between the
Centre of Body (CoB) of the robot to the feeler mounting point, ll is the height from
the feeler mounting point to the centre of the robot and fl is the length of the feelers.
All these variables (except R) are determined by the design of the robot.

To determine the kinematic model intermediate variables, H, A and B are be found,

H = R− (ll + fl cosα fi)cosθd, (6.6)

where θd is the rotation of the robot within the pipe.

A = l + fl sinα fi, (6.7)

B = H sinφr. (6.8)

Using A, B and H the feeler end positions can be determined,

x = B+Acosφr, (6.9)

y = (ll + fl cosα fi)sinθd, (6.10)

z =−H cosφr +Asinφr. (6.11)

Using the model, the feeler angles can be found as it progresses through the corner.
They can be seen in Figure 6.9. Note that it shows only 10 offset angles (in the range
0◦ to 180◦) of rotation, θd .
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Figure 6.8: Kinematic model of exit conditions

Figure 6.9: Feeler angles of exit conditions

As the robot progresses further into the corner and the feelers transition from the
curved elbow to the straight section of pipe, the feeler angles all converge to their
normal condition, i.e. when the feeler angle is at αi = 70.14◦.
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As part of the direction estimation the feeler angles are combined using a kinematic
model and summing the end points to give a total change in the robot’s local y and z

axes (Section 3.5.1). As the magnitude of dy and dz is already being calculated (dyz)
from (3.9). This magnitude is used for triggering when the robot is back in the straight
pipe.

Figure 6.10: Change in dyz as the robot exits the corner

A distance threshold is also set before the straight pipe can be triggered, to over-
come any defects in the corner which could artificially lower the dyz value at the start
of the traversing stage. Figure 6.10 shows the change in dyz as the robot passes through
the corner at θd = 0◦. As would be expected this tends to zero as the robot enters the
straight pipe. The value selected for this was found from experimentation and 5 mm
is selected. This ensures the corner is exited and is sufficiently close to the final value
to not cause major slipping in the end of the pipe. In the further work section, the
possibilities on the tuning of this values will be discussed.

6.3 Experimental Hardware and Method

To test the Autonomous Elbow Controller (AEC), FURO II (Chapter 5) is required to
navigate around an elbow and compare the responses for the controlled method and BF
method. The data collected as part of this experiment is also used for the verification
of the visualisation system. To achieve this a pipe network is required.
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Pipe Network: To test the proposed control method, an experimental rig was con-
structed. The test rig consisted of two 150 mm sections of pipe joined with a short 90◦

elbow with R = 152.4 mm. This is shown if Figure 6.11.

Figure 6.11: Test rig for Autonomous Elbow Controller

Modifications to Feeler Sensor: The feeler sensor designed for the corner direction
experiment (Section 4.1.1) when originally mounted on FURO II caused some slight
fouling issues at certain orientations within the elbow. Due to this the design was
modified to overcome the issues. The feelers’ offset from the pipe wall (md) was
moved from 22 mm to 28 mm and the roller ball was replaced with a smaller low
friction wheel. The modified set-up is shown in Figure 6.12. The changes to the
feelers were included in the kinematic model for the prediction of corner direction.
The Potentiometer (POT)s were also replaced by a high accuracy Bournes EMS22A30-
C28-LS6 [90] 1024 ppr encoders to give a less noisy sensor input as recommended in
Chapter 4. They have been sampled at 10 Hz, giving approximately 60 samples in the
corner entrance.

Experimental Procedure: FURO II was aligned with angle markings on the section
of pipe before the elbow in the pipe network and the autonomous mode was started
(either AEC or BF), while the robot passed around the corner, the feeler, encoder data
and time are recorded. The experiment was run in 10◦ steps between θ = ±60◦ and
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Figure 6.12: Modified feeler sensor

three passes were complete at each angle with AEC running. A smaller sample is taken
using the BF method to reduce the damage to the prototype. Both control methods had
the same average velocity set point of 10 mms−1. The robot was controlled by ROS,
each topic being used is bagged and the time stamp recorded (ROS version: Kinetic,
Ubuntu 16.04 LTS [88]). This was be used to determine when the robot is entering and
exiting the elbow. The experimental conditions are summarised in Table 6.2.

Table 6.2: AEC experimental conditions

Angle Range ±60◦

Angle Increment 10◦

Angle Repeats 3
Pipe Diameter (r) 150 mm
Elbow Radius (R) 152.4 mm
Elbow Angle (φa) 90◦

Robot FURO II

6.4 Results and Discussion

This section presents the results from the experiment explained above. It is followed
by a discussion of the outcomes of the tests and a comparison with the BF method.

6.4.1 Experimental Results

Figure 6.13 shows the robot passing through the corner, videos of the turning can be
found in the Appendix, Video 9.3. In Figure 6.13, the location of the FURO II robot is
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Table 6.3: Comparison of target and calculated drive unit velocities

Target Calculated Absolute Error
Velocity Velocity Velocity

Drive Unit mms−1 mms−1 mms−1

R 5 5.02 0.02
G 13.23 13.45 0.22
B 13.23 12.99 0.24

Mean 0.16

identified with an arrow. The robot was placed at an entrance angle θd = 0◦ and was
running on the AEC. The robot was able to successfully pass through the elbow for all
39 repeats using the AEC, which proves the effectiveness of the controller.

The results from the experiment are broken down into the three sections to allow a
more detailed review of each stage.

Entrance

The entrance stage of the controller is responsible for both the estimation of the corner
direction as well as the calculation of drive unit velocities.

The modified feeler sensor are mounted on the FURO II prototype for this set
of experiments. The estimation of corner direction was reviewed to determine the
effectiveness of the modifications and them being mounted on the robot.

Due to misalignment of the angle marker with the actual corner direction, a sys-
tematic error has been removed from the results. The estimate from the AEC testing
is shown in Figure 6.14. It can be seen that the predicted angles were close to the
true value. The mean absolute error in the prediction was ε̄θd = 4.01◦ which was an
improvement over the results from Chapter 3, which was likely due to the encoders
on the upgraded feelers. The estimation was also a significantly less than the required
±36◦ to be an improvement over the BF method.

To review the effect of the mean absolute error on the calculated velocities, they
are compared with the target values in Table 6.3 for an average velocity of 10 mms−1

and θd = 0◦. It can be seen that the absolute mean error in velocity was 0.16 mms−1

which was a very small differential to overcome.

To express the velocity difference in terms of the time spent slipping, it was as-
sumed that the elbow angle is φa = 90◦. The tslipε̄θd

= 1.36 s this was calculated by
reviewing the time taken to complete each path and summing the difference between
them and the maximum time. The slipping force for FURO II in an elbow is calculated
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(a) Start (b) Entrance

(c) Traversing (d) Start of Exit

(e) Exiting (f) End

Figure 6.13: FURO-II prototype navigating corner at entrance angle θd = 0◦
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Figure 6.14: Estimated of direction during Autonomous Elbow Controller testing

in Section 6.2.2, Fs > 19.52 N. Calculating the impulse from the slip time and force,
gives the extra Iε̄θd

= 26.55 Ns. For the BF at the same direction and velocity gives,
tslipBF

= 19.39 s and IBF = 378.56 Ns. It can be seen that the estimated value is a
significant improvement over the BF method, resulting in a large decrease in impulse
exerted on the robot. Thus the estimation with the upgraded feelers on the FURO II
robot is suitable for the control algorithm developed in this chapter.

Traversing

To review the traversing section, the time taken for each pass with the AEC is compared
with the time taken for BF. Figure 6.15 shows a plot of the time taken for each pass
using the AEC and Figure 6.16 for BF. The black bars show when the robot got lodged
in the elbow, not completing the turn and receiving a Did Not Finish (DNF) label.

The time for each completed pass is shown in Figure 6.15 and Figure 6.16, the
mean values of each entrance direction are shown in Table 6.4. Where Table 6.4 (a)
shows the mean time taken for the AEC passes, and Table 6.4 (b) shows the same for
BF.

Reviewing the data, it can be seen that the average turning time using the AEC was
t̄AEC = 25.83 s with a maximum tAECmax = 31.20 s and minimum tAECmin = 22.00 s.
For the BF method the average turning time was t̄BF = 36.08 (if excluding the DNF
results) with a minimum time of tBFmin = 33.60 s and maximum of tBFmax = 41.60 s.
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Figure 6.15: Time taken to turn using Autonomous Elbow Controller

Figure 6.16: Time taken to turn using Brute Force

Reviewing the four DNF passes, three of them occurred at −60◦ and the final one
at +60◦. The robot was symmetric at those two values where one DU was travelling
along the longest path around the outside of the elbow and the other two were equidis-
tant from shortest path. This would mean at ±60◦ the robot would have the most force
pushing it in the opposite direction to the corner leading to it getting stuck. This point
can be seen in Figure 6.5 where the greatest impulse was subjected on the robot at
±60◦.
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Table 6.4: Average time taken for the FURO prototype to turn through an elbow

(a) Autonomous Elbow Controller

Start Angle Mean Time Taken
Closed-loop Control

Degrees s
-60 26.80
-50 29.47
-40 27.60
-30 27.07
-20 29.20
-10 26.13
0 25.73

+10 24.27
+20 22.53
+30 24.53
+40 24.13
+50 24.00
+60 24.40

(b) Brute Force

Start Angle Mean Time Taken
Brute Force

Degrees s
-60 DNF
-30 33.60
0 36.27

+60 41.60

The DNF passes were caused by the force resisting the robot being greater than
any forward force the robot can apply, causing the tracks to slip. To overcome this a
greater wall-pressing force could be applied. This would increase the friction on the
walls of the pipe causing a greater forward force to push the robot through the elbow.
The consequence of doing this would be an increase in the forces being exerted on the
robot as it is pushing harder against the pipe. This would reduce the amount of slipping
time but the impulse (6.4) would still be high as the force component is greater.

An observed event which cannot be seen in the data sets that occurred during the
BF testing was the robot skipping teeth on the tracks. This was due to the slipping
required and in this case, the slipping occurred on the mating face between the drive
cog and the track as opposed to the track on the pipe wall.

The difference in mean time between AEC and BF was t̄diff = 10.96 s. This means
on average when using the BF method the robot will slip for 10.96 s more than if using
the AEC method. Using the impulse metric presented in Section 6.2.2, to find the
average increase in the impulse applied to FURO II in the elbow using the BF method
gave, Idiff = 213.97 Ns, which was a very large increase meaning there is much greater
fatigue on the robot.
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Exit

The exit conditions are triggered by monitoring the value of dyz combined with a dis-
tance threshold. The simulated change in Figure 6.10 shows all the values converging
to zero as the robot exits the corner. The real data of five passes taken at −60◦, −30◦,
0◦, +30◦ and +60◦ in shown in Figure 6.17.

Figure 6.17: Real change in dyz when navigating elbow

The change shown in the figure is for the full turn in the elbow. The initial rise can
be seen as the robot enters the corner, the values plateau as the robot is in the traversing
phase and finally starts to drop down as the robot exits. The exit triggering threshold
of dyz = 5 mm is shown on the figure. All the changes dropped below that value, and
at that point the DU velocities were set to the straight section of pipe. Further work
could be completed on tuning this value.

6.4.2 Discussion

Entrance

The corner direction estimation was an improvement on the experimental values from
Chapter 3, with a mean error of ε̄θd = 4.01◦ comparing to ε̄θd = 4.69◦. This improve-
ment was likely due to the less noisy encoders used instead of the POTs which were
previously used. This result is comparable to the related work by Choi et al. [27] and
Kim et al. [60] with mean errors (ε̄θd ) of 2.84◦ and 0.64◦ respectively in their predic-
tions over very limited recorded passes. Both their solutions required large sensors
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which would be unsuitable for small pipework and required large amounts of compu-
tation.

Comparing the result to the BF method the simulated required accuracy to be an
improvement was ±36◦ which the system greatly achieved and reviewing the impulse,
it can be seen that the amount exerted on the robot using the AEC was greater than a
factor of 10 smaller than the BF method.

This shows that the feeler sensors offers a competitive, low-cost (both financially
and computationally) and scalable method for estimating corner direction.

Traversing

The results from the traversing section are shown in Table 6.4. The average increase
in time between BF and the AEC was t̄diff = 10.96 s. This was a significant amount
of time when the target turning time is ttarget = 23.94 s. Comparing the AEC time of
t̄CLC = 25.83 s to the target time shows there was a small difference. This could be due
to errors in the prediction. Despite the slight increase from the target time (ttarget), the
improvement compared to the BF method is clear. The increased time taken by the BF
method translates to the extra impulse exerted on the robot of Idiff = 213.97 Ns. This
is a large amount of force the robot must overcome and could lead to damaging the
robot.

In addition to the increased impulse on the robot during multiple passes using the
BF method, the robot became lodged in the corner. It would be unsuitable for the
intended application of a nuclear environment to deploy a robot which could become
irretrievable. The robot did not get lodged during the AEC testing. This clearly high-
lights the requirement for a controlled method of navigating a corner.

Exit

Looking at the change in dyz from Figure 6.17, the threshold value of 5 mm was suit-
able to trigger the exit condition and allow the robot to leave the pipe. The final values
for each pass are given when the robot is fully in the straight section of pipe. De-
spite the simulated values returning to zero, in the real results none of them achieve
this, with the highest settling around dyz = 4 mm. This was due to the robot becom-
ing slightly twisted within the pipe which moved the mounting positions of the feeler
sensors. This was caused by slight mismatches in speed of the DUs from errors in
the estimation when traversing the corner, as well as minor manufacturing tolerances
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in the pivoting legs of the robot which allowed it to move in undesirable ways. This
could be addressed in software by resetting the feeler angle when the robot is known
to be in a straight section of pipe or manufacturing the robot to tighter tolerances.

6.5 Summary and Contribution

This chapter presents a novel AEC which utilises feeler sensors to safely navigate a
pipe elbow with unknown direction and angle. It achieves its aim by using the direction
estimation in Chapter 3 as a input to the controller to allow the velocities for each DU
to be calculated. The effects of the systematic error were deemed acceptable as the
method still offers large benefits over the BF method. The controller exits the corner
by sensing a change in the end of the pipe, which allows it to navigate an elbow with
any angle (φa).

From practical experimentation it yielded a decrease of Idiff = 213.97 Ns compared
to BF and a comparable performance to the state of the art in the literature. Multiple
repetitions of the AEC showed that the robot completed the corner on every pass (39
in total), comparing this to the BF method which got lodged in the pipe in four out of
nine repetitions shows a significant requirement for the AEC. This method of control
is scalable for different sized pipe robots and is low-cost both computationally and
financially.

The contribution of this chapter is the development of the AEC controller that is
shown to be successful for navigating in-pipe unknown elbows using only three low-
cost feeler sensors.



Chapter 7

Pipe Network Visualisation

7.1 Introduction

This thesis presents a controlled method to allow a differential drive, wall-pressing
robot to navigating an unknown elbow using low-cost feeler sensors. The aim of the
project is to use this robot to navigate unknown pipe networks to geometrically map
them. This chapter takes the data from the feeler sensors and on-board encoders and
develops the geometric map required for the project.

Aim of the Visualisation System: is to develop a method to generate human read-
able geometric reconstructions of pipework from the data that would be received from
the FURO II robot.

The contribution of this chapter is the development of a mathematical model of a
visualisation system that is able to generate pipe networks from the data received from
the FURO II prototype, to show the feasibility of the method.

Requirements for Visualisation: As described in the introduction (Chapter 1), the
use of the robot being developed is to aid in the decommissioning of pipe networks.
The robot will allow only the contaminated section of pipework be identified so they
can be removed. The system needs to be human readable so the initial benchmark for
the accuracy of the system is ±0.5 m for straight sections and ±15◦ for elbow angle
and direction. This will ensure the generated network is representative of actual one
navigated by the pipe robot.

111
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7.2 Pipework Mapping and Reconstruction

There are numerous works on sensing pipe networks, these have been covered in Sec-
tion 2.4. Few of these are used to generate maps of the pipework as in most cases
the map is already known. Yatim et al. [91] provides an overview of various mapping
techniques, this as well as others have been expanded upon below.

Much work has been complete using passive Pipe Inspection Gauge (PIG) robots,
Santana et al. [92] use an extended Kalman filter to reconstruct the path taken by a PIG
using its internal Inertial Measurement Unit (IMU). The landmarks can be detected
using this and significantly improved their reconstruction. Ekpemu and Aloba [93] use
laser scanners to reconstruct the pipework. However, it is used for the identification of
defect in the pipe rather than mapping the network itself as well as this off the shelf
laser sensors are unsuitable for miniaturising down to a 50 mm pipe.

Many methods using cameras exist such as, Thielemann et al. [94] use a time-of-
flight camera to detect landmarks within the pipe, while being demonstrated as effec-
tive further work is required to make the system more robust including the addition of
an IMU. Hansen et al. [95] have developed a mapping and visualisation system which
uses a camera with a fish eye lens. Cylinder fitting constrains the reconstructed camera
images to give the correct distances to ±1 % and junctions are fitted to the identified
areas from the camera. This works only on a single plane which limits the junction
directions dramatically.

Most camera based systems use specialist fisheye cameras but Kahi et al. [96] use
an off the shelf monocular camera for their Three Dimensional (3D) reconstruction,
their method is successful but fell short in pipes with small features, thus requiring
specialist lighting to help illuminate objects.

Work on reconstructing unknown pipe networks has been covered by Rho et al. [97]
where they combine their camera landmark recognition system and pose sensing with
the reconstruction of pipework and successfully recreate the traversed pipe network.
Once the camera has identified a junction and direction this feature is added to the
map. This method works in systems where the elbow type is known, i.e. its radius and
turn angle but could fall short if those were variable.

Lee et al. [56] uses the change of angular velocity to predict corner direction using
an IMU. Zhang et al. [98] also use an IMU with the addition of an odometer combined
using an extended Kalman filter to successfully map a 3D pipeline with a maximum
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height error of 60 mm. The result is compared with a more accurate ductrunner map-
ping system made by REDUCT which has a more complex sensing suite and a maxi-
mum height error of 40 mm. Both these systems have small errors in their maps, due to
eventual drift of the IMU, but they are mounted on passive robots and pulled through
the pipe, meaning there would be no effect from electromagnetic noise from nearby
motors, if applying this to a self-propelling robot, they may become unsuitable. Due
to clear success of the IMU methods, the addition of one will be discussed in further
work.

The MagneBike [99] utilises 3D odometry and 3D laser scanning to reconstruct
images of the complex pipelines the robot is travelling within large 16 inch pipes,
again the size of the laser scanner would be unsuitable for this project.

Lee et al. [100] represent the pipe network in a symmetrical matrix by assuming the
network consist of nodes (junctions) and lines (straights). This allows a computer to
easily handle the map. This matrix is populated by their robot when navigating through
the pipe. During their experiments it is shown that the assumed the angle for corners
are fixed at 90◦ and R = 1.5D, where D is the diameter of the pipe. As the direction,
radius and angle need to be variable for the visualisation, this method is unsuitable.

7.3 Method

The proposed method is similar to the solutions by Rho et al. [97], Hansen et al. [95]
and Lee et al [100], which use their sensor data combined with pre-defined features
to build the visualisation. The method is also matrix based similar to Lee et al. [100]
but instead of using the matrix as the map, a matrix will be used to describe the link
between each feature, where a feature is a straight, elbow, junction, etc.

For the proposed application the estimation of the corner direction using the feeler
sensors (Chapter 3), combined with the on-board encoder data will be used to fit the
feature in the appropriate places.

As the robot can navigate around bends with an unknown direction (θd) and angle
(φa) the visualisation method is required to be able to handle and correctly visualise the
information to an accuracy of ±15◦. As a method of extending the detection system to
estimating the radius is also proposed, being able to visualise different major radii will
also be required.

The method utilises homogeneous transformation matrices to describe the changes
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in corner angle, direction and radius in elbows as well as pipe length in straight sec-
tions. Homogeneous transformations allow us to describe the transforms between dif-
ferent frames using a single standard form matrix [101]. These can be combined to give
the change along a whole sequence of frames, where a frame is the local coordinate
system of each feature. The homogeneous matrix (Hm) has the general form,

Hm =

[
Rm T m

0 1

]
, (7.1)

where Rm and T m are the rotation and translation matrices. They can be found by
reviewing the required transformations for the visualisation system. These can be de-
termined by reviewing a simplified example which is shown in Figure 7.1. This shows
two straight sections of pipe of length l1 and l2 joined by a 75◦ elbow. The transforms
describe the changes each of the feature frames (P0, P1, P2, P3).
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Figure 7.1: Basic example of pipe network

The initial conditions for the starting point are set at the first coordinate frame P0.
It can be seen to transform from P0 to P1 for the straight pipe only a translation in the x

direction is required of length l1. The elbow transform is more complicated. Figure 7.2
shows a 3D diagram of the exemplar pipe network, where the corner direction (θd) and
corner angle (φa) can be seen. The first transform required is to align the frame with
the corner axes, which is a rotation around the x axis or roll (Φ). Once the frame is
aligned with the corner, two translations are required, one in x (dx) and one in z (dz),
which is better shown in Figure 7.3. Now the location of the end new frame is correct,
one final rotation is required to align it with the direction of the next feature (P1d to
P2). This final rotation occurs around the y axis or pitch (Θ) and is equal to the inverse
of the corner angle (φr).
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Figure 7.2: Basic example of pipe network (2/2)

The change in x and z shown in Figure 7.3 as dx and dz, can be calculated using the
corner angle (φr) and the radius (R),

dx = Rsinφr, (7.2a)

dz = R(1− cosφr). (7.2b)

The transformation matrices for the identified straights and elbows can be deter-
mined. For a translation of dx in x,

T m
x =


1 0 0 dx

0 1 0 0
0 0 1 0
0 0 0 1

 , (7.3)

and dz in z,

T m
z =


1 0 0 0
0 1 0 0
0 0 1 dz

0 0 0 1

 . (7.4)
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Figure 7.3: Transform of elbow from basic example of pipe elbow

For a rotation of Φ (roll) around x,

Rm
x =


1 0 0 0
0 cosΦ −sinΦ 0
0 sinΦ cosΦ 0
0 0 0 1

 , (7.5)

and for a rotation of Θ (pitch) around y,

Rm
y =


cosΘ 0 sinΘ 0

0 1 0 0
−sinΘ 0 cosΘ 0

0 0 0 1

 . (7.6)

(7.3) - (7.6) are taken from [101].
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These can be combined to form the homogeneous transformation matrix (Hm), the
order in which they are multiplied is important as that is the order in which they are
performed when being used. The roll will be completed first (Rm

x ), which will align the
axes with corner direction, then the x and z translation to the end point (T m

x and T m
z ),

followed by the final pitch to the corner angle (Rm
y ):

Hm = Rm
x T m

x T m
z Rm

y =


cosΘ 0 sinΘ dx

sinΘsinΦ cosΦ −cosΘsinΦ −dz sinΦ

−sinΘcosΦ sinΦ cosΘcosΦ dz cosΦ

0 0 0 1

 , (7.7)

this describes the transform from Pi to Pi+1.

The variables for each Hm matrix can be determined from the robot’s sensor data.
The encoder readings from each Drive Unit (DU) are used to determine distances for
each feature. For the straight section of pipe, there are no rotations and no translation
in z only in x thus Θ = 0◦, Φ = 0◦, dz = 0 m and dx = li m. The pipe length li can be
found by taking the average change in distance of each encoder between the previous
feature and the next.

The change in features are identified by the triggering points for the corning con-
troller, the corner parameter estimation acts as the start of a corner and provides its
direction and radius and the triggering of the exit conditions acts as the end of the
elbow and the start of a straight.

As φa is not known, it can be determined from the path lengths of the DUs in the
elbow. The change in distance for each DU can be easily found as the path length at
the trigger points for corner entrance and exit are known. Another constraint on the
angle is the standard elbow angles, it is assumed that the elbows are in 45◦ steps. To
find φa, (6.1) can be used to estimate the path radius (Rpathi

) for each DU,

Rpathi
=
√

(R− r cos(θd +δi))2 +(r sin(θd +δi))2, (7.8)

given the elbows major and minor radii (R and r), the offset of the drive units δi. Using
this with (6.2) rearranged to make φa the subject,

φai =
Rpathi

lpathi

. (7.9)
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Note for each DU a separate φai is calculated, these are averaged to give a final es-
timated φa for the corner. The averaged value is then round to the nearest 45◦ as
manufactured elbows are predominantly produced in those intervals.

Once the Hm
i matrix for each feature has been determined, the coordinates of each

frame (Pi) can be found. This gives the path of the Centre of Body (CoB) of the robot.
The network shown in Figure 7.1 will be used as an example,

P1 = P0Hm
1 , (7.10a)

P2 = P0Hm
1 Hm

2 , (7.10b)

P3 = P0Hm
1 Hm

2 Hm
3 , (7.10c)

where Hm
1 describes the transform from P0 to P1, Hm

2 describes the transform from P1

to P2, etc. To extend this to any frame Pi along the path,

Pi = P0Hm
1 ...Hm

i−1Hm
i , (7.11)

allows the visualisation system to be extended to very large numbers of junctions.
When travelling through a network with multiple elbows the robot’s estimations are
always made from its local z axis. The visualisation rolls its global axis to be in line
with the direction elbow to allow for the generation of the features. The following es-
timation is then made from the robot’s axis again which are now rotated in comparison
to the global axis. To compensate for this, the next elbows roll takes the current estima-
tion and negates the previous one from it, which allows for the correct reconstruction
of the robot’s data.

Φi = θdi−θdi−1. (7.12)

Once the path of the CoB is found the pipe is then constructed around it. It is
assumed that the CoB of the robot travels through the centre of the pipe, as wall-
pressing robots generally have rigid bodies this is realistic. The pipe is generated in
features, a step size and point number can be defined to make a more or less dense
image. The features are defined in normal Cartesian space, for a straight pipe,

Sx =−δs, (7.13a)

Sy = Rsinδr, (7.13b)

Sz = Rcosδr, (7.13c)
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for an elbow,

Sx = (R+ r cosδr)sinδa, (7.14a)

Sy = r sinδr, (7.14b)

Sz = R− (R+ r cosδr)cosδa, (7.14c)

where δs is the step distance, δa is the angle step distance, δr is the rotation step angle
this is defined by the density of points on the plot.

Once these have been generated, they can be transposed to the correct location
using the Hm

i matrices, note they are generated back from the frame. The construction
of the basic example from Figure 7.1 pipe network is shown in Figure 7.4.

The method of using the Hm matrix allows the elbows direction (θd), angle (φa)
and radius (R) to be varied which was a requirement of the system. Figure 7.5 shows
examples of different combinations of θd , φa and R.

(a) θd = 0◦, φa = 45◦ and R = 0.15 m (b) θd =−20◦, φa = 120◦ and R = 0.45 m

Figure 7.5: Pipe visualisation with varying elbow direction θd and angle φa
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(a) CoB, l1 (b) Generated pipe, l1

(c) CoB, l1 + e1 (d) Generated pipe, l1 + e1

(e) CoB, l1 + e1 + l2 (f) Generated pipe, l1 + e1 + l2

Figure 7.4: Pipe visualisation example

7.4 Simulation of Pipe Networks

To test the extendibility of the visualisation system, the a set inputs (distance and pa-
rameter estimation) from the robot have been generated to mimic that of it travelling
around a pipe network. As the system takes distance from each DU, corner direction
estimation and the trigger points for the elbow entrance and exit these are all generated.
For these simulations the radius was assumed to be fixed as a standard short elbow.
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7.4.1 Network

The simulated network is a complex example, consisting of four straights followed by
four elbows. The parameters are shown in Table 7.1. The Network was successfully
visualised, as shown in Figure 7.6.

Table 7.1: Feature parameters for the network

Feature Length (li) Direction (θd) Angle (φa)
m ◦ ◦

s1 0.5
e1 -45 90
s2 0.3
e2 45 180
s3 0.6
e3 45 45
s4 0.5
e4 -15 30

Figure 7.6: Visualisation of the network

This shows the method of visualising the pipework is suitable for large networks.
As the system is also required to display the radiological map, simulated hotspots will
be added in the following section.
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7.5 Simulation of Hotspot Detection within a Pipe Net-
work

The map will be used to determine the location of hotspots of radiation, as no active
testing has been completed by the robot this will only be shown in simulation. This
is to show the visualisation system’s ability to overlay data on to the generated pipe
network, which could be used for radiometric characterisation.

Network 2 was used as the template for visualising the hotspots. The inputted data
for the visualisation software to simulate the radiometric sensor was given as a positive
reading at a specified distance along the pipe.

To visualise that hotspot, the distance was used to determine the feature on which
it occurs and the distance along that feature. Once the location had been found a red
ring was generated and transformed using the Hm matrices to the correct location.
Figure 7.7 shows four visualisations of network 2 with hotspots at different locations,
shown as red rings.

(a) Radiation Distance = 0.3 m (b) Radiation Distance = 1.1 m

(c) Radiation Distance = 1.8 m (d) Radiation Distance = 2.3 m

Figure 7.7: Visualisation of Network 2 with radiation hotspots

Despite the ring being in the correct location, as the radiation has been modelled as
a single ring it is not truly representative of the data reading a radiometric sensor would
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receive, but this proves the feasibility of visualising hotspots on top of the network.
This method could be extended to give a more accurate representation of the radiation.
However, it will be part of the discussion for the further work of the project.

7.6 Extension To Different Junction Types

This section presents the proposed method of extending the visualisation system to
different junction types. The examples used is the T-junction. This assumes the T-
junction can be identified as part of the robot’s control system. If a T is identified, the
transform for one leg of the T-junction will be generated (Hm

T (a)) depending on the path
taken by the robot. This point can now act as a branch to the system as any feature
past that point will only be transformed by the Hm

T (a) matrix. If the robot returns to
the T-junction and goes in another direction, the transform for the other leg will be
generated (Hm

T (b)) and features after that point will only be transformed by the Hm
T (b)

matrix making a branch in the transforms. This in theory works for any number of
splits as long as they can be identified by the robot. Giving an examples of the network
shown in Figure 7.8

P0

P1

P2

P3

P6 P4 P5

P7

P8

P9

Figure 7.8: Network with T-junction

The position of the frames for each junction is shown on the figure. The order the
robot visits the frames can be seen from the number, where it starts at P0 and ends at
P9. To show the method of dealing with branches the transforms from P0 to P5 and P0
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to P9 are as follows,

P5 = P0Hm
1 Hm

2 Hm
3 Hm

T (a)H
m
5 , (7.15a)

P9 = P0Hm
1 Hm

2 Hm
3 Hm

T (b)H
m
7 Hm

8 Hm
9 . (7.15b)

It can be seen that the transforms for the T-junction, Hm
T (a) moves from P3 to P4 and

Hm
T (b) moves from P3 to P6. It can also be seen that to describe the translation to P9

the transforms for the other side of the T (Hm
5 Hm

T (a)) are not used. This allows more
complex junction types to be described by the same format of transformation matrices.

7.7 Visualisation of Real Data

To test the visualisation system on real data from the FURO II robot, the Autonomous
Elbow Controller (AEC) test data was post processed for inputs to the system. The
test setup for the AEC is shown in Figure 6.11. It was a single elbow linked with two
straight sections of pipe. The major radius of the elbow and pipe radius were assumed
to be known as R = 0.1524 m and r = 0.075 m. The corners angle φa and direction θd

were be calculated from the sensor data.

Six passes were selected for visualisation, the direction and repeat number were
selected randomly to give a representative spread of data. The datasets are, θd =−50◦

repeat 2, θd = 40◦ repeat 2, θd = 60◦ repeat 1, θd = −10◦ repeat 1, θd = 30◦ repeat
3 and θd = −10◦ repeat 2. The selected data sets are compared with the simulated
output of the visualisation system. The simulated data was generated from the same
elbow parameters as the real elbow but with the target θd and a fixed corner angle of
φa = 90◦.

The visualisation system takes the corner direction prediction from the robot and
the distances travelled then estimates the corner angle (φa) for each of the elbows. The
resulting visualisations and the simulated outputs are shown in Figure 7.9.

It can be seen that there are some errors present in the difference between the
visualisation of the real data and the simulated output. The estimated parameters are
shown in Table 7.2. Comparing the results to the required value angular accuracy of
±15◦ (Section 7), it can be see that only the result (a) (−50◦, repeat 2) is outside the
desired value.

To improve the output, rounding can be used to correct the corner angle (φa) as
elbows are only manufactured to standard angles. The addition of filtering and a better
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(a) θd =−50◦ repeat 2 (b) θd = 40◦ repeat 2

(c) θd = 60◦ repeat 1 (d) θd =−10◦ repeat 1

(e) θd = 30◦ repeat 3 (f) θd =−10◦ repeat 2

Figure 7.9: Visualisation of real and simulated data

distance estimation system would also improve the system, as the corner angle estima-
tion is based on the distance travelled by the robot.

The visualisation of the real data is human readable, showing a general trend to the
direction and angle of the elbows the robot travelled through.

7.8 Limitations

The proposed visualisation is the proof of concept for the final system. The following
section discusses some of the limitations of the proposed system and how they could
be corrected for in the final system.
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Table 7.2: Estimated corner parameters for visualisation system

Target θd Estimated θd Target φa Estimated φa Error
◦ ◦ ◦ ◦ ◦

(a) -50 -61.8 90 105.54 15.54
(b) 40 50.09 90 86.17 3.83
(c) 60 52.81 90 95.27 5.27
(d) -10 -19.82 90 102.58 12.58
(e) 30 30.9 90 93.16 3.16
(f) -10 -19.72 90 101.74 11.74

Accumulated error poses a large issue to the method, as the distance travelled is
determined from only the encoder data on the robot. Slip in the tracks or missed
counts from the controller can lead to error building up over time. This means that
despite the system being accurate for small pipe networks, if increased to much larger
sizes, it may cause very large errors to build up.

It is also the case for the corner direction estimation as the previous value is used
to offset the new one when it is being visualised. Error in this estimation could lead
to incorrect angles being visualised despite an accurate estimation from the robot. To
compensate for the encoder drift, an alternative method of localisation could be used
with the data to give a more accurate estimation of the distance travelled. Fusing
this data with a more absolute method of positioning would reduce the accumulated
error. For the direction estimation, an IMU could be used as the reference for the
visualisation, this would introduce its own error to the system but would remove the
reliance on the previous estimation, thus removing the accumulation of error.

Unknown rotations pose a challenge for the system as the relative direction of the
next elbow to the robot will be different to the previous elbow. This would result in
an incorrect visualisation of the elbow direction even though the robot could have an
accurate estimation. Similar to the accumulated error an IMU would give a reference
to the robot such that rotations could be detected and the elbows correctly visualised.

Visualisation of surface defects is currently not present in the system, the method
assumes the pipes are round when generating them. For a future development the feeler
data could be used to generate the pipes which would show any deformation or defects
the feelers travelled over.
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7.9 Summary and Contribution

The contribution of this chapter is a successful method of visualising the data taken
from a pipe inspection robot including an initial test of overlaying hotspot data on to
it. The method can deal with large networks as the system is based on homogeneous
transformations. The visualisation is able to accurately represent elbows with varying
directions, angles and radius from only distance and corner parameter estimation data.
Despite only being limited to elbows and straights a method of extending the system to
work with other junctions such as T-junctions is proposed. Reviewing the visualisation
of the real data (shown in Figure 7.9) they are an acceptable representation of the actual
elbow used for the AEC experiments.

The extended simulations of networks shown in Section 7.4 that this method of
visualisation could be extended to larger real world networks. Reviewing the require-
ments of the system, the corners angles are within the 15◦ required accuracy. The
distance travelled by the robot is also within the ±0.5 m tolerance but the robot trav-
elled only a small distance and thus this metric is not fully proved. The discussion of
future work will include the possibilities of adding an IMU to the robot to better aid in
the visualisation of the networks as well as the inclusion of sensor data.
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Chapter 8

Conclusion and Further Work

8.1 Summary

The need for a controlled method of navigating a wall-pressing, differential drive, pipe
robot through an unknown pipe network with small pipe size (50 - 150 mm) was iden-
tified in Chapter 2. This thesis developed an Autonomous Elbow Controller (AEC) as
a solution to that problem.

Before a control action could be calculated, the parameters of the unknown corner
need to be detected. Chapter 3 presents a feeler sensor and algorithm to determine
the corner direction which can be extended to the major radius. From testing the cor-
ner parameter estimation (Chapter 4) it was found to have an absolute mean error of
ε̄θd = 4.69◦ for corner direction and ε̄R = 0.91 mm for radius. This is a good es-
timate for direction which is comparable with the results of the literature but offers
a low-cost and scalable method of detection. For the radius it is the only system to
provide practical results from a radius estimation on an in-pipe robot. Comparing this
to the requirements of the system from Section 3.3, it is an improvement on the target
estimations of θdtarget = 10◦ for corner direction and 5% for the radius.

To test the controller that was being developed a robot was required. FURO II
was designed in Chapter 5, it is a wall-pressing, differential drive, tracked robot that
is able to navigate around elbows in 150 mm pipes. It features both active and passive
wall-pressing allow it to have some compliance but also able to controllably change its
diameter. The aim of the robot was to be a suitable platform to test the AEC by acting as
a feeler mount and being able to navigate around an elbow with the appropriate control
(Chapter 5). It was successfully able to complete this aim as shown in Chapter 6. The
requirements of the robot as highlighted in Section 5.2 have also been achieved.

129
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Once the parameters were estimated and the robot was designed, the full controller
could be developed. Chapter 6 presents a method of using the corner parameter esti-
mation to act as an input to the AEC to generate the control action. Once in the elbow
the AEC checks for exit conditions, allowing it to navigate through an elbow with any
angle (φa). The AEC was compared with the Brute Force (BF) method, the results
showed a decrease in the impulse applied to the robot of Idiff = 213.97 Ns when using
the AEC. The BF method also caused the robot to become stuck in the pipe which
did not occur during any of the 39 AEC passes. This also highlights the need for a
differential drive robot to have a controller. The aim of the controller was to propose
a suitable method that would be a significant improvement over using the brute force
method, which the previous discussion shows has been met.

Finally a visualisation system able to generate a map from the collected data from
the robot is designed (Chapter 7). It was able visualise elbows with varying, angle,
direction and radius. It was used to successfully generate visualisations of the AEC
tests and showed its extendibility by visualising larger networks from simulated in-
puts. Comparing the output to the initial aim of the visualisation system ‘To develop
a method to generate human readable geometric reconstructions of pipework from the
data that would be received from the FURO II robot’ (Chapter 7), it was able to achieve
this aim, however improvements to the system could be made to simplify the task for
the operators.

8.2 Thesis Analysis

Project Aim: Reviewing the aim of the project from Section 1.3, “The aim of the
project is to develop a robotic system that can autonomously navigate through un-
known pipe networks, then produce a geometric map of the information gathered.”. It
can be seen from the summary above that the aim and objectives (Section 1.3) have
been met for networks which only consist of elbows.

The following sections conclude the current progress of the project and discusses
how this work could be extended to varying junction types and other improvements
of the system. It also involves the further work required to make this system fully
deployable in the nuclear environment as well as other industries.
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8.2.1 Corner Parameter Estimation

The current progress of the corner parameter estimation is the ability to identify corner
direction and radius in an unknown elbow. The direction is thoroughly tested but ex-
tensive testing on the radius prediction should be included in further work to correctly
characterise the suitability of the algorithm. From analysing the data from the estima-
tion tests, the radius prediction was found to have a mean absolute error of 0.91 mm
for a R = 152.4 mm elbow. This is a good result with a very small error but is only
tested on a single radius.

Also reviewing the results showed, there are differences in the simulated and real
estimations. Adding advanced filtering techniques to the feeler sensors would aid in
better estimations of the corner parameters.

A particle filter was developed as part of the sensing system for the project. It takes
the simulated feeler angles as the state update for the particles then uses the captured
data for the measurement update. Using the filter on the data from the corner parameter
estimation experiment (Section 4.1) yielded an absolute mean error of ε̄θd = 11.38◦.
Comparing this to the original method (ε̄θd = 4.69◦) shows that the error is increased
when using the particle filter. However, there is potential for the filter to be improved
and tuned to better the original method.

8.2.2 In-pipe Obstacles and Junctions

The proposed AEC allows the navigation of networks consisting of elbows. However,
to allow the navigation of travelling through more complex networks, methods of using
the feeler sensors to detect other junction types should be considered. A method of
retracting the feelers would be required for T-junctions as the feeler arm may spring
out into an opening which would stop the robot progressing.

Two methods to achieve this would be a central motor to retract all of the feelers,
which would only require one extra actuator but makes the mechanical design more
complex, or the addition of small motors to the pivot points of the feelers. As exam-
ple of the latter is the Dynamixel XL series [102], which would also provide angular
feedback removing the need for the encoder.

Once the prediction method is extended to other junctions the controller must be
developed to also overcome them. A state based approach can be used where each
junction type has its own controller state. This would allow for a specific controller for
each junction to be developed.
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Overcoming T-junctions can be a difficult task as in certain orientations one of the
robot’s DUs can have no contact with the walls of the pipe. Strategies for overcoming
T-junctions with a differential drive robot are presented by Roh and Choi [103] for
8 inch pipes.

Other junctions to consider and test are step and ramp changes in the pipe diameter.
FURO II is able to expand and contract between 137.02 - 243.66 mm but it has only
been tested in 150 mm pipes. Testing with various step heights and ramp angles should
be completed to fully characterise the performance of the prototype.

As part of improving the AEC, the triggering threshold could be tuned to give a
more/less accurate entrance and exit threshold for worse/better noise rejection respec-
tively.

8.2.3 Sensing and Visualisation

The visualisation system presented in Chapter 7, provides good reconstructions of the
pipework navigated during the AEC testing. However, the accuracy of the system has
not been tested on longer, more complex networks. Due to the current method relying
on its position from an encoder it is likely to suffer from errors as the distance travelled
by the robot become greater.

To improve the accuracy of the localisation system for the robot, the inclusion
of an IMU should be considered as it is shown to be successful form the literature
(Section 7.2). To combine the data with the encoder data, advanced filtering methods
such as an extended Kalman filter could be used. This would not only improve the
localisation of the robot but would allow the generated maps to be more accurate as
the distance travelled is used to determine the pipe lengths. An IMU could also be used
to correctly orientate the map to help with the view for the end user.

External sensing needs to be added to the robot, such as a radiometric sensor. This
would allow real sensor data to be overlaid on the visualised pipe networks.

As well as radiometric sensors, other sensors could be added. A camera with live
stream to the operator could help with manual identification of objects in the pipeline
as well as manual control. Using the feeler data to map the internal dimensions of the
pipe could also provide an interesting insight into the conditions of the pipes.
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8.2.4 Environmental Hardening

To create a deployable robot for the nuclear environment, hardening the robot to be
able to withstand the environmental effects should be considered. As the pipework in
question is Post Operational Clean Out (POCO), there should be only small traces of
nuclear material and the dose level should not be too high.

To protect from the effects of radiation, shielding can be used. Shielding materials
such as lead tend to be very dense and heavy and are more effective when made to be
thick. The shielding required may make the robot cumbersome and reduce its lifespan
when running on batteries. The robot is also required to work in 50 mm pipes meaning
there is very little space for shielding.

Another method of radiation hardening is to be selective with the components used
on-board the robot, Nancekievill et al. [104] found power regulators were particularly
susceptible to degradation. It also suggests integrated circuits and other electronics
could be designed with components that are more radiation tolerant. Methods such as
this would allow the robot to keep its small form factor and be hardened to radiation.

During POCO the pipework is flushed with a very acidic solution to help remove
any radioactive materials. Residue from the flush may be left in the pipe meaning the
materials on the robot must be able to withstand very acidic conditions. Acid resistant
plastics and metals should be selected for the manufacturing of the robot. [105] lists
some acid resistant materials that could be used as a replacement to the robot’s current
materials, such as aluminium alloys and Polytetrafluoroethylene (PTFE) plastic. Cov-
ers for the electronic components should also be used. This will not only help shield
them from the acid but can also help with the decontamination of the robot.

Decontamination is an important factor for the final deployable version of the robot.
This will allow the robot to be cleaned down and reused as opposed being disposed of.
Wipe clean faces and no traps for contamination are required for this.

Other environmental effects include increased temperatures, which can be over-
come by the selection of components that are able to operate in elevated temperatures.

8.2.5 Tether and Communication

The current FURO II robot is tethered, this is to allow for long term running of the
robot without the need for changing batteries, which also removes the need for wireless
communication. For a final deployable version of the robot it should be tetherless. The
addition of a tether within an in-pipe environment can cause excessive drag once the
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robot has navigated around junctions. A tether would also be more waste to be disposed
after it was used.

To allow the robot to be tetherless all the required power circuitry must be carried
on-board the robot. A method of relaying the information back to an operator (if
present) will also be required. Extra pods behind the robot could be used to carry
excess circuitry and power required by the robot. These pods should be passive and
mechanically linked to the robot to allow them to be pushed or pulled. Adding extra
pods to the robot would increase the complexity of navigating junctions and the drag
on the robot. It also generates more waste when the unit is disposed of.

Communication poses a large issues, Radio Frequency (RF) selection for wireless
communication can be difficult as the pipe limits the wavelength that can be used [106].
Other methods of wireless communication can be considered such as acoustics, where
the pipe can act as a wave guide for the signal. Branches in the pipeline pose other
issues where the signal will be split meaning high powered sources may be required
which can reduce the lifespan of the robot when running on battery power.

8.2.6 Retrieval and Autonomous Control

As the robot is tetherless, retrieval poses another problem. Traditionally in-pipe robots
have a tether that is reinforced to allow it to be removed in the case it gets lodged. For
the FURO II robot this is not an option, therefore any failures in the robot’s locomotion
method could lead it to become stranded in the pipe. The proposed method to overcome
this is the use of failure detection on board the robot. Such as Baghernezhad and
Khorasani’s [107] work, which is able to detect faults on the robot and Vechet et al.’s
[108] which is able to do the same for its sensors. If a fault is detected this could allow
the robot to be put into a recovery state and attempt to return to the start of the pipe.

The autonomous control system plays a crucial role in the deployment of the robot
for multiple reasons. First it must be able to return to the start of the pipe but it also
must be sufficiently robust that no issues occur. This includes knowledge of how to
navigate all possible junction types and its own capabilities. I.e. if it reached the end
of a pipe to stop and return. Blockages and pipe ends pose a challenge for the robot,
a method of autonomously identifying these would be required to stop the robot when
they are reached.

Backwards travel will be a requirement of the controller so it is able to return back
to where the robot is deployed. As the robot has only one set of sensors, to be able
to reverse back through the pipe network, it can use the map it has generated. The
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localisation system will have to determine its location on the map. Any errors of the
estimation system and undetected rotating in the pipe could lead to incorrectly calcu-
lated velocities when the robot is reversing around the junctions. To help reduce this
risk a second set of feeler sensors could be added to the rear of the robot which would
be able to recompute the corner direction when they are approached. An alternate
method to improve this would be a better localisation system and adding an IMU to
give it knowledge of its orientation. This information could then be used to give an
accurate location on its map and take into account any rotations of the robot.

A small form factor laser range finder could be used to detect the distance of ob-
stacle ahead of the robot. This combined with the feeler data should allow them to be
detected. A laser range sensor could also provide another input into the localisation
system which could help improve the accuracy.

Coverage algorithms would need to be considered to ensure the largest possible
network within the lifespan of the robot. When the robot isn’t able to determine its
control action, a manual override is already included in the robot’s controller.

8.2.7 Miniaturisation

The FURO II prototype is designed for a 150 mm pipe, the final aim of the project is to
operate within 50 - 150 mm pipes. Work on miniaturising the robot can be completed.
However, new, small, high-torque motors and robot design would be required. Very
small pipe inspection robots have been built such as Suzumori et al. [30] as well as
many others. This shows making a small form factor in-pipe robot is feasible.

Section 4.2.5 discusses the estimation method when using a 50 mm pipe. It is
shown to have a maximum mean error ¯εθd = 1.81◦ in the predicted angle showing
it is still a suitable method in small pipes. Real world testing should be completed to
verify this.

8.3 Contribution to Field

The major contributions of the thesis are presented in the following:

1. A novel feeler sensor and algorithm for the detection of unknown corner
parameters. From practical experimentation it was found to be able to estimate
corner direction with an absolute mean error of εθd = 4.01◦ and corner radius
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with an absolute mean error of ε̄R = 0.91 mm. The corner direction is a compa-
rable solution to the literature but with the ability to scale to smaller pipes and
the radius estimation is the first to provide practical results.

2. The design of a pipe inspection robot for the task of navigating elbows
within a 150 mm pipe. FURO II is a both active and passive wall-pressing,
differential drive, tracked, in-pipe robot. It is able to operate in pipes with large
diameter range (137.02 - 243.66 mm).

3. The design of an autonomous controller for the task of navigating a wall-
pressing, differential drive, robot around unknown pipe elbows. The con-
troller is able to navigate around elbows with an unknown, direction, radius and
angle. It was tested on an elbow at varying directions and it was shown to be suc-
cessful by completing all 39 passes through the elbow when using the AEC. It is
also a significant improvement over the brute force method leading to a decrease
in the impulse applied to the robot of Idiff = 213.97 Ns. The extra forces applied
to the robot during the brute force method also caused it to be become lodged
in the pipe, which did not occur during the test with the AEC on the FURO II
robot.

4. A Visualisation System is developed to reconstruct the pipework through
which the FURO II robot travelled. The system uses homogeneous transfor-
mation matrices to generate the pipework which allows large complex networks
to be mapped and generated. The system takes the sensor outputs from the robot,
the encoder counts and feeler predictions. Using this it is able to determine the
distances between landmarks (Elbows, Pipes etc.) and generate the visualisation
from their estimated parameters. The visualisation system is able to reconstruct
elbows with varying radius, angle and direction and is shown to be able to gen-
erate complex pipe networks with radiation hotspots also identified on them.
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Appendix

9.1 Electronic Appendix

Please find all contents of the electronic appendix on Mendeley Data: DOI:10.17632/
47c9kmshs7.3

List of Electronic Appendix Contents

Video 9.1: Video of NIVALIS I navigating elbow with manual control and travelling
within straight pipe

Video 9.2: Video of FURO I navigating elbow with manual control and travelling
within straight pipe

Video 9.3: Video of FURO II navigating elbow with autonomous elbow controller
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CAD 9.1: Solidworks files for the design of the FURO II prototype

9.2 Figures
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Figure 9.1: Corner Prediction Flow Chart
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Figure 9.3: Closed-loop Control Architecture
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9.3 Tables

Table 9.1: Design parameters of wheeled and tracked, differential drive robots
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Table 9.2: Design parameters tracked, differential drive robots
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