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Abstract

Heavy industries, such as the construction, forestry, and mining industries, rely

on off-highway mobile equipment to conduct various tasks. Since their advent in

the 20th century, these mobile machines have continuously grown in size as a means

of improving operational performance. Increasing the size of a machine can in turn

increase its productivity with little to no change required of the human operator.

Seeking additional improvements, technologies related to robotics and automation

have been introduced to these large machines during the last three decades. The

ability to remotely operate equipment has relocated the human operator away from

the harsh environments onboard their machines. The human operator has been fur-

ther separated still with autonomous controllers. However, despite these technological

advancements, such machines have experienced little to no changes in design.

The design constraints related to onboard operation are ingrained in existing ma-

chines, yet are no longer necessarily applicable for remote or autonomous operation.

Reconsidering these constraints can expand the design space of off-highway equip-

ment to include adaptations that were once not suitable or feasible. Modularity and

reconfigurability are such concepts and their incorporation into off-highway equip-

ment designs can comprehensively impact the processes and operations reliant on

equipment. A conceptual prototype, referred to as the Modular Off-Highway Robotic
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Equipment (MORE) System, was created to explore the concept in the context of

off-highway applications.

The MORE System consists of two types of units. One provides a set of generic

powered motions and the other converts these motions into application specific func-

tions. Through small-scale indoor demonstrations, the system has shown an ability

to load and haul loose material, as well as handle heavy and potentially large objects,

while being operated remotely. The overall success of this system suggests modularity

and reconfigurability may be feasible for robotic off-highway equipment applications.

Incorporation of path-planning and control algorithms would improve the system’s

usability. The system may also be used as a platform to support other future research

related to robotics in the heavy vehicle automation space.
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Glossary of Terms

comprehensive adaptation is a type of adaptation to a machine that does mean-

ingfully alter its function, performance, or operational procedure.

design relic is an element of a design that remains despite it no longer being nec-

essary, specifically because of a change in design constraints or requirements.

design space is the set of possible design solutions bound by a set of design con-

straints.

economies of scale is a business concept referring to a reduction of product unit

cost; achieved by increasing the volume of production with a proportionately

lower total cost increase.

super�cial adaptation is a type of adaptation to a machine that does not mean-

ingfully alter its function, performance, or operational procedure.
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Glossary of Abbreviations

CAD Computer Aided Design.

D. Pad Directional Pad.

FOPS Falling Object Protective Structures.

GPIO General Purpose Input/Output.

HDMI High-De�nition Multimedia Interface.

I2C Inter-integrated Circuit.

IOI Industries Of Interest.

IU Implement Unit.

JST Japan Solderless Terminal.

LAN Local Area Network.

LED Light-Emitting Diode.

LHD Load-Haul-Dump.
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MAU Mobile-Actuator Unit.

MDF Medium-Density Fiberboard.

MORE Modular O�-Highway Robotic Equipment.

PETG Polyethylene Terephthalate Glycol.

PTFE Polytetra
uoroethylene.

PWM Pulse Width Modulation.

ROPS Roll-Over Protective Structures.

ROS Robot Operating System.

UGV Unmanned Ground Vehicle.

USB Universal Serial Bus.
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Glossary of Symbols

LL , LC , LR Left, center, and right actuator lengths.

_x, _y, _� Longitudinal, lateral, and yaw velocities of vehicle relative to global reference

frame in global reference frame.

R2 Planar vector space in the set of real numbers.

R3 Cubic vector space in the set of real numbers.

S1 Single dimensional unit sphere.

� l , � r Left and right track velocities in vehicle reference frame.

� , ! Longitudinal and yaw velocities of vehicle relative to global reference frame in

vehicle reference frame.

� , � Yaw and pitch angles of coupler reference frame relative to global reference

frame.

q Platform position state vector in actuated platform reference frame.

u Platform joint state vector.

Oa Origin of actuated platform reference frame.
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Oc Origin of coupler reference frame.

Og Origin of vehicle reference frame.

Ov Origin of vehicle reference frame.

w Track width of vehicle in vehicle reference frame.

xa, za Longitudinal and vertical axes of actuated platform reference frame.

xc, zc Longitudinal and vertical axes of coupler reference frame.

xg, y g Longitudinal and lateral axes of global reference frame.

xv , y v Longitudinal and lateral axes of vehicle reference frame.

x, z Longitudinal and vertical distances of coupler reference frame relative to actu-

ated platform reference frame.

a - i ; � 1; � 3 Constant link dimensions of the actuated platform geometry.

j � l , � 2 Variable link dimensions of the actuated platform geometry.
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Chapter 1

Introduction

It is no surprise that machines have increased the productivity of humans beyond

their sole ability [7]. Whether it be through carrying loads that are heavier, ma-

nipulating objects further away, moving at faster speeds, or operating with higher

precision, machines have been designed to amplify the actions of their human opera-

tors. This is no less true for industries like construction, forestry, and mining where

machines commonly referred to as o�-highway mobile equipment are heavily relied

upon for a variety of tasks.

The evolution of o�-highway equipment has borne machines of enormous capaci-

ties. The largest land vehicle in history is a bucket wheel excavator, the Bagger 293

produced by TAKRAF, that supports surface mining operations. With a mass of over

14000 tonnes and a length of 225 m, this machine allows its �ve human operators to

move 240 000 m3 of earthen materials [8]. The Komatsu D575A-3 crawler dozer is

another massive capacity machine that supports mining and construction operations.

A single operator perched atop the 11 m long, 152 tonne machine can push 69 m3

of earthen material with its blade [9]. Despite their already large size, the apparent

trend is for o�-highway equipment to continually grow as a means of reducing cost
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1.1. PROBLEM DEFINITION AND MOTIVATION

per unit volume of material processed [8, 9]. This is equivalent to the economies of

scale notion in that a larger machine contributes proportionately more to production

volumes than to costs associated with its operation.

Though there may or may not be an upper limit to machine size, there was for a

time a certain lower limit to the number of operators required onboard each machine

given the available technology. Regardless of machine capacity, it was necessary for

at least one human to be present so they may observe the environment and machine

states, make decisions that proceed towards a desired objective, and execute the

designated actions. That is until advancements in technologies, speci�cally relating

to robotics and automation, enabled the removal of operators from onboard their

machines. This capability can have tremendous implications relating to the economies

of scale that initially drove equipment to their large capacities.

This thesis guides the reader through an alternative opportunity for garnering

economies of scale; one that is enabled by these modern technologies yet remains

underdeveloped and underutilized. It focuses on the increase of production volumes

and reduction of relative equipment costs not through an increase of machine capacity,

but instead through an increase in machine quantity. The objective is to explore a

shift away from fewer large machines towards many smaller machines, similar to robot

swarms, for o�-highway equipment applications.

1.1 Problem De�nition and Motivation

In its modernization, o�-highway equipment has increasingly incorporated robotic

technologies. With teleoperation, human operators have left the harsh environment

2



1.2. THESIS CONTRIBUTION

their equipment is subjected to for a safer and more comfortable remote control sta-

tion [10{12]. With automation, human operators have been freed from performing

highly repetitive tasks and low level actions to instead manage high level decision

making in a supervisory role [10{12]. However, at their core, these technologies have

predominantly been integrated onto machines inherently designed for onboard human

operators. With the onboard operator trending into obsolescence by the progression

of these very technologies, the question should no longer beHow can modern equip-

ment be teleoperated or automated?Rather, the question should beWhy does modern

equipment continue to look so similar to their antiquated onboard operator counter-

parts?

It is believed that the design constraints stemming from onboard human operators

now unnecessarily limit the capabilities and performance of robotic o�-highway equip-

ment. The possibilities a�orded by modern robotic technologies are beyond what was

available during machine inception and thus the reconsideration of conventional o�-

highway equipment designs is justi�ed. This author suggests that there should be

more e�ort placed on exploring new equipment designs that embrace modern robotic

technologies rather than continue to attach autonomy as an addendum.

1.2 Thesis Contribution

The predominant contribution of this thesis is the design and creation of a novel

multi-vehicle robotic system intended to pilot modularity and recon�gurability as an

alternative over conventional o�-highway equipment designs. The system is relatively

low cost and fabricated from commonly available materials by ordinary tooling, al-

lowing for its easy replication. Though it is a functional prototype meant for indoor
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trials, the design can be scaled with minimal modi�cations for practical deployment

in outdoor applications, if desired.

Beyond the speci�c design itself, another contribution of this system is that it

may be used as a platform to facilitate future research relating to multi-vehicle plan-

ning and control algorithms. Advancing these technologies may not only bene�t this

system but many others as well. It may also serve as a catalyst to spur the creation

of other novel designs or approaches that further challenge o�-highway equipment

conventions.

1.3 Organization of Thesis

The thesis document is organized into four subsequent chapters. In Chapter 2,

general background information is provided. A discussion about o�-highway equip-

ment and the development of their designs is included, along with an overview of

related robotics technologies. Chapter 3 provides a discussion about how the per-

formance of robotic o�-highway equipment may be modi�ed by incorporating modu-

larity and recon�gurability. The Modular O�-Highway Robotic Equipment (MORE)

System prototype designed and built to explore modularity and recon�gurability is

described in detail within Chapter 4. Chapter 5 concludes this thesis with an evalu-

ation of system performance, recommendations for possible expansions to this work,

and summary remarks.
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Chapter 2

Background

This chapter provides related background information to support the discussions in

succeeding chapters. An overview of o�-highway mobile equipment and the industries

reliant on them is found in Section 2.1. The evolution of o�-highway equipment design

follows in Section 2.2. In Section 2.3, the capabilities of relevant modern robotic

technologies, speci�cally relating to modular and recon�gurable robotic systems, are

examined to complete the chapter.

2.1 Overview of O�-Highway Equipment and their Industries

The phraseo�-highway equipment, along with synonymousheavy equipment, are

typically used to describe the collection of large utilitarian vehicles that facilitate

the industrial operations taking place on o�-road terrains [13]. Though more formal

de�nitions specifying vehicle weight, purpose of locomotion, and other details can be

sought out, what is found are mainly legal semantics applicable to the regulatory bod-

ies managing local public health and safety [14]. Instead, a more useful understanding

based on contextual examples of the equipment and their industrial applications is

desired for the reader.
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2.1. OFF-HIGHWAY EQUIPMENT AND INDUSTRIES

There are several industries that make use of o�-highway equipment. Three that

are notable are the construction, forestry, and mining industries given their large

market proportions [15]; these three industries are referred to as the Industries Of

Interest (IOI). An outline of the general operational procedure used within each of

the IOI is included below before speci�c examples of equipment are presented.

2.1.1 General Operational Procedure within the IOI

Construction Operations

Construction refers to the creation of physical structures with residential, com-

mercial, industrial, and civil applications. It normally involves the transformation of

unstructured natural landscapes into more habitable environments for humans. Con-

struction projects are typically large scale endeavours that make repeated use of a

�nite set of elementary processes. The processes can be categorized into three func-

tional operations: materials handling, materials shaping, and structural joining [11].

Consider for instance the creation of a residential home on a natural hillside. A

common requirement for such a home is that it be built on a stable and level sur-

face. To achieve a level surface, material may be carved out from or supplementary

material brought onto the hillside. The transportation of material is a form of han-

dling and its surfacing is considered a form of shaping. Depending on the properties,

stabilizing the surface may require further shaping techniques such as compaction.

The building itself can then be shaped from other materials, handled into position on

site, and joined together to form the remainder of its structure. Though this may be

a basic example, it is the same three functional operations that are used across the

construction industry.
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Forestry Operations

Forestry, among other things, includes the practice of cultivating and harvesting

trees to produce the raw materials needed in many other industries. It is considered

a subset of the agricultural sector; however, compared to traditional farming of plant

crops or livestock, forestry occurs in a much more natural and unstructured envi-

ronment. Trees are left to grow with relatively little in
uence from their eventual

harvester, as does the rest of the forest around the tree [16]. Similar to construc-

tion, the processes utilized in forestry can be categorized into: materials handling,

materials shaping, and materials treating.

A common method for harvesting trees for timber is cut-to-length harvesting.

When they reach an appropriate size, selected trees in a forest area are harvested by

�rst being cut down, a process referred to asfelling. The limbs of the felled tree are

then removed bydelimbing and the remaining trunk is cut to speci�c lengths in a

process known asbucking. The bucked timbers are then collected and transported

out of the forest to a central location for further treatment to form pulp, plywood,

and other products [10,17].

Mining Operations

Mining is the extraction and processing of naturally occurring materials found

within the Earth's surface. The materials viably exploited through mining, referred

to as ore, are essential for use in other industries. Ore is traditionally mined using

surface mining or underground mining methods. In either case, the natural landscape

requires signi�cant development before mine exploitation can occur [12,18]. Most of

the functions used in the development and exploitation stages of mining operations
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2.1. OFF-HIGHWAY EQUIPMENT AND INDUSTRIES

can be categorized as: materials fragmentation, materials handling, and materials

processing.

Consider a hard-rock ore deposit that is to be mined using surface techniques.

First, the brush and natural vegetation leading to, on top of, and around the deposit,

referred to asoverburdenor interburden, is cleared. The area is then be further de-

veloped to facilitate mining, including the construction of roads and other supporting

infrastructure. With reasonable access, the rock containing the ore may separated

from the surface by embedding and detonating explosive charges. This liberates large

volumes of rock that may vary in size; those too large for handling must be further

fragmented. The loose rock is then collected and transported to another location

where its size is reduced even further throughcomminution. An assortment of chem-

ical and thermal processing techniques may then be used to separate the desired

commodity for eventual sale. The undesirable components that remain after process-

ing, known astailings, are then transported and stored. A similar process to this is

followed in other surface and underground mining methods [18].

2.1.2 General O�-Highway Equipment Examples

In general, o�-highway equipment can be described based on �ve key systems: im-

plement, traction, power train, structure, as well as control and information [19]. The

implement system includes parts of the machine that move relative to the structure

and exerts force on materials to progress an operational procedure. The traction sys-

tem contacts the terrain and provides a means of movement across it. The power train

generates and delivers the power to operate the machine. The structure supports the

forces applied to the machine including those through the implement joints. Lastly,
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2.1. OFF-HIGHWAY EQUIPMENT AND INDUSTRIES

the control and information system provides a means of directing and monitoring the

machine.

To execute the procedures described previously, operations within the IOI rely

on various o�-highway machines that together make up what is referred to as their

equipment 
eet. Various machines within the 
eet facilitate di�erent steps in the

process. The serial nature of these procedures can mean that a change in machine(s)

used for one step can have implications for the others both up and down the stream

of procedure. The decision of machine type, size, and quantity a�ects the viability of

an operation and is thus an important one.

Some operational procedures are unique to a single industry and require highly

specialized, niche equipment within the 
eet. However, there does exist common

equipment that ful�ll similar procedures across the IOI. In general, the IOI appear

to share the same or similar machines responsible for tasks related to the handling

of materials. Materials handling tasks consist of loading, hauling, and manipulating.

A description along with examples of equipment that load, haul, and manipulate are

included below.

Loading Equipment

Loading refers to the movement of material usually to enable its further trans-

portation. The material being loaded can vary, as can its desired start and end

locations. One material within the IOI that is commonly loaded are loose rocks.

These can be the rocks used as back�ll on a construction site, rocks being added to

form a path into a forest, or perhaps the rock blasted from a mine face. The mate-

rial properties and location a�ect the selection of loading equipment. Examples of

9



2.1. OFF-HIGHWAY EQUIPMENT AND INDUSTRIES

(a) Shovel [20]. (b) Excavator [21]. (c) Front-end loader [22].

Figure 2.1: Examples of equipment that can load material.

equipment that can load material include the shovel, excavator, and front-end loader

pictured in Figure 2.1.

The loading machines in these examples utilize hydraulic cylinders to control the

relative positions of linkages within a series. At the end of these links is a bucket that

scoops into and collects material. The link assembly is connected to the structure

that carries an engine and hydraulic pump system. The structure is mounted atop a

mobile base. Two metal tracks, in the the case of the shovel and excavator, and four

rubber wheels, in the case of the front-end loader, exert tractive forces for mobility.

Also mounted on the structures are metal framed cabins o�ering unobstructed views

for the human operator of the implement and surroundings, as well as controllable

inputs for machine operation.

Hauling Equipment

Hauling refers to the transportation of material, usually across relatively long

distances. The form of equipment tasked with hauling can vary depending on the

material properties, the terrain being travelled, as well as the equipment from which

it is loaded. Haul trucks are vehicles common within the IOI used for transporting

material like loose rocks. They have a bed with an open top that can be loaded from
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(a) Articulated haul truck [22]. (b) Rigid haul truck (right) being loaded by
shovel (left) [21].

Figure 2.2: Examples of hauling equipment.

above. The bed can be tipped for dumping of its contents. Two examples of haul

trucks are shown in Figure 2.2.

The hauling machines shown are relatively simple compared to the loading and ma-

nipulating equipment. Their implement is considered to be the hydraulically tipped

bed. This is mounted to a structure that has a series of rubber wheels for mobility.

The articulated haul truck has a joint within its structure that changes the angle

between fore and aft axles for steering. The structure of the rigid haul truck does

not have this articulation, hence the name. It steers by changing the direction of

its wheels, and not the axles. As before, an engine and hydraulic system provides

machine power while a cabin o�ers views of the machine and a location from which

it can be controlled.

Manipulating Equipment

The task of manipulation can be related to loading, but has some key di�erences.

Manipulation refers speci�cally to the movement of objects that require more careful
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(a) Telehandler lift-
ing beam [23].

(b) Logging harvester [24]. (c) Logging forwarder [24].

Figure 2.3: Examples of equipment that manipulate objects.

positioning than with traditional loading. These objects are usually larger in size

and fewer in quantity than those that are loaded. Accurate positioning of beams

is important in the construction of civil infrastructure and can be achieved with

a telehandler. The cutting and collection of timbers from forested areas requires

careful manipulation to avoid collisions with standing trees and can be achieved with

a harvester and forwarder, respectively. An example of a telehandler, harvester, and

forwarder are shown in Figure 2.3.

Like loading equipment, the equipment responsible for manipulating utilize hy-

draulic actuators and linkages. However, they di�er in that the material being moved

is not scooped but rather grasped in some way. The telehandler does this through

rigging of chains and cables, while the harvester and forwarder use jaws that clasp

around timbers. The telehandler uses four wheel steering, whereas the harvester

and forwarder rely on articulation between fore and aft vehicle sections. All three

machines have rubber wheels, however the harvester and forwarder also use over-the-

wheel tracks. The structure of the forwarder is such that it can collect many timbers

for transport across a relatively long distance, while the harvester and telehandler are

intended for manipulation of single or few unit count items a short distance. All three
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machines are powered by internal combustion engines and hydraulic pump systems.

They also feature a cabin from which the machine can be controlled by a human

operator.

2.2 The Evolution to Modern O�-Highway Equipment

The previous section provided a coarse overview of some common o�-highway

mobile equipment attributes and design elements. Looking deeper into their history,

it can be seen that the design of these machines have evolved over time. In the

following sections, some observed trends marking the evolution of o�-highway mobile

equipment are discussed.

2.2.1 Equipment Ideation

Haycraft [25], as well as Tatumet al. [19] o�er succinct reviews of o�-highway

equipment developments during the 20th century, speci�cally within the context of

earthmoving operations. The origin of o�-highway equipment comes with the advent

of the internal combustion engine and its adoption into agricultural machines. The

�rst of such machines was the crawler tractor developed in 1904. It provided high

pulling capacity with low ground pressures that were required for operating agri-

cultural combines on soft terrains. In 1928, the crawler tractor was out�tted with a

frontal blade and a cable mechanism to control its yaw and height orientation, leading

to the creation of the crawler dozer. At the time, the crawler dozer was the lowest cost

earthmoving machine in the industry. The advent of the crawler scraper, a machine

that scrapes and collects the upper surface of the ground, shortly followed in 1929.

A comparable machine, the motor grader with its tilting wheels and surfacing blade
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(or moldboard), was developed in 1931. It provided more re�ned control of the blade

than the dozer, allowing for its yaw, roll, height, and even side-shift to be adjusted.

As rubber wheels became larger and more durable, they became increasingly popular

for use on o�-highway machines. In 1934, wheels were installed on the �rst rear dump

haul truck, allowing these trucks to operate well both on and o� road. In the follow-

ing year, wheels were mounted on the tractor-bottom dump wagon. This machine is

similar to the rear dump haul truck, but instead of dumping material out the rear, it

dumps out the bottom. This allowed dumping to occur with less vertical clearance

and was also considered more quick and accurate than rear dumping. Stagnated by

World War II, the next major development occurred in 1947 with the creation of the

front-end wheel loader. Its frontal bucket could be lifted and curled, providing the

versatility that made it the industry's best selling earthmover. As hydraulic technol-

ogy developed, it began to replace their cable-operated counterparts across the range

of equipment. In 1954, the �rst excavator with full hydraulic control over boom, stick,

bucket, swing, and travel was developed. These seven machines ideated before the

1960's began to dominate earthmoving operations: dozer, scraper, grader, haul truck,

dump wagon, loader, and excavator. Despite being well over 60 years old, this same

set still forms the basic earthmoving equipment that are commonly used in 
eets

today.

2.2.2 Equipment Sizing

In the pursuit of improving production throughput, the physical size of machines

grew ever larger. This is most evident in open-pit mining and other large scale earth-

moving operations. Darlinget al. state it clearly: \In open-pit mining, equipment
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size matters and equates to productivity: more material moved in a given time. For

this reason, the trend will be for ever larger equipment" [18, p. 24]. The authors

mention that, between 1950 and 2010, the capacity of haul trucks grew by a factor

of 12 to over 365 tonnes. The excavators that �ll these haul trucks also grew, having

capacities of over 100 tonnes in some cases. Entire mine plants have followed similar

trends [18].

2.2.3 Equipment Teleoperation

Improving productivity and lowering costs is likely to be a continuous driver for

technological development of o�-highway equipment. Marshallet al. [12, p. 1549]

argue that: \There was a time, in recent history, when improved productivity and

lower mining costs could be achieved purely by the economies of scale that arise from

the use of larger equipment. However, this era is likely over". They go on to de�ne

other technology drivers that must also be considered, including the need to improve

the working environment as well as health and safety for the operators. The working

environment of o�-highway equipment is often remote and as the size of equipment

grows, so too do the dangers to the health and safety of those near the equipment.

The creation and incorporation of remote control technologies that started in the

1980s and 1990s was an outcome of these drivers [11,12,18].

Remote control enables the operator to leave the machine, but typically requires

them to stay within line-of-sight. This is particularly bene�cial for instances where

the machine must operate in hazardous conditions, such as under a drawpoint in an

underground mine [12] or rapid repair of an active runway [11]. To enable remote

control, the mechanical levers that actuated the machine were replaced with electrical
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signals to operate the machine by wire. These wires could then be easily extended

through a long tether to a joystick-like controller emulating what was on the ma-

chine and allowing it to be operated from a distance. As the capabilities of wireless

data transmission grew, the physically tethered cable was less necessary and farther

distances were more feasible [11].

Further development of wireless technology, along with several others including

vision and guidance technologies, enabled additional features. Referred to asteleop-

eration, an operator outside line-of-sight could monitor and control the machine in

real-time. Underground mine equipment operators were able to control their equip-

ment from much more comfortable and safe control stations at the surface [12].

2.2.4 Equipment Automation

Teleoperation sought to relocate the human operator, but still required their in-

volvement in decision making and control of machine actions. However, following

closely behind its development in the mid-1990s was the potential of removing those

responsibilities from the human operator [18, p. 15]. This type of operation is referred

to as autonomous, or in the partial case, semi-autonomous[12], whereby decision

making is programmed using computer software operating on electrical hardware.

As Darling et al. refer to it, development of these autonomous and semi-autonomous

systems have occurred on \islands of automation" [18, p. 26]. Signi�cant e�orts

remain to integrate these independent systems together in pursuit of complete au-

tonomy. However, even subtle improvements to these technologies has led and will

continue to lead to their further adoption into additional o�-highway equipment. A
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non-exhaustive list of current autonomous and semi-autonomous o�-highway equip-

ment undergoing active development is included below.

Autonomous Loading Equipment

Several examples of autonomous loading equipment, including shovels, excavators,

and front-end loaders, currently exist. Di�culties related to bucket-rock interactions,

speci�cally with non-homogeneous material geometries or properties, have proven the

most challenging to overcome and are still being addressed [12]. Zhanget al. recently

presented their autonomous excavator system that made use of a commercial crawler

excavator [26]. Their demonstrations showed the system was capable of loading ma-

terial for over 24 hours without human intervention. Field tests included a variety of

material types and conditions indicative of real-world scenarios. The system closely

matched the performance of human operators and was operable on excavators of

di�erent sizes.

Similar commercially products are supplied by the two companies Autonomous

Systems Inc. [27] and Built Robotics [1]. These products allow a customer to convert

their conventionally operated excavator to be operated remotely or autonomously. To

do so, a series of sensors and other hardware are mounted to the machine. Shown

in Figure 2.4 are two di�erent excavators using hardware from Built Robotics to

autonomously trench.

Autonomous Hauling Equipment

There also exist several autonomous hauling systems that are either commercially

available or still in the concept stages. Two examples at the concept stage include
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(a) An excavator trenching autonomously. (b) Another excavator trenching autonomously.

Figure 2.4: Two conventionally operated excavators with Built Robotics Exosystem
[1] attached, allowing for autonomous trenching.

the Komatsu IAHV and Scania AXL haul trucks, shown in Figure 2.5. The Komatsu

IAHV was revealed in 2016. It is a rigid haul truck with electric drive motors much

like their existing 830E and 930E models. This model, however, does not include

an operator cabin and provides four wheel steering capabilities [28]. Similarly, the

Scania AXL does not have an operator cabin. It was replaced with a module that

houses most of the hardware necessary for its autonomous operations [29]. These two

vehicles are presently under active development.

Autonomous Manipulating Equipment

For similar reasons to loading, autonomous manipulation is challenging. In the

case of handling long slender objects like pipes and beams, a system should be capable

of identifying and lifting from the appropriate locations that minimize rotating mo-

ment loads. In the case of forwarders, this identi�cation is made increasingly di�cult

because of natural variability in timber dimensions as well as their orientations on the

forest 
oor. In 2021, researchers from the Arctic O�-Road Robotics Lab developed
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(a) Komatsu IAHV [28]. (b) Scania AXL [29].

Figure 2.5: Autonomous haul trucks at the concept stage and still under testing and
development.

and presented the �rst machine capable of forwarding completely without human

intervention [2]. In addition to the software and hardware elements, they also devel-

oped a new robotic forwarder platform, shown in Figure 2.6. It used a traditional

forest crane geometry with a towed trailer, but at a smaller scale. The fore section

of the body held a biodiesel engine and hydraulic pump system, while the crane was

mounted to the aft section. An articulated joint between the two sections allowed for

steering; height of the four wheels was also independently controlled.

The technologies enabling this evolution of autonomous o�-highway equipment

are founded on research e�orts relating to robotics. This includes the development of

control algorithms, sensing hardware, and computation packages, to name only a few

topics. Further development to robotics' speci�c technologies may be instrumental

to producing the next generation of o�-highway mobile equipment.
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Figure 2.6: Autonomous forwarder capable of collecting and transporting timbers
through a forest [2].

2.3 Robotic Technologies for O�-Highway Equipment

Robotics is a broad subject matter that encompasses sensing, localization, plan-

ning, and control of physically actuated systems. A variety of di�erent systems may

be considered robotic and numerous categories exist to describe robotic systems. The

technologies of interest in this context relate to Unmanned Ground Vehicles (UGVs)

and are categorized into modular and recon�gurable robotic systems. The following

sections o�er a general introduction to these topics.

2.3.1 Modular and Recon�gurable Robotics

The description of modularity and recon�gurability o�ered by Chen and Yim [30]

is followed. In a general sense,modularity is an engineering design approach in which

a complex system is compartmentalized into simple discrete elements. By contrast,

the alternative approach to modularity is one in which a complex system is designed
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as a singular, static whole and is referred to as theintegrated approach. A bene�t to

modularity is that design e�orts may be distributed across individual components and

can happen in parallel. Systems designed with modularity can also be easily repaired

or upgraded because their constituent components have little functional dependence

on one another.

The discrete elements that make up a modular system are referred to asmodules

or units. One key facet of these systems is that the combination of modules is more

capable than its individual pieces. The mechanism used for combining modules is

usually standard within a system and gives rise to the notion ofrecon�gurability .

Recon�gurability refers to the ability for the relative con�guration of modules in a

system to be changed. This allows the system's overall morphology, functionality, or

other metric of performance to di�erentiate between con�gurations. It is also required

that recon�gurability be completed with relatively little e�ort and be reversible. In

the case where no human e�ort is required to complete the con�guration change, the

system is said to beself-recon�gurable [30].

In the context of self-recon�gurable robot systems, one approach is to develop

a single module that is exactly duplicated to form a homogeneous network. Such

modules usually feature an onboard processor, a means of connecting to other mod-

ules, and one or more additional actuated degrees of freedom. These modules often

have simple two or three dimensional geometries and are typically produced with

rapid manufacturing techniques. They can combine together to form arbitrary chain,

lattice, and free-form con�gurations. Each con�guration may be associated with a

speci�c task such as one grasping con�guration and another locomotive con�guration;

though locomotion can also occur at the individual module level [30].

21



2.3. ROBOTIC TECHNOLOGIES FOR OFF-HIGHWAY EQUIPMENT

2.3.2 Examples of Modular and Recon�gurable Robotic Systems

Gerstmayr and Pieber [31] presented a self-recon�gurable tetrahedral robot sys-

tem. Figure 2.7a shows the single robot module. The module's six edges consisted of

relatively small linear actuators with lengths that could be varied between 150 mm

and 250 mm. The vertices that connect the actuator edges were made of plastic.

The intent is to eventually enable like modules to connect to one another at three

planar vertices, though this is still under development. The authors re
ected upon

using metal pins inserted into plastic sockets of the adjacent vertices to form the rigid

connection. With many of these tetrahedron modules connected together, any larger

scale shape can be approximated with minimal losses to resolution. This is simi-

lar to the tetrahedral elements common of �nite element analysis for approximating

arbitrary shapes.

Spr•owitz et al. [32] also developed a self-recon�gurable robot system, shown in

Figure 2.7b. Their system was based on a spherical module with six perpendicular

faces cut into it. Modules connect together at these cut faces and the faces could

rotate relative to one another. Additionally, the two hemispheres in a module could

also rotate relative to one another. In this way, two modules combined together

could travel along a structured surface and could connect to other module pairings.

Modules were made from plastic and their square faces had an outside dimension of

110 mm. This e�ort was part of a larger pursuit to creating adaptive furniture. The

authors also provided a list of 72 other modular robotic systems developed between

1988 and 2012 if the reader is interested in additional examples.

Cordie et al. [3] developed a recon�gurable robotic system based on the combi-

nation of wheel units. These units consisted of a wheel and two motors. One motor
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(a) Tetrahedron robot unit, as pre-
sented in [31] .

(b) Spherical robot pair moving, as presented in [32] .

Figure 2.7: Examples of self-recon�gurable modular robot systems.

controlled the wheel's rotational speed and another the steered angle. Separate wheel

units were connected together manually with rigid structures of various shapes. The

wheel units were principally made from plastic and the connecting structure from

aluminum. The authors demonstrated �eld trials of their system, simulating an ur-

ban search and rescue operation across various unstructured terrain. Photos of the

system are shown in Figure 2.8

2.3.3 Limitations of Modular and Recon�gurable Robotic Designs

There are many examples of modular and recon�gurable robotic systems and more

continue to be developed. The focus, for the most part, is about robust and optimal

control algorithms of homogeneous units in large-scale systems. The units themselves

are typically small in size, weigh very little, and are made of low-cost materials using

rapid manufacturing techniques. This allows for the large number of units required

for testing, but leads to sacri�ces in physical robustness and applicability beyond the
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(a) Wheel unit diagram with dimensions in mm. (b) Three wheel units connected in a
delta shape with ancillary sensors.

Figure 2.8: Recon�gurable robotic wheel system developed by [3] for urban search
and rescue.

structured indoor laboratory environment.

There do exist modular and recon�gurable robotic systems that may be considered

more rugged; however, these are typically more complex units that are di�cult and

costly to manufacture in any considerable volume. This complexity also limits the

environments in which they may be operated. The feature most complex in these

modular systems is typically the mechanism used for coupling units together. Saab

et al. [33] provided a review of many existing robotic coupling mechanisms that span

the spectrum between simple and complex. They proposed a classi�cation system

that �rst broadly separates mechanical and magnetic couplers. They then further

categorized mechanical couplers based on design type: pin and hole, hooks, lock

and key, and shape matching. Of their conclusions included the need to develop

mechanisms that are more robust to impact forces, more rigid in all directions, and

more reliable in general. Achieving these is a necessary step if modular robot systems

are to reach their full potential in unstructured environments.
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In the next chapter, the notion of modifying robotic o�-highway equipment is

explored. The potential capabilities present in modular and recon�gurable robotic

systems form the keystone on which the exploration is justi�ed. The limitations

in coupling design will also be addressed as robustness, rigidity, and reliability are

critical to o�-highway applications.
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Chapter 3

Modularity and Recon�gurability in the Context

of Robotic O�-Highway Equipment Development

This chapter describes the development of robotic o�-highway equipment and how

modularity and recon�gurability may compare. Section 3.1 begins by introducing two

di�erent approaches for developing robotic equipment, those being (1) retro�tting ex-

isting equipment and (2) designing new equipment. The advantages and limitations

of both approaches are compared, leading to the concepts of design relics and de-

sign spaces. Section 3.2 further details the approach of designing new equipment

and de�nes adaptations as either super�cial adaptations or comprehensive adapta-

tions. Using these de�nitions, modularity and recon�gurability are introduced as a

comprehensive adaptation to robotic o�-highway equipment performance. The per-

ceived bene�ts and challenges are discussed, forming the rationale for design decisions

considered in the subsequent chapter.
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3.1 Approaches for Robotic O�-Highway Equipment Design

There are two approaches for developing robotic o�-highway equipment. One

approach centers on the modi�cation of an existing machine and is referred to as the

retro�tting approach. The contrasting approach is to design an entirely new machine.

In the following subsections, both approaches are described in more detail, along with

their advantages and limitations.

3.1.1 Retro�tting Existing Equipment for Robotic Operation

Retro�tting is the process in which an existing manually operated machine is

converted to robotic operation. It is achieved by adding supplementary components,

including hardware and software, that emulate the human operator as though they re-

main on board. This approach makes little to no changes to the machine's mechanical

design. Mechanical elements such as the structure, range of motion, and implements

are especially unchanged. In this way, a retro�tted machine will complete a given

task in the same manner as it would if it were not retro�tted.

The elements of a retro�tted machine that undergo change are those along the

interface between human and machine. In some cases it may be necessary to con-

vert manual machine controls to operate by wire so they may be commanded by a

computer. This computer may act as an intermediary between human and machine

by executing commands transmitted by a remote operator or it may execute tasks

autonomously. Along with a computer, it is often the case that sensors are added

to an existing machine. These sensors may be used to determine the state of the

machine and its surroundings, providing the feedback necessary for making informed

decisions. The retro�tting approach has several unique advantages and limitations
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described below.

Advantages of Retro�tting Existing Equipment

There are several potential advantages to the retro�tting approach from develop-

ment, manufacturing, and operational perspectives. These are been listed below.

ˆ Higher machine reliability by leveraging tested designs.

ˆ Lower development costs by focusing on advancing only the necessary technolo-

gies.

ˆ Lower capital costs for operations converting their existing equipment.

ˆ Fewer changes to machine operation, repair, and maintenance strategies.

ˆ More convenient to manually operate, if necessary.

ˆ Better understanding of the autonomous machine work
ow and control.

These advantages can make retro�tting a practical approach, speci�cally for the

early development of robotic systems. However, with these advantages are also limi-

tations.

Limitations of Retro�tting Existing Equipment

The most signi�cant limitation to the retro�tting approach, and the one which

drives this research e�ort, is that changes to the mechanical design of equipment are

not considered. Though this may be advantageous for managing resource allocation,

it also inherently adopts many design constraints. These are constraints that govern

manned equipment designs but no longer necessarily apply to robotic equipment
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designs. The phrase design relic is used to identify such aspects of a design that remain

despite the constraints that once necessitated them are no longer present. Given

the design of a system typically involves the collective consideration of individual

constraints, any changes to individual constraints can have meaningful impact on the

chosen design solution. For this reason, the design relics that exist because of the

retro�tting approach are critical to consider.

One design relic is the large size of o�-highway equipment. As introduced in

Section 2.2, prior to the 1980s and 1990s technological limitations necessitated a

human operator be present on a machine so it may be controlled. As a machine

required at least one operator, improving productivity was conveniently achieved

through increasing the size, and thus capacity, of the machine with no signi�cant

changes to its operation. However, increasing the size of equipment has implications

for the infrastructure required to use and to support the machines. Not only must the

routes travelled be made wider, they must also be capable of bearing the increased

loads. In underground mining, the challenge with increasing sizes becomes more

apparent, especially if the material being extracted for clearance does not hold any

value. In surface mining, forestry, and construction operations, similar concerns apply.

It is not uncommon for large volumes of rock, trees, and other natural materials to

be removed to create a path for production machines to simply access the resource.

By increasing the size of equipment, the path being carved through potentially rough

and obstacle rich terrain becomes even more di�cult. The infrastructure needed

to support these machines must also grow in size to match. The cranes used to

hoist heavy machine parts for maintenance and repair are themselves large machines,

and the tooling to manufacture machine parts are also very large. The di�culty
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with this seemingly simple objective of increasing equipment size is in such logistical

considerations.

The operator cabin, that is the structure that houses the human operator onboard

a piece of equipment, is also a design relic and has a meaningful impact on the

design solution. The cabin forms part of the Roll-Over Protective Structures (ROPS)

and Falling Object Protective Structures (FOPS) that ensures operator safety. It is

typical for operators to be con�ned to their cabin while the machine is being used.

However, to operate the machine e�ectively, the operator requires a visual of key

locations on the machine along with its surroundings. This constrains the shape and

position of the cabin, as well as the location of other structural members and the

range of motion of the machine's implement. Additionally, factors such as machine

orientation, acceleration, and mass distribution greatly a�ect machine stability but

may be di�cult to perceive. Mitigating concerns of machine instability may be done

through limiting the speed and range of its actuation, reducing potential productivity.

As well, an operator can only manage a �nite number of machine controls based on

their dexterity and cognitive ability. For this reason, the number of simultaneously

controllable inputs to a machine is also �nite and impacts the design solution.

Through using the retro�tting approach, these design relics are inherently adopted.

The constraints applied to the design solution limit the possibility of other, poten-

tially better, designs. An alternative approach is to design new equipment intended

speci�cally for robotic operation.
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3.1.2 Designing New Equipment for Robotic Operation

Unlike the retro�tting approach, the approach of designing new equipment allows

for variations to existing mechanical elements such that the equipment operates dif-

ferently. As with any system optimization, the factors that are allowed to vary grow

the set of possible design solutions, while the factors that are constrained shrink this

set. Growing the solution set increases the probability of �nding a design that is

better than others, and thus it can be bene�cial to consider as many variable factors

in the design process as possible. The advantages and limitations to designing new

equipment for robotic operation are discussed in the subsections below. In the follow-

ing section, more details are provided regarding the features that can be considered

in a new design and how these can yield improved performance.

Advantages of Designing New Equipment

One advantage to designing new equipment is the removal of design relics. New

designs are not con�ned to the very large scale of conventional equipment, and thus

the infrastructure required to use and support the machines can change. Develop-

ments, based in part on the retro�tting approach, have proven that equipment can

be operated autonomously; see Section 2.2.4 for more details. With autonomous

equipment, the notion of improving productivity without additional human opera-

tors is no longer exclusively tied to the size of the equipment; improving productivity

can occur by increasing the number of equipment units that are used. This allows

for new equipment to be much smaller and thus reduces the size of infrastructure

required. Miniaturization of equipment can also impact the e�ciency of a process.

Smaller equipment can operate more accurately and at a resolution more �ne than
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larger equipment. For example, consider the undesirable interburden that separates

two volumes of ore in a mine. A large machine with coarse tooling must either avoid

the transition region of ore and interburden, leaving some of the valuable resource

behind, or must also extract some of the interburden to be expelled later, leading to

additional expenses during ore re�nement. Alternatively, a small machine with �ne

tooling can operate closer to this transition region and thus is better able to extract

the boundary ore with less interburden.

As well, new designs may exclude provisions for housing an operator on board,

allowing more 
exibility in the shape and form of the equipment. Allowing for this


exibility can facilitate new operational procedures used by the IOI. For example,

a method currently used in hard-rock underground mines for resource extraction is

to fragment the rock, haul the rock, and then process the rock by crushing. Frag-

mentation can be accomplished with a machine that drills holes in the mine face and

inserts blasting charges that explosively separate pieces of rock from the face. Given

the danger to personnel and equipment, the area must be cleared before blasting can

occur, which is counter-productive for mines. Those making decisions on blasts must

�nd balance between blasting infrequent enough to minimize interruptions and keep-

ing the blast small enough to not damage the structural integrity of the mine. The

rock pieces that separate from the face are not always uniform; some pieces require

secondary fragmentation by another machine because they are too large to handle.

A Load-Haul-Dump (LHD) machine can then carry the fragments to a crushing ma-

chine where they are broken down for further processing [34]. Perhaps by allowing

for the shape and form of equipment to change, di�erent or new techniques can be

used and perform more e�ectively than this process. Instead of relying on three or
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more discrete machines with operators focused on individual tasks, it may be possi-

ble to achieve the same outcome with a single robotic machine. The complexity and

uniqueness of such a robotic machine relative to existing options make the new design

approach a more feasible option than retro�tting.

Limitations of Designing New Equipment

Such advantages are not without limitations. The most notable limitation is the

substantial investment required for designing new equipment, including time, money,

and e�ort. The engineering process involves constant iteration between designing

and testing to evaluate new concepts which may be costly. The cost of such iteration

increases with design complexity and scale. The importance of machine reliability

also necessitates validation and testing of new designs, increasing the investments

required. The expense of modifying the manufacturing procedures and tooling to

build new equipment is also a limitation. Longer term factors must also be considered,

such as modi�cations to well established training procedures relating to operation,

safety, maintenance, and repair of new equipment.

3.1.3 Balancing the Approaches

The retro�tting approach and the new design approach have various advantages

and limitations. There are many examples in academia and industry, such as those

described in Section 2.2, that suggest the trending approach is to retro�t equip-

ment for robotic operation. These retro�tting e�orts have validated and improved

the capabilities of robotic o�-highway equipment, speci�cally relating to software and
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hardware. However, it is believed that development using both approaches simultane-

ously is likely the most appropriate. For this reason, this e�ort will look particularly

at leveraging the capabilities of modern robotics' technologies using the new design

approach.

3.2 Exploring the Expanded Design Space of Robotic O�-Highway Equip-

ment

Though advancements have stemmed from the retro�tting approach, it is believed

the lack of attention towards new designs has slowed the potential evolution of robotic

o�-highway equipment. Existing equipment designs, speci�cally their mechanical

elements, perpetuate in robotic equipment with little to no changes. Without changes

to these elements, the functions of a given machine cannot signi�cantly change and

a robotic machine's performance may subsequently be limited. The performance

of robotic machines may even become reduced by the associated design relics. The

utilization of manually operated machines for robotic operation will lag further behind

as the capabilities of robotics' technologies improve.

The design constraints that bound manned equipment may be considerably dif-

ferent from those that bound robotic equipment. These signi�cantly change the set

of possible design solutions, referred to as the design space. Modern hardware and

software technologies allow for rapid processing of data in a way that is easily scaled.

Communication, sensing, and actuation can occur more rapidly compared to a hu-

man's abilities. In this way, the technology may be considered more capable than the

human operators initially considered during the development of equipment. Thus it

is argued the new mechanical design space a�orded by robotics' technologies expands
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beyond the old that relied on human operation. This expanded mechanical design

space has potential, yet remains underdeveloped and underutilized in the search for

better performing o�-highway equipment. The developments possible within this

new design space can be categorized as either super�cial adaptations or compre-

hensive adaptation based on the magnitude of their impact to existing operations.

Though the two are codependent and their bounds overlap, some explanation of their

di�erences lead to a more fruitful investigation.

3.2.1 Types of Adaptations in the Expanded Mechanical Design Space

One type of adaptation can be classi�ed as super�cial adaptation. These solely

impact the performance of a speci�c piece of equipment with limited rami�cations to

operations as a whole. The second type of adaptation can be classi�ed as comprehen-

sive adaptation. These have rami�cations to operations as a whole, including impacts

to 
eets of equipment and the operational procedures that the equipment executes.

Super�cial Adaptations

Super�cial adaptations stem from removing elements of an existing equipment

design with minimal additions and maintain the equipment's existing functional and

operational principles. Removal of elements is enabled by physical relocation of a

human operator from on board equipment and encompass the topics discussed in

Section 3.1.1. One design element primed for removal is, naturally, the operator cabin.

This includes the ROPS and FOPS that constitute a portion of the equipment's

structure, as well as the mechanical and electrical controls that are housed inside.

Additionally, elements relating to operator comfort and ergonomics that exist inside
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and outside of the cabin can be removed. Furthermore, a biased forward direction

is less critical and mechanisms for vehicle steering and orientation control can be

altered.

Despite removing or modifying these elements, equipment with super�cial adap-

tations execute their operations in the same manner. An example of super�cially

adapted equipment includes the Komatsu IAHV mentioned in Section 2.2.4. Though

the operator cabin and its internals have been replaced with sensors and controllers

placed elsewhere, the truck still functions similarly to its manned counterpart. It is

a large machine with a footprint of 15 m by 8 m that consists of a rigid frame atop

conventional suspension, four driven and steered wheels, and an actuated dump bed

that transports up to 230 tonnes of loose material. It is still dependent on a separate

type of loading machine, usually an excavator, which is sized equally to �ll its large

capacity within three to �ve load cycles. Given the variability in load volume and its

discrete nature, it can be di�cult to consistently and e�ciently achieve the optimal

payload capacity for each haul vehicle. For the same reason, the Scania AXL haul

truck shown in Section 2.2.4 also exempli�es super�cial adaptations. Such modi�ca-

tions that led to these machines likely yielded improvements, though these are minor

relative to the possibilities of comprehensive adaptations.

Comprehensive Adaptations

Comprehensive adaptations stem from proactively reconsidering the functional

and operational principles of equipment and have rami�cations a�ecting 
eets of

equipment or operational procedures. To achieve this, the fundamental shape and

function of equipment must di�er from convention. Incorporating modern robotics
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technologies during machine inception may enable this deviation. As such, these may

be considered as creative and disruptive design solutions in the context of o�-highway

equipment applications.

One example of a comprehensive adaptation to o�-highway equipment is the con-

cept haul truck Volvo TA15, shown in Figure 3.1 [4]. This is a type of hauling machine

that is similar to others, including the Komatsu IAHV mentioned previously in Sec-

tion 3.2.1, but includes some design features with meaningful implications beyond the

super�cial. The TA15 is a relatively small capacity machine at only 15 tonnes and

uses a unique bed shape that allows other TA15s close enough together to overlap

beds. In this way, several TA15s can form a continuous train and use a material

conveyor to �ll their beds without material spillage or conveyor stoppage. This train

of TA15s can then vary its speed depending on the volume of material outputted

from the conveyor to consistently and e�ciently achieve optimal payload capacity

of all vehicles in the train. Additionally, the train can actively change its route or

destination. It can even separate into smaller segments, sending di�erent volumes

of material to di�erent locations at a resolution more �ne than high capacity haul

trucks. The design also allows for opportunity charging, meaning that charging of

vehicle batteries can be done at frequent intervals but for short durations. The notion

of a continuous material transport system that adjusts charging intervals can enable

real-time optimization of material throughput. This has implications for potentially

improving process e�ciencies both upstream and downstream of haulage.

Achieving the strict spacing requirements necessary to form a train of overlapping

beds that can travel across uneven terrain without collisions is di�cult. It becomes

much more challenging when route, speed, destination, and charging of individual
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