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Abstract

The recently designed Semi-circular Mecanum Double Wheel (SMDW) is a type of
wheel that provides vehicles with enhanced omnidirectional motion on rough terrain and obstacle
overcoming capabilities. This thesis proposes a new maneuvering methodology that allows
robots with SMDWs to overcome obstacles in diverse approach configurations allowing robots
to select their position and orientation according to their environment. The techniques developed
prior to this work considered only the obstacle overcoming in a lateral motion, significantly
restricting the holonomic abilities of the device. The methodology proposed in this thesis
considers the generation of cubic spline trajectories that connect the initial position and
orientation of the robot with the target configurations and the SMDWs states necessary to
perform the obstacle overcoming task. For the generation of those trajectories a Particle Swarm
Optimization (PSO) search technique explores the navigation space of the robot in order to find
suitable control point locations to achieve the required robot’s position and wheels states. The
obtained trajectories were tested using a novel physical simulator that incorporates the effects of
the peripheral rollers in order to evaluate the performance over a wide range of obstacles and
terrain configurations. The new methodology provides an effective tool to enable robots using

SMDWs to move and navigate more effectively in complex outdoor and indoor rough terrains.
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Chapter 1: Introduction

1.1 Ground Vehicles

The use of autonomous mobile robots (AMR) in different applications, ranging from
industrial facilities surveillance tasks to search and rescue applications is becoming increasingly
popular in over the last years. An AMR is defined as “a system which operates with a semi of
full degree of autonomy in order to perform a goal oriented task excluding manufacturing
operations” [1] .Autonomous mobile robots are very versatile devices with the ability to make
decisions by themselves in order to complete the assigned tasks. In addition AMRs possess the
necessary resources such as energy, perception, and computation capabilities. These basic
features that define an AMR [1] are fundamental factors for today and future usefulness and
flexibility.

The complexity of the task being executed affects directly the autonomy capability of an
AMR. The degree of unstructuredness of its operational environment has a direct impact to the
efficiency of the robot. In several cases, an increase in the level of human intervention during the
robot’s decision making progress is required to overcome a non-structured environment.
Moreover in order to improve the performance on an AMR it is required to expand its
capabilities to enable them to cope with environment disturbances.

One of the main strengths of autonomous mobile robots is that they can be built and
designed to operate on a wide range of different environments. The flexibility of these devices
has allowed the development of: unmanned ground vehicles (UGVs), unmanned water vehicles
(UWVs), autonomous underwater vehicles (AUVs) and unmanned aerial vehicles (UAVS). The
work developed in this thesis concerns an unmanned ground vehicle application.

The UGVs have been and are being used in a wide range of fields. The applications are
classified in  the following  fields: transportation,  surveillance, exploration,
inspection/maintenance, harvesting, housekeeping and education/entertainment [1]. The demand
of ground robots capable to maneuver on difficult to access and constrained spaces is increasing,
particularly in the fields of exploration, surveillance, search and rescue, military and
inspection/maintenance. These applications imply a considerable number of tasks performed at

unstructured and/or unknown environment. However, most of most UGVs and their navigation



tools have been developed for engineered or structured terrains. Therefore, an improvement in
the autonomy and adaptability capabilities of ground robots is essential to perform missions
under those conditions.

The most common ground vehicles implementation considers wheels, tracks, legs and
their combination (hybrid) as locomotion ways [2]. The selected locomotion mechanism to be
used in a given UGV affects directly the following aspects of the system: maneuverability
capabilities, motion control complexity, device scalability, energy consumption, mechanical
complexity and the type of terrain that the system can deal with. The selection of the appropriate
locomotion system is fundamental to meet the demands of the intended application and provide
effective robot performance.

The most common locomotion type used in ground robots are the wheeled systems and
the legged systems. The wheeled vehicles (including wheeled and tracked vehicles) are fairly
the most popular implementation of ground vehicles [3]. The main characteristic of a wheeled
vehicle is that the wheels or tracks are in contact with the ground at all times during the vehicle
operation. A wheeled vehicle has the advantage of possessing a simple and robust design which
relies on a large accumulated knowledge base and years of design experience.

Wheeled locomotion designs allow a simple and inexpensive construction, manufacturing
and maintenance [4]. Additionally a wheeled platform exhibits good performance providing fast
and reliable locomotion, with efficient-low energy consumption; and a relatively simple motion
control. In general terms the motion control of a wheeled vehicle is based on the vehicle
kinematics and the type of wheel being used [5][3].

Contrasting with all the advantages that a wheeled UGV possesses there are a series of
shortcomings and challenges that these type of wvehicle face when traversing non-flat
unstructured terrains. The main reason for these limitations is the discontinuity of the contact
between the wheels and the surface. These limitations restrict heavily the ability to overcome
obstacles. Finally the typical wheels mechanism (not considering tracked vehicles) can be
affected and obstructed by loose soil while traversing on non-structured terrain.

The legged systems, on the other hand, are characterized by a series of point contacts
between the robot and the ground [3]. This locomotion system is inspired by nature and tries to

mimic or replicate the limbs of different animals in order to provide locomotion and perform the



motion control. In contrast to wheeled vehicles, legged UGV’s possess increased mobility in
difficult unstructured terrains which account for approximately 50% of the earth’s surface [5] .
Despite their improved mobility, current legged systems have considerably more complex
designs, are less energy efficient and slower. A legged robot also has higher requirements of
power and torque peaks than a wheeled robot [3][4][5]. Also the motion control a legged robot is
more complex since dynamic stability and gait analysis must be taken in in addition to the
vehicle kinematics.

Wheeled systems possess several advantages when it comes to their used in autonomous
robots such as less complex the decision making process due to its simpler motion control
mechanism. In summary additional efforts are required in order to improve the performance of
wheeled vehicles for handling obstacles when operating in non-structured terrains. The work
presented in this thesis addresses such challenges. The research addressed the obstacle
overcoming capabilities of a wheeled UGV in order to improve its mobility and bring it closer

the mobility seen in legged vehicles.

1.2 Omnidirectional Ground Vehicles

In general terms the motion of wheeled robots is governed almost entirely by its
kinematics[1][3]. The kinematic model of such vehicles is affected mainly by the following
factors: type of wheel, the geometry of the vehicle frame, and the actuation system location.
Among these factors the type of wheel can be considered as the main parameter for vehicle
design since the vehicle frame design and the actuation layout selection are directly related with
it. The kinematics of a vehicle will establish the configuration and workspace constraints of it.
The most critical constraints of a wheeled platform are the contact points between the robot and
the ground [2].

Ground robots are classified as holonomic and non-holonomic based on the limits of their
kinematic constraints. A Non-holonomic vehicle observes restrictions on the motions and
maneuvers that it can perform based on its initial positon. Due to the degrees of freedom of its
wheels, such type of vehicle cannot modify its position state arbitrarily. A good example of the
restrictions faced by a non-holonomic platform is the inability to perform sideways motion and

in-situ rotation [2] .



Conversely a holonomic vehicle also known as an omnidirectional vehicle possesses the ability
to move arbitrarily in any planar direction regardless its current position [6]. A holonomic
ground vehicle has three degrees of freedom in planar motion. These degrees of freedom confer
to the vehicle the ability to change direction without the need to stop for re-configuration and
allow it to move in any direction with the same degree of mobility[7].

Omnidirectional ground vehicles (OGV) have several key features which allow them to
maneuver effectively in cluttered and reduced space environments. They also have multiple
advantages for applications where high maneuverability is desired or required such as those
encountered in confined spaces. The conditions mentioned above are common in several
surveillance, exploration, maintenance, military and mining applications[5][2]. Omnidirectional
ground robots also exhibit a high degree of agility due to their ability to change direction
smoothly without affecting significantly its velocity[6].

A considerable amount of work has been developed for OGVs applications. An extensive
knowledge and variety of applications have been developed for hard flat surfaces and indoors
conditions. However, the amount of outdoors applications in uneven terrain with obstacles has
been increasing recently [8][9][10][11][12][13] (details of some of these studies are provided in
Chapter 2). Therefore, a clear need to continue expanding the OGV capabilities to handle

obstacles and non-structured surfaces is present.

1.3 Wheeled Ground Vehicles

The use of particular types of wheels is one of the approaches to implement ground robots with
holonomic capabilities. The types of wheels that can provide omnidirectional capabilities include
castor/caster wheels, spherical wheels and omnidirectional wheels [3]. Some other wheel designs
[14][15] which do not fit on a single of the above categories can provide holonomic capabilities;
however, those particular implementations are not discussed here.

The three types of wheels suitable for omnidirectional applications are classified into two
more categories: conventional and special wheels. The main difference between these categories
is that for special wheels the traction is achieved by applying constraints in one direction and
removing this constraints later by allowing passive motion in another direction[2]. The spherical

and caster wheels are fit into the conventional category while omnidirectional wheels belong to



the special category. The most important characteristics and features of these wheels are

provided below.

1.3.1 Castor Wheel

A castor wheel is a type of wheel which consists basically in a circular wheel with the
ability to steer around its vertical axis (Figure 1.1). As a result the caster wheels possess the
ability to control the spinning of the wheel (8) and the steering angle (B). While in rolling motion
the caster wheels have the same constraints as a conventional wheel the offset steering axis
modifies the sliding constraints of the wheel. By controlling the steering motion of the wheel ()

without altering the position of the vehicle frame a caster wheel gives to it the possibility of

move laterally in any direction [3], however this come at the expense of potentially undesired

motion of the UGV.
B

Vo

%,
Figure 1.1 Caster Wheel [1]

1.3.2 Spherical Wheel

The spherical wheel is simply a sphere shape attached to the vehicle frame trough a ball
joint. As can be seen in Figure 1.2 , the geometry of a sphere does not have a principal axis of
rotation. In consequence constraints in rolling and sliding are not present in vehicles equipped

with this locomotion system.

Figure 1.2 Spherical Wheel [1]



A brief comparison of advantages and disadvantages in the use of spherical wheels is

shown in the following table.

Table 1.1 Spherical Wheel Features Summary

Advantages

Shortcomings

- Inherited omnidirectional geometrical
capabilities offering full holonomic constraints
with minimal restrictions

-Low wheel weight and simple construction

-Smooth continues motion on flat hard surfaces

- Requires two actuators with individual control
and complex drive mechanisms to achieve
holonomic motion [7]

-Very limited ability to traverse uneven terrain
and particular sensitivity to loose terrain
-Sensitive to vehicle vibrations and terrain

discontinuities [3]

1.3.3 Omnidirectional Wheel

The omnidirectional wheel consists of a mechanical assembly of a rotating hub connected

to the frame of the vehicle and a series of peripheral free rotating rollers attached to it [3]. There

are several different designs of omnidirectional wheels as show in Figure 1.3. The term

omnidirectional wheel is commonly used as synonym of the Mecanum wheel, however the

Mecanum wheel is a particular design of omnidirectional wheel. Despite the variety of forms and

designs all omnidirectional wheels have the same principle of operation.

() [9]

Figure 1.3 Omnidirectional Wheels (a) double (b) segmented (c) Mecanum

(b) [1]
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An omnidirectional wheel operates by rotating the wheel hub providing traction and

rolling constrained motion to the assembly (the rotation axis is connected to the OGV frame)

while the contact between the assembly and the ground is made by one of the peripheral rollers.

The lateral force at the point of contact induces motion on this free rotating roller. The passive




motion induced on the roller allows a slipping motion and exerts a force perpendicular to the
rotation axis of the roller.

The induced force on the roller is constrained by the angle of its rotation axis with respect
to the wheels hub. In a multiple wheel vehicle the combination of the forces exerted in each
wheel produces a resultant force on the vehicle centre of mass which result in a holonomic planar
motion to the overall vehicle. This resultant force can be modified by changing the angular
velocity and direction of the wheel hub.

The kinematics that governs the relation between the resultant force and the wheel’s hub
rotation is given by the number of wheels and their arrangement with respect to the vehicle’s
center of mass. A summary with the main features for the omnidirectional wheel is provided in
Table 1.2

Table 1.2 Omnidirectional Wheel Features Summary

Advantages Shortcomings
-Capability to be mounted on a car-like platform -Limited mobility on uneven terrain
-Requires only one actuator with individual particularly in lateral motion
control per wheel to achieve omnidirectional - More complex mechanical assembly than caster
motion an spherical wheels
-High payload capability [3] [8] -Its applications are constrained by a limited set of
allowable wheel position configurations[16]

1.4 Mobile Robots with Mecanum Wheels

The research presented in this thesis has the goal to improve the obstacle handling
capabilities of an OGV equipped with a novel design of Mecanum wheels, the specific problem
statement is provided in Chapter 3. Therefore, a detailed introduction to the Mecanum wheel
principles of operation and features is provided here. The Mecanum wheel (MW) is a device
designed and developed by the Swedish engineer Bengt Ilon in 1975. This wheel is built by a
central circular wheel frame with a number of free moving angled rollers on the periphery of the
wheel (Figure 1.4). The profile of the rollers designed to provide a perfect lateral circular

silhouette to the wheel assembly (Figure 1.4) [8].
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Figure 1.4 Traditional Mecanum Wheel Design [8]

The Mecanum wheel design sets the rotation axis of the rollers at a relative angle of 45°
or 135° with respect to the rotational axis of the wheel frame. The holonomic movement is
achieved by the free moving rollers which transform a portion of the wheel propelling force into
a force normal to the wheel direction [17] (Figure 1.5). Under the same principle of operation as
with any other omnidirectional wheel design, a resultant vector from the combination of the
forces produced by each one of the individual determines the direction of the vehicle. The
control scheme for a vehicle with Mecanum wheels is based on the kinematic model and

geometry of the vehicle.

Figure 1.5 Mecanum Wheel Principles of Operation[17]

In order to achieve full holonomic capabilities a robot equipped with Mecanum wheels
must have at least three wheels with non-parallel axes [16] . The kinematic model required for
the motion control of a 4 wheel OGV with Mecanum Wheels has been analyzed extensively by
several researchers[16][18][17]. Due to its popularity the robot layout shown in Figure 1.6 was
selected as the basic Mecanum wheeled OGV for analysis and comparison along this thesis
work. The kinematic model for such vehicle is given by the following mathematical expression:
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where:
R: is the wheels radius 1, 2, 3, g4.arethe Mecanum wheels

 is the vehicle’s translational velocity in the ~ rotational velocities
X-axis 1. Is the y-axis distance between the vehicle
 is the vehicle’s translational velocity in the ~ frame of reference and wheel contact point
y-axis o. Is the x-axis distance between the vehicle

 is the vehicle’s rotational velocity along frame of reference and wheel contact point

the z-axis

Figure 1.6 Ground Vehicle Configuration for 4 Mecanum Wheels [17]

Utilizing the mathematical model presented above it is possible to use inverse kinematics
to determine the required wheel velocities in order to achieve a desired direction and velocity of

the vehicle. As a result the angular velocities for each wheel can be obtained using the equation



below, provided that the desired translation and rotation velocities, and physical characteristics

for the robot are given.

1 11 1 _(1+2)
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The calculation of the rotational velocity of the wheels from the inverse kinematics
model allow the use of different schema to perform trajectory, navigation and position control
[17][18][19][20]. In general terms the navigation of an OGV with Mecanum wheels requires
individual control of the wheel’s actuators, rotational velocity measurements from each wheel
and in some cases the need to incorporate odometry measurements of the vehicle’s frame of
reference.

The use of OGVs with 4 traditional Mecanum wheels has been proven for many years in
applications when the OGV is required to move on hard flat surfaces Vehicles of this type have
also the potential to be used “in numerous outdoors applications, such as search and rescue
missions, military activities, planetary explorations and mine operations”[8]. In recent years
research has been carried out to develop robots for outdoor and unstructured terrain conditions
[12][21][8][22]. Among this research the main approaches are the optimization of current vehicle
designs and the development of new constructive solutions [8]. This thesis is based on the use of
a constructive solution; a novel design, the semi-circular Mecanum double wheel (SMDW). As
will be described in Section 2.3.2 this wheel allows to address the obstacle climbing and rough

terrain navigation challenges not possible before by OGVs.

1.5 Thesis Outline

This thesis is organized as follow: Chapter 1provides an introduction and overview to the
field of omnidirectional ground vehicles. It also gives and insight to the concepts, features and
applications of Mecanum wheels. Chapter 2 provides a review of the current research in obstacle
overcoming and rough terrain applications with Mecanum wheels. The semi-circular Mecanum
double wheel (SMDW) design and a previous rough terrain maneuvering scheme using these

wheels are also covered in this review.
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Chapter3 provides the research problem statement, the envisioned contributions and the
needed definitions of the current work. Chapter 4 covers in detail the core topics of the proposed
solution of the obstacle climbing with SMDW problem. The topics covered include: geometrical
modeling of the SMDW, analysis of non-sideways obstacle climbing, the modified maneuvering
scheme and the trajectory generation algorithm.

Subsequently Chapter 5 presents the tools and software selected to perform and evaluate
the proposed solution. The process to develop a realistic model of the SMDW is detailed.
Chapter 6 contains the experimental results for different obstacle climbing scenarios by an OGV
with SMDWs. Chapter 7 discusses the proposed solution with respect of the experimental
results. In addition the chapter describes the potential improvements, the future work and the

goals achieved in the research work.
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Chapter 2: Literature Review

In recent years, there has been a number of advances to develop robots equipped with
Mecanum or omnidirectional wheels for outdoor applications. Several solutions have been
developed to allow such vehicles to handle unstructured terrain and some obstacles. The semi-
circular Mecanum double (SMDW) wheel is one of the solutions presented. The background
provided for this device is fundamental for this research work. This chapter provides further
details of different solutions and their approach to address the rough terrain and obstacle
handling challenges. Also, previous work regarding the concept of SMDW is analyzed in detail.
An existing maneuvering technique for vehicles with SMDW is presented along with important
details related to it. The background information concludes with the review of trajectory

generation and optimization that are key factors for the existing maneuvering algorithm.

2.1 All Terrain OGVs with Mecanum Wheels

Some outdoor solutions have been developed considering the use of conventional Mecanum
wheels [14][8][23][12][24]. The results of these solutions is limited in terms of the maximum
height of the obstacles analyzed and the level of unstructuredness of the environment. However,
such research works have provided important information regarding the performance and the
abilities of vehicles using Mecanum wheels to operate on such conditions. Due to its depth,
detail and the information provided, there are two studies that outstand [23] [12] . A review with
the main features of those studies is provided below.

The first study is a research project developed in 2000 by the US Navy for its Omni
Directional Vehicles (ODV) cargo handling fleet [23]. In this study a 39” diameter Mecanum
wheel (Figure 2.1) was analyzed. The construction of this Mecanum wheel intended to avoid the
traditional undesired contact between the wheel and its rim, by attaching the rollers to an internal

middle frame.
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Figure 2.1 Navy ODV fleet Mecanum Wheel [23]

The results proved that the traction and controllability capabilities of the vehicle while
operating on ice, inclined surfaces and wet surfaces were good. The study reported “an excellent
capability to negotiate ramps, obstacles, mud and sand”[23]. Tests were performed to assess the
capability to handle small obstacles. The test considered terrain sections having the following
obstacles: chains, board and ropes with a height of 3 inches. The results showed that Mecanum
wheeled vehicles negotiated successfully those obstacles and proved the feasibility to operate
omnidirectional vehicles on hybrid environments (generally structured terrain with some
obstacles, slopes and uneven surfaces).

However, in order to achieve the performance described above, the diameter of the
wheels is relatively larger than the height of the obstacles. The height of the obstacles analyzed
was just 7.5% of the wheel’s diameter. Such results proved that a vehicle with Mecanum wheel
can handled obstacles properly, but the obstacle overcoming capability of such vehicles is very
limited.

The second significant study was performed by the EADS Astrium [12] during the
development of the Martian exploration platform Mars Cruiser One (Figure 2.2). Such study
assessed the capabilities of Mecanum wheels on rough terrain by a series of experimental tests to
analyze sinkage, maneuverability and traction. In order to mimic the potential conditions
encountered on the Martian soil a mixture of sand, loam and stones was utilized during the tests

which also considered flat, inclined and uneven environments.
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Figure 2.2 Mars Cruiser One Platform [12]

The results of the study confirmed that a Mecanum wheeled vehicle can traverse
successfully hard surfaces of gravel and dirt furrows in frontal and lateral motion. However,
while traversing on dirt, the vehicle had to maneuver slowly because high torques were required
in order to keep control and stability on the vehicle’s trajectory. The study also found that loose
terrain such as sand, causes a considerable amount of sinkage over the time. Moreover while
traversing laterally a significant level of slippage and trajectory deviation was observed on sand.

During the tests, the overcoming of different obstacles with a height up to the peripheral
rollers diameter was performed successfully in different motion directions (frontal, lateral and
angled). However, when taller obstacles were tested, up to 40% of the wheel diameter, the
vehicle was unable to climb the obstacle. For most of the analyzed cases just one of the wheels
of the vehicle was able to climb the obstacle, while the other slipped and took the vehicle out of
its targeted trajectory. The best results for obstacle climbing were obtained when the vehicle
approach the obstacle at an angle of 45° with respect to its longitudinal axis[12].

Both of the studies detailed above section confirmed the expected limited capabilities and
reduced performance of Mecanum wheels while traversing on rough terrain, being the most
critical of the shortcomings its ability to climb obstacle higher than the diameter of the
peripheral rollers. Other less detailed studies [14][8][24] have showed similar results, thus

supporting these conclusions.

2.2 All-Terrain Vehicles Hybrid Implementations with Omnidirectional Wheels

Other solutions consider an approach based on modifications into the construction and

design of the vehicle. The modifications performed provide to the vehicles some capabilities for
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obstacle climbing and navigation on uneven terrain. Some solutions combine Mecanum wheels
with auxiliary systems. Such auxiliary systems are either passive climbing mechanisms or
conventional non-holonomic wheels. Due to the use of such auxiliary systems these solutions can
be considered hybrid devices that combine holonomic and non-holonomic features. Two of such
relevant cases will be discussed [21] as they provide relevant information about its limitations
and advantages of the hybrid systems. Other solutions exist but will not be discussed here as they
provide similar conclusions.

The first solution to be reviewed is the MEGAN OGV platform designed at the Massey
University in New Zealand [10][21]. MEGAN considers the use of four regular wheels
combined with four Mecanum wheels on the same vehicle with the layout displayed in Figure
2.3. The platform incorporates a hydraulic system that allows the robot navigation system to
choose between the two different set of wheels depending on the terrain condition. The principle
of operation of this robot comprises switching between conventional outdoor wheels and

Mecanum wheels based on the roughness of the terrain.

Figure 2.3 MEGAN-1 platform bottom view [21]

This solution attempted to provide a simple concept in order to address the rough terrain
navigation limitations. However, there are two key issues that limit the usability of this robot.
The first factor is the complexity added by having parallel and mutually exclusive traction
systems. The complexity of the control increases too, because it is required to incorporate an
algorithm for the wheel switchover with a corresponding terrain evaluation algorithm that
dictates the switch. As a result additional efforts for the sensing and determination of the terrain
roughness are required.

The second key factor is the loss of the holonomic capabilities by the vehicle while

operating on rough terrain mode. Once the vehicle has switched to the conventional wheels the
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vehicle is subjected to non-holonomic constraints, which requires to have two motion planners
for the different kinematics of the vehicle. Finally, this solution still limits the use of
omnidirectional wheels to relatively structured and flat surfaces.

The next relevant solution was developed by a research group in Japan comprising the
Saitama University, The Institute of Physical and Chemical Research and The University of
Tokyo[10]. The vehicle designed uses seven special omnidirectional wheels equipped with 12
free moving rollers oriented at 90°and an obstacle climbing link mechanism (Figure 2.4).
Because of the wheel independent actuation requirement the main challenge for its control is the

coordination of the rotational velocity of each wheel [10] [25].

Top View
Freé Joint 2 Free Joint 1
a) Top view b) Prototype
Figure 2.4 Japan research group omnidirectional vehicle with step-climbing ability [25]

While navigating on rough terrain the passive suspension system had the ability to adapt
the body configuration of the vehicle depending on the terrain profile. This reconfiguration of the
robot’s frame allows it to climb relatively high obstacles and smoothly traverse on unstructured
terrain.

The main feature of this vehicle is that, it can estimate the terrain conditions without the
need of additional sensors or actuators [25]. Additionally the results presented in [25] indicate
an improvement in energy efficiency compared with legged robots and a reduced slippage when
the wheel actuation is coordinated appropriately. The ability to climb obstacle without prior
knowledge of the terrain is the main strength of this solution. The vehicle was designed to
operate in narrow spaces and floors with steps and slopes with unknown location. However, the

control method only considered motion on flat surfaces and climb over steps in one direction

16



[10]. Therefore, this solution does not address the challenges of providing diagonal or lateral
motion while navigating on rough terrain, neither at obstacle climbing.

All of the available solutions [8][10][14][24][25] provide creative solution that expands
the capabilities on rough terrain for vehicles equipped with omnidirectional wheels. However,
those OGVs don’t preserve effectively the holonomic capabilities of the vehicle when operating

on challenging environments.

2.3 All Terrain OGVs with Modified Omnidirectional Wheels

The latter group of solutions address the challenges of unstructured environments using
particular wheel designs. This approach also known as constructive solutions have attracted an
important stream of research efforts over the last years [8]. The approach is based on either
modifications to the design of typical Mecanum wheels or to develop new wheel designs.
Modifications include changes in the shape of the rollers, orientation of the rollers, and profile of
the hub among others. Several alternative designs have been developed, built and tested
successfully (e.g. [24][21][22][11][9]). In what follows we describe the wheel designs that can
be considered game changers as they have provided significant contributions.

The first constructive solution was developed by a research group at the University of
Massey in New Zealand [21]. This design targeted a Mecanum wheel with dynamically
adjustable rollers. This device has the ability to adjust as needed the angle at which the
peripheral rollers are mounted with respect to the central hub. It also incorporates a system to
lock the rollers in place in order to inhibit their passive motion if required. As shown in

a) rollers at 45° b) rollers at 90°
Figure 2.5 in order to perform the roller adjustments each wheel requires an additional

actuation system (a disc controlled by a linear actuator). These features allow to the wheel an
increase of its energetic efficiency and a considerable reduction of slippage when traversing on

rough or uneven surfaces[21].
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a) rollers at 45° b) rollers at 90°
Figure 2.5 Mecanum wheel with dynamically adjustable rollers [21]

The energy efficiency improvement provided by this solution is given by the ability to
reconfigure the rollers arrangement according to the motion direction of the vehicle. In several
situations (for example the case of diagonal motion) a conventional Mecanum wheel requires
that some of the component’s induced motion cancel the motion induced by other components.
With the reconfigurable Mecanum wheel it is possible to adjust the rollers such that the
components of the induced forces contribute to the overall thrust of the vehicle increasing the
efficiency. Due to its complexity, this solution requires the development of control and sensing
schema to determine and apply the proper roller configuration. Despite a number of advantages
the improvements provided in rough terrain does not extend to diagonal or lateral motion.

The next constructive alternative was developed by the University of Texas at Arlington
Research Institute (UTARI) [11]. Their solution is an omnidirectional wheel specifically
designed to provide traction and rough surfaces and to have a simple and economical
construction. The wheel (Figure 2.6a) is composed by a central hub with 16 peripheral rollers
mounted in pairs at 90° with respect to the frame. These rollers are conventional wheels of 100
mm diameter, roughly above 25% of the wheel assembly diameter (380 mm).

The ability to traverse uneven and rough terrain is given by the chosen roller diameter
and the grip of the polyurethane used. The wheel was designed to be mounted on a square
configuration 4 drive platform with an offset of 90° between each motor as shown in Figure
2.6b.
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a) wheel front view b) omnidirectional platform
Figure 2.6 UTARI omnidirectional wheel design [11]

A prototype of the wheel and the robotic platform was built and tested at flat hard surface
and outdoor (uneven surface of grass and dirt) conditions. In both scenarios the vehicle
maneuvered as expected, observing full control of all its degrees of freedom. Due to the reduced
area of contact provided by the thin rollers the vehicle observed some vibrations which were
absorbed by adding a suspension system (Figure 2.6b) [11].

The wheel described above is one of the few alternatives that provides a vehicle with
holonomic capabilities on rough terrains. However, as with other designs, the ability to handle
rough terrain and some obstacles is determined by the diameter of the rollers. Regardless of this
knowledge the precise obstacle overcoming capabilities of the wheel remain unknown. Further
testing and analysis are required in order to determine realistically the potential of this wheel.

Following previous developments a multidisciplinary research group from the MIT,
Tokyo Institute of Technology and Harvard developed the Omni-ball wheel [9] . This wheel is
composed by an assembly of two hemispherical free moving rollers that give a spherical contour
to the assembly, and two smaller free rotating barrel rollers at the poles of the assembly (Figure
2.7a). The goal of this design is to enhance the capability of OGVs to overcome obstacles and
negotiate ground gaps in holonomic motion [9], a series of tests were performed using the 4

wheel platform shown in Figure 2.7b.
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a) 3D View b) Experimental Platform
Figure 2.7 Omni-Ball wheel design [9]

The experimental results proved that the omni-ball wheel was able to provide
omnidirectional motion (move lateral, diagonal and forward) to the ground robot. The use of this
wheel provided a smooth operation with minimal vibrations. Regarding the obstacle negotiation
capability, the platform was able to climb obstacles with a height up to 28% of wheel diameter.
The gap negotiation ability of the omni-ball wheel was also confirmed by experimental tests
where gaps up to 46% of the wheel diameter were smoothly negotiated. Finally the performance
of the vehicle was evaluated on steeped surfaces but had difficulties negotiating slopes greater
than 8° of inclination. The omni-ball wheel gave to the vehicle the ability to climb the slope in
any direction.

The results showed improvements by the omni-ball. When compared to other
omnidirectional wheels, its ability to handle obstacles and gaps is remarkable. However, the
wheel does not address the rough terrain issues, particularly loose terrain conditions (e.g. sand or
mud) and it is incapable of overcoming larger obstacles which traditional wheels can. Moreover,
the necessary shaft to transmit the power from the actuator is subjected to high shear stresses if
the platform would be scaled up. These two considerations limit the potential use of this solution
to very small robots.

In order to increase the capabilities of previous omnidirectional wheels the Elliptical
Mecanum Double Wheel (EMDW) and the Semicircular Mecanum Double Wheel (SMDW)
were developed at the Autonomous Reconfigurable Robotics Systems Laboratory (AR?S) at the
University of Calgary[22][24][26].. Both concepts are devices capable to traverse rough terrain
and overcome large obstacles (up to 75% of the wheel diameter).
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2.3.1 Elliptical Mecanum Double Wheel

The EMDW (Figure 2.8) is a wheel design constituted by the assembly of two elliptical shaped
hubs with peripheral rollers coupled trough a special patent pending mechanism. The
mechanism has the function to coordinate the rotation and planar motion of the elliptical hubs in
order to provide the vehicle with the same movement (direction, velocity, vibrations, etc.) that a
conventional Mecanum wheel would provide plus enhanced capabilities to move on rough
terrain [22].

Figure 2.8 Elliptical Mecanum Double Wheel [22]

The EMDW wheels overcome obstacles by stepping on them as the wheel rotates. This process
is very similar to the one performed by a person climbing a stairs as illustrated graphically in
Figure 2.9. The EMDW can negotiate/overcome large obstacles in more than a motion direction
(Figure 2.9). The analysis performed on these wheels determined that they are capable to climb
obstacles with a maximum height up to 75% of the elliptical hub’s major axis [22], which
represents a 300% increase when compared to previous designs. This, however, comes at the
expense of a more complex mechanical design and the need to use elaborate control

mechanisms.

Wheel’s directioli of travel

Wheel’s direction of travel  d3 > d, > d; 4 ;5
& ‘
'\

<

a) overcoming while moving forward b) overcoming while moving sideways
Figure 2.9 Obstacle overcoming principle of an EMDW [22]
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While conceptually the EMDW surpasses most of the existing omnidirectional wheels, in
practice the design of wheel control mechanisms to achieve the required trajectory is very

complex, making its implementation a challenging task.

2.3.2 Semicircular Mecanum Double Wheel

In order to reduce the mechanical complexities associated with the EMDW wheels while
still providing the same enhanced capabilities, a second design was developed by the AR?S
research group. This new design is the Semicircular Mecanum Double Wheel (SMDW). The
SMDW (Figure 2.10) is composed by two mirrored shaped wheel hubs mounted in parallel on
the same rotational axis with a shift of 180° between them. Each wheel hub comprises a half
circular and half elliptical profiles with custom free moving peripheral rollers attached to each
hub (Figure 2.10a).

When fully assembled the wheel possesses the same circular profile as a traditional
Mecanum wheel (Figure 2.10c). The elliptical profile of the hubs and the segmented construction
of the wheel provide to it the ability to overcome obstacles with a height up to 25% of the

assembly diameter [24].

a) wheel hub b) wheel assembly c) assembly circular profile
Figure 2.10 Semicircular Mecanum Double Wheel [22]

The SMDW overcomes obstacles using the same principle as the EMDW does, Figure
2.11. The stepping on process and the hub geometry of the SMDW cause a phenomenon of
variable torque while an obstacle is being climbed. This phenomenon is the result of a change of
the radius of the contact point at a constant turning rate at the transition between the semicircular
and the elliptical profile. This phenomenon changes the translational and rotational directions of
the OGV motion. Thus controlling OGVs using SMDW requires to take this into account.
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Figure 2.11 SMDW motion configuration along 1 revolution [22]
The SDMW offers several advantages compared to the EMDW. This wheel that can be

mounted on most of the existing ground vehicles platforms without modifications. The SMDW
design and construction are simpler that the EMDW, since a position mechanism is not required.
A fully functional prototype of the SMDW was built and tested d by Ramirez, A. and Kuzyk, R.
[22]. Several manually controlled tests were performed on different terrain conditions with this
prototype. The results of such tests proved the feasibility and operability of this modified
Mecanum wheel design to overcome obstacles and navigate on unstructured terrains [24].

One of the challenges when using this wheels is the motion control and navigation the
vehicle. The kinematic model of a conventional Mecanum wheel (Chapter 1 Section 1.4) can
still be applied for hard flat surface navigation. However when the obstacle climbing capability
is required there are additional considerations than need to be taken in account. The wheels and
the vehicle need to be in a specific state or set of states in order to have the appropriate clearance
and successfully step on the targeted obstacle.

The task to position the vehicle and the wheels at the appropriate states to climb the
obstacle involves additional factors that are not required for the control of vehicles with
traditional Mecanum wheels. Some of those additional factors are: the terrain, the required
clearance determination, the motion planning of the vehicle, and the trajectory generation. These

factors increase the control complexity of a robot using SMDW as first reported in [26].
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2.4 Maneuvering Control for Robots with Semicircular Mecanum Double Wheel

In order to make use of SMDW in autonomous ground robots, a maneuvering control
strategy to perform obstacle overcoming was developed at the University of Calgary [26]. This
solution is based in the approach of treating the maneuvering task as an optimization problem
[26] that is required to calculate a desired final state of the OGV frame centre position and
wheels angular position. This state is calculated with prior knowledge of the terrain, the
obstacle’s position and height; and the initial conditions of the vehicle (frame centre position and
wheels angular position).

The solution included a trajectory that connects the robot’s initial state with its final state
using a random search hill climbing algorithm which provides the maneuvering coefficients for a
quadratic spline trajectory. The use of spline curves ensures smooth motion and avoids robot
discontinuities in velocity and acceleration. The maneuvering algorithm considered an open loop
controller which uses the produced spline to determine the velocity of the vehicle’s wheels.

The maneuvering control was tested in a physical simulation obtaining results that proved
the feasibility of the obtained trajectories in order to overcome the obstacles [26]. Despite the
positive results obtained, the maneuvering developed control has a significant shortcoming. The

obstacle overcoming can only be performed when the OGV approach obstacles in a sideway

direction of travel (Figure 2.12).

Figure 2.12 Vehicle and SMDWs configuration for obstacle overcoming

The restrictions for obstacle climbing are caused by the maneuvering control developed;
not by the design of the SMDWs themselves which can overcome obstacles in multiple
directions. From the experimental tests there is evidence that such orientation is not the only
suitable possibility to approach obstacles. The position required by the developed maneuvering

scheme was chosen in order to simplify the solution of the optimization problem[26].Conversely,
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the obstacle overcoming capabilities of the SMDW in different overcoming orientations need to

be investigated and analyzed.

2.5 Trajectory Search for Ground Robots

The generation of motion trajectories is essential for the existing UGVs maneuvering
algorithm in particular for the vehicles with SMDWs. In this section a review of the most
common trajectory generation techniques used in autonomous wheeled robots is presented. The
generation of trajectories for UGVs can be performed using a planning or reactive approach [3].
These approaches require information regarding the operational environment of the vehicle and
the definition of a goal position. The developed approaches can be used for both holonomic and
non-holonomic platforms assuming a proper mathematical model of the vehicle is available.

The reactive approach aims to modulate the vehicle trajectory in order to avoid collisions.
The advantage of this approach is that it can be performed in real time with lower computation
time requirements and can handle less accurate terrain maps. Under certain circumstances the
reactive approach can produce nearly optimal trajectories suitable for indoor applications [27].

The planning approach implies the generation of a trajectory to solve the problem of
providing a geometric path suitable to be tracked by a motion controller. The planning approach
requires more computation time and generally cannot be performed in real time since the path
needs to be defined before the motion. For navigation purposes the combination of both reactive
and planning approaches has been developed as a complimentary solution [3]. Such solutions
consider the generation of a global path to reach the desired position and a reactive behavior
during the execution of the path which accounts for disturbances such as map or sensor
inaccuracies.

One of the main challenges of the path planning problem is the generation of smooth
paths. The use of polynomial functions for the trajectory has been developed to address this issue
[28][29]. For the generation of this polynomials it is often required to produce a set of points
along the trajectory which are then fitted into the function. Among the different type of
polynomials and fitting approaches, the piece-wise spline curves are a common [30]. More
recent applications developed to include the robot’s dynamic constraints, the generation of
sophisticated curves such as Bezier curves, B-Splines or high order splines used to improve the

smoothness and suitability of the paths are available [31][32][33].
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Other technique to construct trajectories is the use of primitive motions. The developed
techniques use a set of basic motions with continuous velocity and acceleration in order to
produce composed and complex trajectories. Some applications[34][35] have been developed
which have proved the feasibility of this technique for cluttered environments as well as for real
time path planning applications. While the use of primitive motions has been targeted for path
planning, in several applications it is also suitable to be used in combination with a reactive
approach, to improve the performance of the global trajectory. Compared with the use of
polynomials, the primitive motions trajectories can experiment sudden changes in direction for
motion and velocity. However, this sudden changes might result in greater control effort and
energy consumption [36].

The existing techniques for trajectory search are classified in the following main
categories: cell decomposition, roadmap, potential field, mathematical programming, and
probabilistic algorithms [3][36]. Some probabilistic algorithms such as Probabilistic Roadmap
Method (PRM) and Rapidly-exploring Random Trees (RRT) are commonly used for the
generation of entire primitive motion trajectories [36]. These solutions have been combined
with genetic algorithms, neural networks, fuzzy logic, random search, particle swarm
optimization (PSO), artificial potential fields, linear programming, among others to generate
optimal solutions [31][36][37].

Among these developments a stream research work in planning an optimization has
focused in the used of genetic algorithms, variants of particle swarm optimization (PSO) and ant
colony optimization, or the combination of them [36][37][38][39][40][41]. Some of these
solutions have focused and used for omnidirectional wheel robots path planning [38][39]. The
PSO and genetic algorithms offer the advantage of incorporating multiple objective parameters
for optimization [36] and in several cases can provide solutions faster. The main shortcoming of
these algorithms is that they cannot guarantee convergence.

The last step in the trajectory generation and optimization task for OGVs task is the execution of
the paths by the platform. The most common trajectory execution systems consider the use of
feedback controllers or open loop controllers [3]. Open loop control option has been mainly used
for short paths or local navigation because it is prone to accumulate error and deviation as the
distance increases. The feedback control navigation implies the use of a trajectory tracker that

uses robot position information as feedback in order to compensate for robot’s errors in motion.
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PID, state space, adaptive and fuzzy logic control schema have been used for feedback position
tracking of OGVs[18] [19][42][43][44] .

2.6 Summary

There are diverse and different approaches used to solve the path planning problem of
ground robots. However, limited work has been done related to rough terrain navigation and
obstacle climbing capabilities of robots equipped with omnidirectional wheels. Current solutions
are restricted to a single solution (orientation, position and motion direction) at which the robot
can climb obstacles. The limitations in motion direction and vehicle configuration imposed for
the single solution restrict significantly the holonomic capabilities during the rough terrain and
obstacle overcoming operations. Some devices such as the SMDW provide the potential to
handle obstacles in more than a single pose or configuration. However, the maneuvering strategy

developed for this device thus far is limited to a single solution for obstacle climbing.
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Chapter 3: Problem Statement

The information presented and discussed in the introductory chapter of this thesis, and the
literature review section show that one of the persistent problems found in wheeled
omnidirectional ground vehicles is the navigation on rough terrain and obstacle climbing
capabilities. Diverse approaches have been developed in order to extend the applications and
improve the capabilities of vehicles in such conditions. Nevertheless, despite important
contributions and achievements the problem to overcome obstacles while retaining holonomic
capabilities has not been solved. Some of the constructive solutions address this issue partially;
however, the abilities of OGVs to overcome obstacles in omnidirectional motion have not been
explored in depth.

The Semi-circular Mecanum Double Wheel developed at the University of Calgary is one
the few devices that can potentially improve the obstacle handling capability in holonomic
motion. This solution has already succeeded by climbing relatively large obstacles in lateral
motion, unlike any of the other omnidirectional wheel platforms developed thus far. In addition a
maneuvering approach for unmanned applications has been developed and tested in simulations
for a 4 wheel vehicle equipped with SMDWs. However, such maneuvering control scheme has

been restricted to the lateral motion as the only suitable configuration for obstacle overcoming.
3.1 Problem Statement

In order to analyze the true capabilities of the SMDW to overcome obstacles in diverse
motion (e.g. lateral or diagonal) further research needs to be performed. Considering the key
factors discussed within previous chapters, the p