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Abstract

Through their ability to navigate and perform tasks in unstructured environments, robots
have made their way into applications like farming, earth moving, waste clean-up and
exploration. All mobile robots use locomotion that generates traction, negotiates terrain and
carries payload. Well-designed robotic locomotion also stabilizes a robot’s frame, smooths
the motion of sensors and accommodates the deployment and manipulation of work tools.
Because locomotion is the physical interface between a robot and its environment, it is the
means by which it reacts to gravitational, inertial and work loads. Locomotion is the literal
basis of a mobile robot’s performance. 

Despite its significance, locomotion design and its implications to robotic function have not
been addressed. In fact, with the exception of a handful of case studies, the issue of how to
synthesize robotic locomotion configurations remains a topic of ad hoc speculation and is
commonly pursued in a way that lacks rationalization. This thesis focuses on the
configuration of wheeled robotic locomotion through the formulation and systematic
evaluation of analytical expressions called configuration equations. These are
mathematical functions which capture quantitative relationships among configuration
parameters (e.g., wheel diameter, chassis articulation location), performance parameters
(e.g. drawbar pull, maximum gradeable slope) and environmental/task parameters (e.g. soil
geophysical properties, density and size of obstacles). Solutions to the configuration
equations are obtained in parametric form to allow for comprehensive characterization of
variant locomotion concepts as opposed to searching for point designs. Optimal
configuration parameters are sought in the context of three indices of performance:
trafficability, maneuverability and terrainability. 

The derivation of configuration equations, the estimation and optimization of configuration
parameters and predictions of performance are performed in a computational framework
called Locomotion Synthesis (LocSyn). LocSyn offers a practical approach to rationalizing
configuration design of robotic locomotion through quantitative studies. 

The configuration of Nomad, a planetary prototype robot for exploration of barren terrain
is a case illustrating the implementation and evaluation of the Locomotion Synthesis
(LocSyn) framework put forth by this thesis.
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 Chapter 1   

INTRODUCTION
Through their ability to navigate and perform tasks in unstructured environments, robots
have made their way into applications like farming, earth moving, waste clean-up and
exploration. All mobile robots use locomotion that generates traction, negotiates terrain and
carries payload. Well-designed robotic locomotion also stabilizes a robot’s frame, sm
the motion of sensors and accommodates the deployment and manipulation of wor
Because locomotion is the physical interface between a robot and its environment, it
means by which it reacts to gravitational, inertial and work loads. Locomotion is the l
basis of a mobile robot’s performance. 

Despite its significance, locomotion design and its implications to robotic func
execution have not been addressed. In fact, with the exception of a handful of case s
the issue of how to design robotic locomotion remains a topic of ad hoc speculation and
commonly pursued in a way that lacks rationalization. This thesis ventures to shed li
how to synthesize robotic locomotion from engineering analysis. Towards this go
fundamental hypothesis is made that the level of performance achieved by a mobile
depends on the thoroughness of locomotion configuration. 

The core of this thesis is a practical analytical framework for synthesis and optimizat
wheeled robotic locomotion configurations. The decision to study wheeled ro
locomotion configuration is motivated by the fact that wheels are the most commonly
means of robotic mobility and that their design is amenable to generalized analyse
widely accepted metrics of performance. The configuration of Nomad, a plan
prototype robot for exploration of barren terrain is a case illustrating the implement
and evaluation of the Locomotion Synthesis (LocSyn) framework put forth by this the

 1.1 Motivation

Locomotion makes a vehicle move, negotiate terrain, reach its goals and react to 
created during the execution of its task. Robotic locomotion is distinct from tradit
forms of locomotion in that, not only must it fulfill those roles, but it must perform i
controlled and reliable manner without the aid of a human operator. Moreover, ro
locomotion must facilitate onboard perception and guidance sensors, planning
navigation computing, and real-time motion control. This discussion leads to 
fundamental observations. First, it is evident that robotic locomotion is critical to
successful execution of a mobile robot’s tasks. Second, because the level of ac
performance depends on the interoperability of classical electromechanical, mecha
and advanced robotic components, the design of robotic locomotion is a complex ta
1



INTRODUCTION
The current state-of-practice in robotic locomotion design draws on knowledge of
precedent robotic and conventional vehicles, intuition and experience, but rarely involves
analysis and quantitative rationalization. Especially when a new robot design is pursued,
empirical approaches may result in ill-conceived designs that require redesign or reworks
to achieve desired functionality. Moreover, using current practices it is difficult to predict
how much the paper design will grow in physical and control complexity during
development. Concurrent prototyping and testing is insufficient to address this challenge
because a detailed performance evaluation is possible only after system-level tests have
been carried out. 

Another deficiency is that analytical models governing the relationships between classical
electromechanical and robotic subsystems are not well understood. For instance, it is not
clear how to design robotic locomotion to achieve superior terrain negotiation while
minimizing requirements of perception. The lack of quantitative methods to aid robotic
locomotion design makes it difficult to identify the engineering traits of significance to a
specific design. In many cases traits such as the optimal disposition of locomotion elements
around the chassis frame are not recognized until the robot is fully developed and tested.
Because of very poor understanding of the underlying principles, the effect of robotic
functions, such as autonomous navigation, on the design are commonly deferred until after
the robot is complete. Most frequently the resulting robot performance is below
expectations either because the robot design defies accurate models needed for planning
and control or simply because the design does not meet robotic requirements. 

As yet, there exists no theory, methodology or metrics for the systematic design of wheeled
robotic locomotion. A design phase that is practically unexplored and often neglected is
that of configuration during which locomotion concepts are synthesized and evaluated and
a decision regarding which concept to carry into full design is made. The aforementioned
deficiencies of the current state-of-practice also pertain heavily to configuration. What is
not widely realized is that configuration is the foundation to design and to successful
mobile robot development. 

Despite its significance, the process of configuration and design of locomotion for mobile
robot performance has not been sufficiently addressed. As a result, robotic locomotion is a
product of ad hoc efforts lacking rationalization and method, and ultimately performance.
This thesis is motivated by the need to improve this practice by systematizing the synthesis
of locomotion configurations through the use of analytical methods and parametric
optimization. The scope of the research undertaken has been to make explicit physics-based
mathematical relationships that capture the relationships between configuration parameters
and performance, and devise them in the context of a computational framework which is
practical and is applicable to a generic class of robot designs. 

The focus of this thesis is on the configuration of wheeled robotic locomotion, the most
commonly used means for robotic mobility. An additional motivation is that a body of
research exists on classical vehicle-terrain systems but no one has attempted to apply it to
mobile robots. This thesis embarks to bridge this gap and through the implementation of a
2
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systematic framework to make explicit how classical models of vehicle-terrain interaction
affect robotic locomotion configuration.

 1.2 Thesis Statement

The success of a mobile robot depends on performance of its locomotion system. Despite
a great deal of wheeled robot development, the current state-of-practice does not offer a
practical approach to configuration of robotic locomotion. The purpose of this research is
to formulate, implement and validate a computational framework for synthesizing wheeled
configurations from analytical models of performance. The goal is to improve the state-of-
practice and offer robot designers and researchers an aid to pursue new designs with
rationale and method. 

In response to the need to improve the current state of practice this work ventures to prove
the thesis that: 

Analytical relationships for all-terrain traversability and the mechanics of interaction
between classical mobility and robotic functionality are essential to generating robotic
locomotion configurations with rational and predictable performance.

 1.3 Scope

Configuration is an early design phase during which concepts are synthesized from
engineering principles and creative brainstorming, and then evaluated against design and
performance criteria. In general, configuration occurs after requirements have been
identified and analyzed, and before detailed design commences. Configuration is therefore
a critical phase since it involves the selection of the best one or two candidates for detailed
design. The scope of this thesis is to formulate and implement quantitative techniques
applicable to configuration of wheeled robotic locomotion. It has become apparent through
the course of this work that the developed techniques also apply to detailed design if
improving the fidelity of the design is sought before physical prototyping.

Robotic locomotion configuration deals with the synthesis of a robot’s propulsion (dr
steering, suspension and chassis subsystems (Figure 1). More precisely, configuration
synthesis is the derivation and selection of the various subsystems’ geometric para
that are essential to initiate detailed design. Such parameters can be estimated from
analytical models of the mechanics of robot-terrain interaction. The bulk of this research
has been in the investigation of analytical formulations of classical vehicle-terrain systems
and their applicability and implications to robotic locomotion. Because of unique issues
pertaining to mobile robot performance such as the ability to safely and autonomously
navigate in an unknown environment, robotic locomotion configuration must also take into
account the accommodation of robotic hardware and execution of computational functions.
This work addresses critical configuration issues and illustrates how they are pursued in the
context of configuration using a novel computational framework known as LocSyn.
3



INTRODUCTION
 Figure 1: Example of a four-wheel robotic locomotion configuration. Such a representation is commonly
referred to as configuration design because it contains enough information to pursue detailed
design. As can be inferred from the various section views the configuration process must not only
estimate optimal values of geometric parameters, but should also facilitate general configuration
features such as the number and disposition of powered and steered wheels, type of suspension,
actuation, etc. 
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LocSyn uses analytical models of performance and parametric optimization to estimate
configuration parameters such as the number and type of wheels, geometry of the
locomotion chassis, method of steering, etc. The selection of optimal values for
configuration parameters is based on optimization with regard to performance criteria.
There are three general indices of performance considered:

• Trafficability, which is a robot’s ability to traverse soft soils or hard ground without 
of traction.

• Maneuverability, which addresses a robot’s ability to navigate through an environm

• Terrainability, which captures a robot’s ability to negotiate terrain irregularities.

To maximize the information gained from each analytical formulation, LocSyn implements
optimization on individual equations, rather than formulating multi-variable systems of
equations and then solving for the critical configuration parameters. LocSyn outputs
parametric graphs that allow for in-depth interpretation of the quantitative relationships
between configuration parameters and predicted performance. 

LocSyn’s is structured in a way that allows for incorporation of additional configura
studies without the need to redesign its architecture. LocSyn’s configurations are app
to any type of wheeled locomotion configuration. This is in response to the main motiv
of the thesis which is to impact the general state of practice. Emphasis has also been
in carrying out the various analytical studies in a manner which is as general as po
Even though not all possibilities of subsystem configurations are examined, the read
learn from the work presented the appropriate engineering methods and how to use

LocSyn was used to configure the locomotion of Nomad, a robotic rover for long r
exploration of barren environments such as deserts and polar icefields. To verify so
the performance predictions made by LocSyn, this research has conducted an ex
experimental program, first using a single wheel testbed and then the Nomad robot.

 1.4 Approach

This approach of this thesis towards the configuration of wheeled robotic locomotion

• Identify and formulate configuration equations which are analytical expressions wit
merit to configuration.

• Assemble a framework that systematically utilizes configuration equations to est
configuration parameters.

• Realize the applicability and limitations of such equations through in depth researc
incremental implementation.

• Exercise the framework on the locomotion configuration of a novel robot. 

• Critique the results and identify improvements and additional configuration studies

A great deal of effort is devoted in creating or adapting terramechanical models of wheel/
soil interaction to derive wheel and chassis parameters and quantify the expected tractive
performance of a configuration. Quasi-static models of maneuverability, obstacle
5
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negotiation and slope climbing are then used to acquire configuration equations for the
steering and suspension subsystems. Emphasis is placed on studies that are applicable to
any type of wheeled robot. Wherever this is not possible, a concerted effort is made to
present the derivation of configuration equations in a way which is not only generic but also
highlights the underlying engineering principles.

LocSyn is the computational framework that systematizes the synthesis of configurations.
It carries out all the analyses, provides numerical solutions to configuration equations and
outputs both text data and graphs. LocSyn solves all the configuration equations and as
such captures the relationships among configuration (physical and geometric attributes
such as those shown in Figure 1), performance (defined within the context of the three
indices of trafficability, maneuverability, terrainability) and environmental/task parameters
(constraints and requirements). LocSyn’s graphical output allows for simultan
evaluation of multiple configuration candidates and visualization of the space of acce
solutions. LocSyn’s architecture is straightforward; numerical solutions are sought for
configuration study independently and sequentially. In its current instantiation, Lo
does not automatically evaluate candidate configurations. This is done by the desig
maximize the benefits gained from an elaborate examination of numerical results.

The derivation of configuration equations and their implementation in LocSyn 
ultimately in the configuration of the Nomad robot are detailed in this thesis. Chap
outlines the underlying fundamental questions of this research and summarizes 
research. Chapter 3 introduces the concept of configuration equations and the fram
for synthesis of locomotion configuration (LocSyn), and details LocSyn’s analy
models. Chapter 4 discusses the implementation of LocSyn on Nomad’s ro
locomotion and critiques the experimental results and LocSyn’s theoretical predic
Finally, Chapter 5 captures the contributions to robotics and envisions future developm
6
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BACKGROUND
The synthesis of robotic wheeled locomotion configurations from physics-based models
and the optimization of selected configurations based on metrics of ground performance are
the objective of this research. The fundamental assumption of this work is the notion that
both traditional ground vehicles and wheeled robots are subject to the same physical
principles that govern the interaction between locomotion elements and the terrain. This
hypothesis allows for a detailed examination of trafficability, maneuverability and
terrainability as they pertain to wheeled robots through the use of quasi-static
terramechanics, the science of vehicle-terrain interaction. 

Lacking prior research on how terramechanics impacts the design of wheeled robots, it
became a priority to investigate, reformulate and in some cases develop new analytical
models of ground performance in a way that is suitable to robotic locomotion. Moreover
this research has pursued those models and associated metrics with general applicability to
any wheeled robot design. It is likely that the configuration optimization criteria would be
different from application to application, but the configuration equations developed are of
general use. The configuration analyses are based on the assumption of quasi-static vehicle
mechanics. Notable exceptions to the class of robots whose performance conforms to that
assumption include autonomous highway vehicles and a new generation of unmanned
ground vehicles for defense applications. 

The process by which locomotion configurations are synthesized is based on the derivation
of parametric solutions to configuration equations and the interpretation of the space of
feasible configuration parameters. This allows for a thorough examination of analytical
expressions with merit to configuration and an efficient handling of multiple and in most
cases conflicting optimization criteria. Moreover, the devised framework can be easily
augmented with analytical studies that pertain to the configuration of a specific class of
wheeled robots. 

The works by [Bekker56/60/69] and [Wong93] have had a profound impact on the technical
investigations of this thesis. [Bekker69] researched systematic approaches to the
development of off-road vehicle concepts and devised semi-analytical methods for
selecting vehicle configurations for a given mission and environment. His experimental
programs produced a thorough characterization of the terrain performance of medium and
large-size all-terrain vehicles for defense and civilian applications and a substantial body
of analytical work on various aspects of tire/soil interaction [Bekker60]. Bekker also
pioneered the use of terramechanics in the configuration and performance prediction of
lunar rover designs [Bekker64]. This work also investigated the relative merits of wheels
and legs in the context of planetary exploration. Wong’s comprehensive work on the t
and practice of ground vehicles is an invaluable resource in understanding the mec
of locomotion based on the theory of plastic equilibrium of soils. 
7



BACKGROUND

n of
e of

strates

 robots
otion
g such
diture
umber

ional
 by
lly,
ject to
 ability
cover.
 mobile
tion

id it
the
obot

botic
. It is
based
 have
f such
The role, scope and approach to address the configuration of robotic locomotion is a subject
that has received little attention from the robotics community. Notable exceptions include
the works by [Bares97/91], [Hirose91/95] and [Waldron84/85/95], and to a lesser degree
the works of commercial aerospace and NASA teams that have pursued the design of
planetary rovers [MMSSC88][Lindemann92][Littmann92][Wallace92/93].

[Todd85] in his book “Walking Machines: An Introduction to Legged Robots” presents a
comparative evaluation of wheels and legs based on simplified soil mechanics and a study
of energetics of locomotion. Even though Todd’s work focuses on the configuratio
legged robots, the discussion of foot work energetics reveals the significanc
terramechanics in characterizing the ground performance of a robot and demon
mobility studies of impact to robot design. 

[Bares91] represents a systematic approach to configuration of autonomous walking
for exploration of extreme terrains. His work distinguishes the role and scope of locom
configuration of legged robots and details the metrics and techniques for synthesizin
systems. Using geometric analysis of gaits, vehicles kinematics and power expen
studies, Bares characterized the expected extreme-terrain performance of a small n
of configurations.

[Waldron85a] differentiates between the configuration of mobile robots and tradit
ground vehicles. The primary distinction of robotic configuration is that it is driven
metrics of superior mobility, power efficiency and robust motion control. Additiona
because most robots are confined to remote or hazardous environments sub
infrequent human control, they must possess locomotion features that enhance their
to avoid immobilization, accommodate degraded performance and even self-re
Waldron also addresses the synergy among the mechanics, control and sensing of a
robot and its impact on configuration through metrics of mobility, actuation and mo
coordination [Waldron85b]. Waldron’s work is of great significance in that not only d
formulate practical metrics for configuration, but proved their applicability on 
configuration design of a high-performance actively articulated wheeled r
[Waldron95]. 

Although the main product of this thesis is a computational framework for wheeled ro
locomotion configuration, it does not attempt to automate the configuration process
therefore quite distinct from other approaches, which through the use of knowledge-
systems and optimization such as dynamic programming and genetic algorithms
pursued the automation of robot design synthesis and optimization. A discussion o
approaches can be found in [Roston94], [Katragadda98] and [Leger99].
8
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CONFIGURATION FRAMEWORK
This chapter deals with the study of configuration equations for synthesis of robotic
locomotion configurations. Configuration equations are functions that capture the
quantitative relationships among environmental/task parameters (e.g. geophysical soil
properties, density and size of obstacles) configuration parameters (e.g., wheel diameter,
chassis articulation location) and performance parameters (e.g. drawbar pull, maximum
gradeable slope). Solutions to the configuration equations are obtained in parametric form
to allow for comprehensive characterization of variant locomotion concepts as opposed to
searching for point designs. Optimal configuration parameters are sought in the context of
three indices of performance: trafficability, maneuverability and terrainability. 

The derivation of configuration equations, the estimation and optimization of configuration
parameters and predictions of performance are performed in Locomotion Synthesis
(LocSyn), a framework that combines computation, simulation and design to configure
wheeled robotic locomotion. LocSyn offers a practical approach to rationalizing the
configuration design of robotic locomotion through quantitative studies. LocSyn’s ge
architecture can easily be modified to accommodate case-based studies. The fol
sections present the derivation of configuration equations of merit to configuratio
wheeled robotic locomotion and discuss their limitations.

 3.1 Locomotion Synthesis (LocSyn) 

LocSyn is a computational framework for the quantified derivation of robotic locomo
configurations. It carries out all the analyses, provides numerical solutions to configu
and outputs both text data and graphs. LocSyn’s architecture is straightforward; num
solutions are sought for each configuration study independently and sequentially. An
of trafficability is treated first, followed by maneuverability and terrainability. LocS
presents the designer with its results graphically to enable understanding of trends an
offs.

LocSyn utilizes information on a robot’s mission and environment of operation as inp
compute dimensional and functional features of the robot’s locomotion. The impa
“environment” and “mission” to configuration is captured by environmental/t
parameters, which are input entities to the configuration process. Environmenta
parameters are the constraints and specifications derived from requirements, such
geophysical properties of the terrain to be traversed by the robot or the maximum av
transport-stowage volume. LocSyn does not require that environmental/task paramet
deterministic but can be expressed in any mathematical form including statistical func
This is necessary if environmental/task parameters can only be derived probabilistic
9
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LocSyn estimates the dimensions and other functional features of locomotion by solving
configuration equations. These mathematical expressions are derived from physics or
geometry-based analytical models, and encode the relationships between the physical
configuration of locomotion and its performance, expressed as configuration and
performance parameters, respectively. Configuration equations also incorporate
environmental/task parameters. A fundamental assumption is made that configuration from
analytical models can benefit most if a quantitative relationship between the physical
configuration and performance is utilized. To illustrate the concept of configuration
equations, consider the following equation of the theoretical static sinkage of a solid, low
compliance, powered wheel rolling in soft soil:

This expression captures the relationship between the diameter dw and width bw of the
wheel (configuration parameters) and sinkage zrw (performance parameter). kφ, kc, n and θ
are soil and terrain environmental/task parameters. It is evident that this formulation allows
for the quantitative evaluation of the effect of wheel dimensions on sinkage performance.
Configuration equations can be used in different ways depending on what kind of
information is available to the designer. For instance, one can estimate wheel dimensions
if the maximum allowable wheel sinkage is defined for a variety of soils. Conversely, one
can estimate the expected sinkage if the lower and upper bounds of wheel dimensions have
already been determined by another configuration study or simply are defined based on
commercially available tire designs. This information is useful not just for the purposes of
configuration but also in the detailed design of the robot’s propulsion control system

Configuration equations are solved one by one rather than as systems of equation
reason for doing so is threefold: First, most configuration equations are non-linear an
attempt to examine them as systems of equations would have required linearizatio
approximations that would have defeated the purpose of LocSyn as a practical tool fo
configuration synthesis. Second, it is essential that one must exploit each configu
equation to the fullest to adequately characterize the relationships between configu
and performance parameters. One way to achieve this is through parametric evalua
the relationships of configuration and performance parameters as they are captured t
each equation. Finally, independent treatment of each equation enables sensitivity a
of the relative effect of configuration parameters on performance.

LocSyn considers three indices of performance: trafficability, maneuverability 
terrainability. These relate to any form of wheeled robotic locomotion independently o
environment of operation or task. Each performance index entails a fair numb
engineering studies as illustrated in Table 1. 

dw kφbw kc+( )2 9Ww
2 θ2

cos

3 n–( )2
zrw( )2n 1+

-------------------------------------------=
10
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Table 1: Performance indices and engineering studies of merit to any type of wheeled robotic locomotion.
In some cases more than one configuration equations can be derived from a single study. For
example, an investigation of steering kinematics yields various configuration equations,
depending on the type of steering scheme deployed.

Trafficability Maneuverability Terrainability

Sinkage
Ground Pressure

Axial/ Lateral
Resistance

Downhill/Crosshill
Grade Negotiation
Stability/Traction/
Torque/Power

Traction/Slip
Braking/Skid

Turning Radius/Range Combined-Grade
Negotiation
Stability/Traction/
Torque/Power

Motion Resistance Steering 
Torque/Energy/Power

Discrete 
Obstacle Negotiation
Stability/Traction/Torque/
Power

Drawbar Pull Steering Efficiency Combined-Obstacle
Negotiation
Stability/Traction
Torque/Power

Drive 
Torque/Energy/Power

Steering 
Resolution/Accuracy

Tipover Static/Dynamic 
Resistance

Traction/Torque/Power 
Efficiency

Steering Kinematics
(skid/wagon/ackermann)

Rollover Static/Dynamic 
Resistance

Drive 
Resolution/Accuracy

Steering Geometry
(linkages, motion range, 
working volume)

Suspension Geometry
(linkages, motion range, 
working volume)

Propulsion Actuation
(all v some 
wheel drive)

Steering Actuation
(all v some wheel steer)

Suspension Actuation
(all v some linkage
actuation)

Locomotion & Chassis 
Geometry

Hang-up Failure 
Avoidance

Locomotion Element 
Disposition

Nose-in Failure 
Avoidance

Immobilization 
Resistance

Wedging Avoidance

Axial Impact 
Resistance

Obstacle Impact 
Resistance
11
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The formulation of engineering studies for configuration leverage-off the theory and
practice of:

• Terramechanics

• Kinematics

• Mechanics

• Physics of sensing

 3.2 Configuration for Trafficability

The fundamental functions of locomotion are to generate traction and move the robot.
Traction is the result of forward thrust developed at the interface of a drive wheel with the
ground. Impediments to forward motion are various forms of resistance, most notably
resistance due to compaction and bulldozing of the soil, rolling resistance caused by
internal losses and non-linear phenomena at the tire-soil interface, and resistance due to
obstacle and slope negotiation. 

Known as drawbar pull, the difference between traction and motion resistance is a pivotal
metric for robotic locomotion performance, because it expresses whether or not a robot can
drive without loss of traction independently of how it is controlled. Configuration for
trafficability should select configurations that maximize soil thrust while minimizing
motion resistance. Maximizing drawbar pull also improves the slope and obstacle climbing
capabilities of a robot as well as its response to immobilization. If a robot is expected to
operate in a variety of terrain conditions, configuration parameters should be selected to
optimize the average tractive performance. The selected locomotion configurations should
possess the implicit attributes to improve traction control and minimize dead reckoning
errors by limiting wheel slip.

Finally, configuration for trafficability should minimize power expenditure due to losses
from soil compaction or other phenomena associated with motion resistance. This
optimization criterion has far reaching effects in that it ultimately impacts the selection of
the size and type of propulsion actuators and electronics for closed-loop control.

 3.2.1 Sinkage

A wheeled robot traversing off-road terrain is subject to sinkage. The amount of sinkage
depends on the geophysical properties of the soil and the dimensions, shape, stiffness and
loading of the wheel. Wheels can be classified as rigid or flexible based on how much they
deflect under static loading. Rigid wheels retain a constant rolling diameter and cross-
section shape under any loading, and include hard metallic wheels or wheels with solid
non-metallic tires. Flexible wheels deflect by at least 10% of the rolling diameter; their tires
are constructed of thin wall metallic or non-metallic materials and include low- to medium-
pressure pneumatic tires. 
12
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Pneumatic tires are commonly used on mobile robots. When a high-pressure pneumatic tire
operates in weak soil, it behaves in a way similar to a rigid wheel. This is known as the rigid
mode of operation of the wheel. Conversely, if the maximum contact pressure that the
terrain can support is greater than the combined inflation pressure of the tire and the
pressure due to the stiffness of the carcass, then the tire flattens at the contact patch with the
terrain. This is known as the flexible mode of operation [Wong93].

Consider [McCullough89] model of sinkage of an flexible wheel shown in Figure 2. This
is a generic case, in which the wheel initially sinks into soft soil while rolling. In addition
to sinking, the wheel deflects when the normal pressure that the terrain can sustain is greater
than the wheel loading over the contact patch with the soil.

 Figure 2: Sinkage model of a flexible wheel rolling in soft soil.

The relationship between contact pressure and wheel sinkage for a given soil and wheel
loading provides a parametric equation of wheel sinkage as a function of the width of the
loading area. Independent of the type of tire or the mode of operation, for locomotion
configuration purposes the width of the contact area bw is the nominal tire width:

 [1]

The cohesive kc and frictional kφ moduli of soil deformation are calculated by measuring
the contact pressure per unit sinkage of two rectangular plates of different widths. 

The exponent of soil deformation n is the mean of values determined for at least two
measured sets of pressure and sinkage. The values of n, kc, kφ have been tabulated for
various soils, organic terrain, and snow.
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Table 2: Geophysical properties of soils and snow [Wong93].

In a static model of wheel sinkage the integral of the vertical component of normal pressure
over the wheel-soil contact patch equals the vertical wheel loading. With the assumption
that the normal pressure acting on the wheel rim in contact with the soil is equal to the
contact pressure on a plate at the same depth and under the same loading, one can make use
of the pressure-sinkage relationship to derive an equation for the maximum sinkage of a
solid wheel in weak soil:

  [2]

This equation expresses robot performance in the form of wheel sinkage as a function of
soil parameters n, kc, kφ and wheel dimensions dw, bw. In most applications it is not possible
to have the exact values of the soil parameters for the terrains that the robot will be
traversing. Nevertheless, approximate values for a wide variety of soils and moisture
contents can be found in the literature and can be used as good approximations of the
geophysical properties of the terrain under consideration. 

Equation [2] is valid for a rigid wheel or a pneumatic tire operating in a rigid mode. It is
very accurate for values of the exponent of soil deformation n up to 1.3. Typical values of
the exponent n are 0.20 for clay, 1.1 for dry sand and 1.6 for snow. If the wheel is operating
in an flexible mode, the maximum sinkage is estimated from the fundamental pressure-
sinkage relationship [1] by solving for the sinkage. This equation is very accurate for a flat
wheel loading area, and can be also used to predict the sinkage of a track.

 [3]

Soil Type
Moisture
Content

n kc Kφ c φ

Dry sand 0% 1.10 0.1 3.9 0.15 28o

Sandy loam 22% 0.20 7 3 0.2 38o

Clay 38% 0.50 12 16 0.6 13o

Heavy clay 40% 0.11 7 10 3 6o

Lean Clay 22% 0.20 45 120 10 20o

Snow - 1.6 0.07 0.08 0.15 20o
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The contact pressure p is the sum of the tire inflation pressure and the pressure produced
by the stiffness of the carcass. For commercial tires and tires with width to diameter ratios
greater than 0.8, such as terra tires and rolligons, the contact pressure is expressed by the
average ground pressure, which is usually provided by the tire manufacturer. 

The fundamental equations of sinkage form the analytical basis for estimating the
configuration parameters dw and bw. Solving the above equations for the geometric
dimensions of the wheel leads to the following configuration equations of sinkage:

• Rigid wheel:

 [4]

• Flexible wheel:

 [5]

From the equations of sinkage it is evident that larger wheel diameters and widths result in
lower sinkage. The upper bounds on wheel dimensions are set by considerations of mass,
volume, and functionality [Wallace93]. For example, the wheel diameter cannot be greater
than the required length of the wheelbase, in case for instance that the wheelbase is limited
by stowability constraints. The sinkage of a very-low pressure pneumatic or a highly
flexible metallic tire, is virtually independent of wheel diameter. 

A complete analysis of the effects of wheel dimensions on sinkage should take into account
the changes in motion resistance and, in particular, compaction and bulldozing resistance
as the wheel sinks deeper into soil. The effects of sinkage on tractive performance and
locomotion configuration are discussed in the upcoming sections.

 3.2.2 Soil Thrust and Traction

Vehicle motion relevant to the terrain is produced through traction. Caused by a physical
process of adhesion and deformation, traction develops at the interface of a powered wheel
with the ground. Unpowered (towed) wheels cannot generate traction because there is no
input torque to react to the tractive force needed to turn the wheel and propel the vehicle.
The maximum produced traction is limited by the adhesion between the wheel and the
ground [Gillespie92] and the torque-speed characteristics of the vehicle’s prime mov
drivetrain which basically determine that maximum torque and power transmitted t
wheel.

For locomotion in soft soils traction is limited by the mechanical properties of the soi
loading at the wheel/soil interface patch. The maximum force that can be sustained 
soil before excessive slippage occurs (usually more than 20%) is known as soil thrus
study of the mechanics of traction generation provide equations for the configuratio

dw kφbw kc+( )2 9Ww
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robot’s wheel and overall locomotion geometry. Consider the case of towed and po
wheels rolling at slow speeds through soft terrain: 

 Figure 3: Free-body diagrams of towed and powered wheels.

The towed wheel which supports a fraction of the robot weight Ww is put to motion by the
towing force P. The towing force is balanced by the motion resistance R, and the we
equal but opposite to the vertical ground reaction Rv. In the case of the powered wheel
drive torque T is required to produce the tractive force F. Traction should exceed the m
resistance force if forward motion is to be sustained.

The maximum tractive force F is limited by the thrust H produced by the soil, which in
is proportional to mechanical strength of the soil. Data on the stress/strain relationsh
disturbed soils, sand, snow, and saturated clays have verified the appropriateness
Janosi-Hanamoto relationship to describe the shear stress-strain behavior of unpr
terrain [Wong93]:

 [6]

τ is the shear stress, p is the normal pressure (normal stress), J is the shear displa
and c and φ are the modulus of cohesion and angle of internal friction of the s
respectively. K is the modulus of shear deformation and in theory is the magnitude 
sheared displacement required to develop the maximum shear stress. Wong propo
K can be taken as 1/3 of the shear displacement at a stress τ that is 95% of the maximum
shear stress of the soil τmax. In practice, K is fitted using experimentally calculated valu
of τmax, τ, and J. The shear displacement J is a function of the slip, contact angle, and 
radius of the wheel.
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The amount of soil thrust H is computed by integrating the shear stress over the contact
patch between the wheel tread and the soil. Assuming a uniform distribution of normal
pressure on the tread-soil interface:

 [7]

This equation expresses the in-soil performance of the wheel in terms of the maximum
developed tractive force as a function of the contact patch between the tire and the soil, and
the weight distribution over the wheel. It is evident that increasing the contact area by
means of wider tires, or transferring a higher portion of the robot’s weight to a pow
wheel, result in proportional improvements in traction.

Of critical importance to the amount of forward thrust developed at the tire-soil interfa
the geometric shape of the tire. Consider the road-tire shaped wheel. The contac
between the tire and the soil has an elliptical shape and an approximate area:

 [8]

where l’ and b’ are the principal axes of the elliptically-shaped contact patch. When ro
the size of the contact area changes continuously because of different soil properti
dynamic weight transfer due to changes in the posture of the robot traveling on u
terrain. In the case of a flexible wheel the approximate dimensions of the contact are

 [9]

Assuming that the width of the contact area is practically equal to the nominal width o
tire, the equation of soil thrust can be rewritten as follows:

 [10]

The configuration equation for the maximum achievable traction based on the availab
thrust is:

  [11]
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Equations [10] and [11] can be used to estimate the configuration parameters dw, bw, and
δw of a flexible wheel. To optimize traction, one can compute the maxima of the function
Fmax,ew= f(dw, bw, δw) for appropriate value ranges of the configuration parameters.
Alternatively, if the maximum traction has been estimated from a drawbar pull
specification, there are only two independent configuration parameters and the third
determined as a function of the other two. If the flexible tire is rolling on hard ground, the
above equations can be simplified by eliminating the terms that involve sinkage. 

 Figure 4: Contact patch profiles for cylindrical (a) and spherical (b) wheels.

Now consider the case of a solid cylinder in contact with a flat planar surface. The area of
the contact patch between the tire and the ground can be approximated as follows
[Shigley89]: 

 [12]

In the case of cylinder-plane or sphere-plane contact, the shape coefficient KD and flexible
coefficient CE are: 

 [13]

νw and Ew are the Poisson’s ratio and modulus of the flexibility of the tire mate
respectively. Substituting [13] into [7] results in the configuration equation of maxim
traction developed by a cylindrical solid wheel on hard ground:

(a)
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(b)
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 [14]

The above configuration equations are useful in estimating the configuration parameters dw
and bw. Because the shape of the wheel impacts the maximum traction through the
dimensions of the contact patch l’ and b’, the above equations can be used as a metric of
comparison of different wheel shapes. For example, if a spherical wheel is rolling on hard
soil the dimensions of the contact patch and the maximum developed traction are: 

  [15]

The first equation in [15] can be used to calculate the maximum wheel traction as a function
of wheel diameter for given soil conditions. Wheel shape affects the tractive efficiency of
a robot and its resistance to steering. The majority of commercial vehicles use tire-shaped
wheels which are very effective for locomotion on hard terrain. Low section-height tires are
used in off-road applications to minimize sinkage and improve traction. Tread patterns and
deep grooves are common features of tires used in demanding applications, such as tillage
earthmoving and excavation [Dudzinski89]. 

Numerous innovative wheel shapes have emerged in an effort to develop highly efficient
wheel designs for planetary exploration. These designs included the wire-mesh tire-shaped
wheel used for the Apollo Lunar Roving Vehicle [Burke92], the loop-spring torus-shaped
wheel developed for the Russian Mars Roving Vehicle [Kemurjian92], as well as convolute
cone, hemispherical, and cantilevered cleat wheels proposed for various planetary rovers.
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To compute the maximum traction of a rigid wheel driving though weak soils, assume that
the length of the contact area equals its projection l’ on a horizontal plane and that the width
of the contact area b’ is the width of the wheel bw: 

 Figure 5: Cylindrical rigid wheel rolling in soft ground.

  [16]

 3.2.3 Motion Resistance

When a robot moves on paved surfaces and highways it consumes energy to overcome the
rolling resistance between the tires and the ground, as well as gravitational and inertial
forces. At speeds of more than 60 mph aerodynamic forces become the main mechanism
of energy losses. The rolling resistance between the tire and the ground is attributed to tire
slip, scrubbing in the contact patch, deflection of the road surface and energy losses due to
tire adhesion on the road and hysteresis. Rolling resistance varies with the type and material
of the tire tread, the velocity of the vehicle, and environmental parameters such as
temperature and humidity [Gillespie92].

For locomotion on unprepared, off-road terrain the main mechanisms of energy losses are
the wheel’s compaction, bulldozing and dragging of soil. On slopes, resistance due
gravitational component parallel to a slope is an additional impediment to forward mo
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Even more challenging are situations where the robot must climb an obstacle or a vertical
step. The ability to overcome the resistance of an obstacle on a slope usually determines the
extreme terrainability of the robot. The summary of such resistive forces is known as the
“external motion resistance.” Resistance to motion is also caused by frictional f
between drivetrain components, mechanical linkages, and hysteresis within the mec
components of the robot, and are known as “internal motion resistance.” 

A study of the effects of motion resistance on the performance of a robot is accomp
by estimating configuration parameters that minimize the amount of energy dissipate
the terrain and the forces opposed to the motion of the wheel. 

 3.2.3.1 Soil Compaction Resistance (Rc)

Loss of soil thrust in unprepared terrains is primarily due to the compaction resistan
the soil. This form of motion resistance can be analyzed considering the mechanic
wheel rolling into soft terrain. Compaction is equivalent to the vertical work per unit le
in pressing a wheel into the ground to a depth of its maximum sinkage. Using the simp
model of wheel sinkage proposed by [Bekker69], the compaction resistance c
calculated as:

 [17]

This model assumes that the normal pressure acting on the wheel tread of width bw is equal
to normal pressure acting on a flat plate of width bw at the same depth z, and has be
successfully used to predict the resistance of wheel diameters greater than 20 inch
wheel sinkage of less than 15% of the wheel diameter. However, experimental result
shown that in practice and for a variety of soils, the maximum of the normal pre
distribution does not occur at the lowest contact point of the wheel P, but rather 
intersection of the soil flows A, as illustrated in Figure 6. Experimental work has 
shown that the location of the maximum contact pressure is a function of wheel slip
[Wong93]. For low slip values there are two distinct flows of soil beneath the interfa
the tire and the ground. Soil is compacted in front of the center of contact pressur
pushed behind it. At 100% slip the wheel does not move forward, and soil is pushed
the front to the back. Finally, if the wheel is locked and is dragged forward there is 
wedge formed in front of the tire with a significant flow accumulation. 

For the purpose of this work Bekker’s analytical formulations adequately describ
mechanics of wheel-soil interaction as they pertain to motion resistance and provi
analytical means for accurate estimation of the wheel configuration parameters for 
widths greater than 15 inches, relatively low sinkage (less than 5 inches), and ground
pressures of less than 10 psi.
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 Figure 6:  Soil flow at the wheel-soil interface during sustained driving (left), 100% slip (middle) and breaking
(right).

Using the definitions of rigid and flexible wheels, and substituting the appropriate
equations of sinkage into the integral of compaction resistance, we first derive an
expression for the compaction resistance of a flexible wheel:

 [18]

pgr is the average ground pressure which is usually provided by the tire manufacturer for a
given inflation pressure and wheel loading. For configuration purposes, the compaction
resistance can be approximated as a percentage of the soil thrust in response to a
performance specification. For example, above a given value, the maximum compaction
resistance can be estimated from the ratio of the total difference between soil thrust and
compaction resistance over the gross vehicle weight. Equation [18] shows that the
compaction resistance of a flexible wheel is solely a function of the width of the contact
patch (the minimum width of the tire in this case) and the geophysical properties of the soil.
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In a similar fashion, the compaction resistance of a rigid wheel is:

 [19]

In this case both wheel diameter and width influence compaction resistance. As a result of
the fact that the diameter of a solid wheel enters the compaction equation in a power higher
than the width of the tire and that both configuration parameters are inverse proportional to
compaction, an increase of the diameter reduces the compaction resistance by a greater rate
than an equal increase of the tire width [Wallace93].

 3.2.3.2 Bulldozing Resistance (Rb)

Bulldozing resistance is developed when a substantial soil mass is displaced by a wheel.
This type of resistance is very common when a wheel compresses the surface layers of the
soil and pushes the compacted soil fore and aft of the tire [Bekker60], [Gee-Clough79]. The
soil bulldozing phenomenon is apparent in the case of a wide wheel (width greater than
10 inches) traversing very loose soils and has been estimated to cause a significant increase
in total motion resistance for sinkage values greater than 0.06 of the wheel diameter.

The bulldozing resistance on narrow tires is mitigated by the fact that a portion of the soil
bulk is pushed to the sides of the wheel. The bulldozing resistance can be calculated by
implementing the theory of bearing capacity of soils subject to various criteria of failure. 

  [20]
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The bulldozing resistance increases rapidly with the increase of the tire width. Especially
in cases of robotic locomotion in high density, viscous soils is required. Soil bulldozing and
in particular soil dragging become the most prominent sources of energy and traction
losses. As far bulldozing resistance is concerned, large-diameter narrow wheels would
develop more traction than small-diameter wide wheels with the same contact-patch area
and normal loading. 

 3.2.3.3 Rolling Resistance (Rr)

In addition to soil compaction and bulldozing, motion resistance is caused by the deflection
of the tire and the tread elements, wheel slip and scrubbing at the wheel-soil interface. The
combined effect of these forms of motion resistance is known as rolling resistance. The
most common definition of rolling resistance is that it is the product between the vertical
load applied on the wheel and an experimental coefficient: 

 [21]

This formulation seems to deviate from the general principle of this thesis that a
mathematical expression can be used as a configuration equation if it includes both
configuration and performance parameters. However, the values of both the coefficient of
rolling resistance fr and the wheel loading Ww depend on configuration parameters. The
calculation of the coefficient of rolling resistance is a fairly involved process that considers
various factors such as: travelling speed, wheel slip, tire material, design, inflation pressure,
temperature and loading, and the type of soil. The wheel diameter and tire cross section also
factor in the calculation of fr. Gravitational and inertial load distribution on the wheels
depend on the geometric configuration of the chassis and mass distribution.

 3.2.3.4 Gravitational Resistance (Rg)

Ground slopes add a component to the motion resistance which is proportional to the
component of the total weight parallel to the slope. In the case of a robot driving on an
uphill slope the gravitation resistance is: 

 [22]

Assuming the random location of a robot’s center of gravity and that the robot is negot
a combined crosshill/uphill slope, the gravitational resistance force on each wheel c
estimated assuming that the magnitude of the gravitational load on a wheel is inv
proportional to the distance of the wheel contact from the projection of the center of g
to the contact plane (defined by the contact points of at least three wheels). If cro
uphill performance is a critical design requirement, a detailed analytical investigation 
impact of the location of the center of gravity, number and disposition of wheels o
optimal distribution of the gravitational load among the wheels is required. 

Rr frWw=

Rg Ww θsin=
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 3.2.3.5 Obstacle Resistance (Ro)

When a wheeled robot is climbing an obstacle, an additional component of motion
resistance is developed at the tire/obstacle interface due to the change in the normal contact
force. In fact, as the posture of the robot changes due to obstacle climbing, so does the
weight distribution over the wheels. This is a similar situation to that of a robot climbing a
slope, but in this case the “grade” is determined by the angle between the line that co
the front/rear wheel contact points and the ground level. Modeling the resistance forc
to obstacle climbing in soft soils and compliant obstacles is an extremely involved pr
that goes beyond the scope of robotic locomotion configuration. However, a manag
configuration equation of obstacle resistance can be derived from the equations o
equilibrium of a robot climbing a discrete obstacle on a hard surface or compacted
Consider for instance the case of a four-wheel, all-wheel-drive robot with rigid suspe
climbing a square obstacle.

 Figure 7: Force analysis of discrete obstacle climbing with the front wheels.

The total resistance due to obstacle climbing is:

 [23]

where FVF can be calculated from solving the equations of static equilibrium: 

 [24]

Assuming that the maximum soil thrust and rolling resistance can be approximated b

FRR

FVR

HR

W
HF

FRF

FVFh

x

α

l1 l2

Ro FVF αcos FRF αsin+=

FX∑ 0 HR FRR– HF αsin FVF αcos– FRF αsin–+⇒ 0= =

FZ∑ 0 FVR HF αcos FVF αsin FRF αsin– W–+ +⇒ 0= =

MC∑ 0 W l1 x+( ) HRh FRRh– F l1 l2 x+ +( )–+⇒ 0= =
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 [25]

one can obtain the following configuration equation of obstacle resistance when the front
wheel is climbing an orthogonal obstacle:

 [26]

where the contact angle α and dimension x can both be expressed in terms of the obstacle
height h and wheel diameter dw: 

 [27]

 Figure 8: Force analysis of discrete obstacle climbing with the rear wheels.

Because it is assumed that obstacles have hard surfaces, the tractive force can be
approximated as the product of the a coefficient of adhesion µα and the wheel loading
[Wong93].

Similarly, the obstacle resistance when the rear wheel is climbing the obstacle is:

 [28]

The configuration equations for Ro are significant in that they involve multiple critical

H µαFV=

FR frFV=

RoF

W l1 x+( ) µα fr–( ) fr αsin αcos+( )
αcos fr αsin µα αsin–+( ) h µ– α fr+( ) l1 l2 x+ + +( )

-------------------------------------------------------------------------------------------------------------------------------=

αsin
dw 2h–

dw
------------------=

x 0.5 dw
2

dw
2

2h–( )
2

–=

FRF

FVF

HF

W HR

FRR

FVRh

x

α

l1 l2

RoR

W l2 x–( ) µα fr–( ) fr αsin αcos+( )
αcos fr αsin µα– asin+( ) h µα fr–( ) l1 l2 x–+ +( )

------------------------------------------------------------------------------------------------------------------------=
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configuration and environmental/task parameters. Assuming that the weight of the robot,
geometry of the chassis and the wheels, and tire/ground properties are known, Ro can be
calculated as a function of the obstacle height. It is worth noting that the (h, FVF, FVR) set
that satisfies the equations of static equilibrium is the solution to the problem of
determining the maximum negotiable obstacle (hmax) for a specific locomotion
configuration (dw, l1, l2) and tire-ground interaction (µα, fr). Ultimately, the maximum
climbable obstacle is the smaller of the values obtained from the analysis of RoF and RoR.

It is evident that the maximum climbable obstacle and obstacle resistance depend on
whether all or some of the wheels are powered. If, for instance, the front wheels are not
powered and the rolling resistance is negligible, then the obstacle resistance on the front
wheel is:

 [29]

Under the same assumptions, in the case of the rear wheel climbing the obstacle the
obstacle resistance force is:

 [30]

 Figure 9: Force analysis of infinitesimal obstacle climbing with the rear wheels.

Finally, if the obstacle is an infinitesimal step, the equations of static equilibrium when the
rear wheel is climbing are slightly different. The resulting obstacle resistance is:

 [31]

RoF

W l1 x+( )µα
l1 l2 x µαh–+ +( )

--------------------------------------------=

RoR

Wl1 2αsin

2 l1 l2 x–+( )
-------------------------------=

FRF
FVF

HF

W HR

FRR

FVRh

x

α

l1 l2

θ

Ro∞R

W l2 θcos x–( ) µα fr–( ) fr αsin αcos+( )
αcos fr αsin µα– asin+( ) l1 l2+( ) θcos x–( )

----------------------------------------------------------------------------------------------------------=
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The configuration parameters dw, l1 and l2 can be estimated analytically by minimizing
obstacle resistance while maximizing the height of a negotiable obstacle. The
aforementioned formulations do not take into account the torque and power limitations of
the robot’s propulsion system and drivetrain. 

 3.2.4 Drawbar Pull

Drawbar pull is the difference between traction and motion resistance, and is the
which is available to pull or push an additional payload until the maximum avail
traction is reached. 

 [32]

If the wheel is fitted with grousers or other tire features for increasing gripping with
terrain, the above equation is corrected as:

 [33]

where Fg is the additional traction produced by the grousers and the total resistance
summary of the various forms that have been discussed in previous sections. The ef
grousers on trafficability can be found in [Bekker56/69].

 [34]

and 

 [35]

In the case of locomotion on hard ground or compacted soil the maximum tractive
Fmax is limited by wheel/ground adhesion whereas in soft soils the limiting factor is
thrust. In both cases wheel slip further reduces the maximum available traction. Addi
limitations are imposed by the maximum tractive effort that can be delivered by the ro
prime mover to the powered axles or wheels, but for the purposes of locom
configuration it is assumed that this is a constraint that can be handled separately dur
detailed design of the robot’s engine and drivetrain subsystems. Clearly, drawbar pu
significant performance parameter as it involves practically all the configuration
environmental/task parameters that affect trafficability. 

 3.2.5 Drive Torque and Power

Losses due to motion resistance must be overcome through torque and power delive
the robot’s drivetrain. Assuming the tractive capacity of the robot’s prime mover (tak
be the maximum torque that can be delivered to the powered wheel) is greater th
moment of all resistive forces about the center of the tire, then positive traction is prod
and the vehicle moves forward. The torque due to resistive forces is:

DP F RALL–=

DP F Fg RALL–+=

RALL Rc Rb Rr Rg Ro+ + + +=

DP F Fg Rc Rb Rr Rg Ro+ + + +( )–+=
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 [36]

(δ= 0.0 for a rigid wheel)

Configuration equation [36] expresses the torque required at the wheel output to sustain
traction. It therefore imposes a constraint on the design of the robot’s actuation
drivetrain subsystems. For this reason Tdrw is called “drive torque.” If locomotion on
inclined terrain is involved, [36] must be corrected to include the additional compone
gravitational resistance [37]. It must be noted that the drive torque equations ca
individual wheel performance and should not be used to determine the total torque re
to propel the robot. The correct approach to estimate the total required drive torqu
first compute the required drive torque per wheel and then add all the values. 

 [37]

Drive power is the power required to be transmitted to the output of the powered whe
sustain traction. Configuration equation [38] shows that to estimate the maximum req
drive power one must consider all components of resistance impeding wheel rolling a
motion of the robot, including all non-linear components such as soil compaction
rolling resistance.

 [38]

 3.3 Configuration for Maneuverability

Of equal importance to trafficability is the maneuverability, which is the ability to cha
a robot’s heading, avoid obstacles and navigate through cluttered environments
configuration of the steering system has a specific contribution to the overall locom
configuration because of its direct impact on the positioning and navigation capabilit
the robot. 

Generally, steering maneuvers require more traction and energy to perform than st
line driving. Forces and moments developed during turning maneuvers impose sign
loading on the robot’s locomotion subsystems. In explicit steering schemes sp
configuration provisions are needed for the sweeping volume of the wheels and po
interferences between the steering mechanism and the undercarriage structure. This
examines the configuration equations of skid steering which serves as a representati
of the types of quasi-static analyses required to characterize maneuverability.

Tdrw Rc Rb Rr+ +( )
dw

2
------ δ– 

 =

Tdrws Rc Rb Rr+ + Rg+( )
dw

2
------ δ– 

 =

Pdrw Tdrw
2V
dw
------- 

 =
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 3.3.1 Robotic Steering Schemes

Before entering into the specifics of configuration for maneuverability, it is useful to
overview some of the most common steering schemes for mobile robots. These include:

• Skid steering in which there is no explicit steering of the wheel axles. Skid steerin
performed by controlling the direction and magnitude of the circumferential wh
velocities on the opposing sides of the chassis. As a result, steering is enabled by
displacement of the chassis rather than steering the wheels. The difference in vel
between the two sides defines the turning radius and affects the power draw. In th
of a symmetric chassis configuration, if the two sides are servoed to equal but op
velocities, the center of turning coincides with the geometric center and the 
performs a point turn. This is a favorable attribute for autonomous robots operat
rugged, off-road terrain where navigation requires frequent turning maneuvers in li
space. In skid steering, one or more wheels on each side of the chassis must be p
to achieve a steering maneuver, and the wheels do not change orientation with res
the chassis. An axisymmetric, skid-steered locomotion configuration has e
maneuverability in forward and reverse. 

• Articulated steering in which a partition of the chassis and the wheels attached 
steer about a pivot point. The heading of the robot changes by “folding” the hi
chassis units. The articulated joint can either be actuated or passive. In a p
configuration, the steering action is achieved by locking the wheels on the one c
unit and driving the wheels on the other. The maneuverability and efficiency o
articulated steering robot increases dramatically with the number of articulated j
but the complexity of the steering system also increases. Articulated steering is u
combined with an additional articulation about the roll or pitch axes to mitigate
dynamic effects of steering by improving the terrain adaptability of the robot.

• Coordinated steering in which mechanical coupling is used to synchronize the turn
of two or more wheels subject to desired kinematic geometry. Ackermann steering 
is known for its extensive use in commercial transportation is a special cas
coordinated steering. 

• Independent steering in which each wheel assembly is explicitly steered. Synchronized
or all-wheel explicit steering schemes can emulate any rigid-chassis steering, including
skid steering. The heading change is achieved by electronically modulating the angle of
steering and direction by which the heading of the wheel changes. Apart from the issues
of actuation complexity and accuracy of coordination control, this scheme provides great
advantages to the maneuverability of mobile robots, especially those operating in
unprepared terrains. A common variation of independent all-wheel steering, not
attainable by the other schemes, is “crab steering” in which all wheels turn by the
angle in the same direction. As a result, the robot moves in a sideways fa
Coordination of driving and steering leads to low energy consumption maneuvering,
reduces the danger of actuator fighting and internal losses, and simplifies automatic
motion control of the robot. 

The four classes of steering form a basis for generating numerous configurations. S
requirements of an application motivate the configuration of a steering system be
these standard forms. For instance, applications that require a variable wheelbase 
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unique transportation or maneuverability constraints could lead to the selection of a
deployable steering mechanism with some or all wheels explicitly turned. 

 Figure 10: Steering geometries.

 3.3.2 Motion Resistance and Traction for Steering

When a robot is skid steering, the lateral motion of the wheels causes a significant
dissipation of energy due to the bulldozing and compaction of the terrain. The lower the
wheel sinkage, the higher the efficiency of the steering motions and the lower the power
draw to complete those motions. 

Consider the case of a four-wheel skid steered robot. To achieve a specified heading change
the wheels on the left and right sides of the chassis are servoed to different velocities. This
particular steering is known as differential steering. Assuming that the robot is on level
ground and that the contact pressure is uniformly distributed on each wheel, the wheels are
subjected to longitudinal resistive forces Ri (primarily due to soil compaction) and lateral
resistive forces Rl/i (due to scrubbing on the ground or bulldozing of the soil). Lww and Bww
denote the wheel base and wheel stance of the chassis, respectively. Due to the large inertia
of the chassis and the interaction between the wheel and the ground, any heading change

INDEPENDENT
EXPLICITCOORDINATED 

(Ackermann Type)
ARTICULATED
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involves a dynamic response of the locomotion system. When the skid steering maneuver
is performed at low speeds one can describe the kinetics of the robot in steady-state terms.

 Figure 11: Differential skid steering of a four-wheel robot on flat terrain.

To sustain traction while turning, the sum of the tractive forces must be greater than the total
motion resistance, and the moment of the steering resistance Msr (the sum of the moments
of the lateral resistance forces about the center of gravity of the robot) must equal the total
moment of the tractive forces about the same point:

 [39]

vr

Fl Fr

li

bw

dw

Rl/1 Rl/2

Rl/3
Rl/4

vl

CT

R4R3

R2R1

Lww

Bww

ciW

wheel

Fl Fr+ Ri

i 1 Nw,=

∑≥

Bww

2
---------- 

  Fl Fr–( ) Rs i⁄ li

i 1 Nw,=

∑ Msr= =

Rs i⁄ µs ciW( )=

ci

i 1 Nw,=

∑ 1=
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These equations apply to skid steering of a locomotion chassis with Nw wheels and wheel
loading ciW, where W is the weight of the robot and ci are the coefficients of weight
distribution. The lateral motion resistance Rs/i is proportional to the wheel loading and a
coefficient of sliding friction, µs. 

In the case of a four-wheel chassis with equal weight distribution on the wheels, the
equation of the steering moment becomes:

 [40]

The tractive force developed by the left and right sides of the chassis can then be derived
from the traction-resistance and the steering moment relationships:

 [41]

Considering that the motion resistance to a steady-state skid steering maneuver consists
primarily of compaction and bulldozing of the soil, as well as the rolling resistance of the
tire, then:

 [42]

or in terms of the robot locomotion parameters Lww and Bww:

 [43]

Configuration equation [43] can be used to estimate the configuration parameters Lww and
Bww that allow a four-wheel robot to skid steer without loss of traction on specific terrain
(c, φ, j, K) and vehicle-terrain interaction (A, µs). If this condition is not satisfied, the
wheels on the chassis side away from the center of turning will experience excessive
slipping, and the necessary traction to perform the turn will be lost. If the wheelbase and
stance dimensions are specified from the stowability or other system-level geometric
constraints, one can use the above equations to estimate the wheel dimensions dw and bw
as they appear in the analytical expressions for motion resistance terms described in the
previous sections. The selected wheel dimensions should satisfy both trafficability and
steerability constraints.

Bww
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---------- 

  Fl Fr–( )
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µsWLww
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--------------------–=
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 3.4 Configuration for Terrainability

In addition to generating traction and changing the vehicle’s heading, locomotion
carry the robot through rough terrain. Terrainability is the locomotion’s ability to negotiate
rough terrain features without compromising the vehicle’s stability and forward prog
As a metric of robotic locomotion performance, terrainability is related to perception
autonomous navigation, whose safe and accurate execution depend on locom
capacity to overcome or adapt to terrain irregularities. 

This chapter focuses on configuration issues of gradeability. Gradeability is the max
slope a vehicle can climb without compromising its static stability or stalling the trac
prime movers. Equally important limitation on gradeability is the ground’s strengt
provide the thrust required for locomotion, assuming there is enough continuous torqu
power to propel the robot. The objective of configuration for gradeability is to formu
and analyze the constraints of static stability, applied drive torque, and soil thrust in 
of locomotion configuration parameters. In addition, the capability of a robot to clim
slope could be assessed by its energy stability margin, which, in the case of wheeled robot
is the minimum amount of energy required to tip the rover about pairs of wheels. 

 3.4.1 Static Stability

The stability of a wheeled robot which is stationary or moving at a constant spe
expressed in terms of the gravitational stability margin, which is the minimum distance
from the center of gravity projected on the ground plane to the edge defined by the c
points of two wheels. If the robot is driving parallel to a downhill slope the gravitatio
stability margin is the margin of longitudinal stability, and if it drives along a cross
slope (or normal to a downhill) it is the lateral stability margin, respectively.

Without loss of generality, it is assumed that soil properties are homogenous ove
areas and that the terrain is undisturbed. This means that the detailed models of 
resistance and traction developed for trafficability on flat terrain are applicable he
locomotion on compacted ground is assumed, the analysis is modified in that there 
motion resistance due to compaction or bulldozing, and that ground thrust is produc
the adhesion of the tire with the hard ground surface. 

At maximum gradeability the gravitational stability margin is zero and can be estim
from the coordinates of the center of gravity with respect to the ground and the contac
of the wheels:

• Downhill gradeability

 [44]θdmax min
YCG( )f

ZCG
---------------- 

 atan
YCG( )b

ZCG
----------------- 

 atan,
 
 
 

=
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 Figure 12: Maximum front (YCG)f and rear (YCG)b longitudinal stability margins.

• Cross-hill gradeability

 [45]

 Figure 13: Maximum left (XCG)l and right (XCG)r lateral stability margins.

If the projection of the center of gravity on the ground coincides with the geometric center
of the polygon whose edges are the contact points of the wheels (axisymmetric
configuration), the maximum stability margins are half the wheelbase and wheel stance:

 [46]

The configuration parameters Lww and Bww can be computed from the above equations by
assuming the position of the center of gravity and estimating the desired gradeability based
on information about the terrain of locomotion. SM is a configuration safety margin which

(Y
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accounts for uncertainties such as the exact location of the wheel contact points and center
of gravity.

 3.4.2 Terrain Limitations on Gradeability

Even if a robot is stable on a slope it might not be able to climb it if the ground cannot
sustain the shear forces developed at the tire-soil interface. As shown in the trafficability
section, the criterion for forward motion is that the traction must exceed the summary of
resistive forces. The primary component of motion resistance on steep slopes is due to the
gravity component parallel to the slope and is normally greater than compaction or
bulldozing resistance.

The basic model for locomotion on a slope is illustrated below:

 Figure 14: Forces exerted on an all-wheel drive robot on a slope.

Due to the dynamic weight transfer during slope climbing, the wheels on the downhill side
are subject to higher sinkage and motion resistance than the wheels on the uphill side.
However, due to greater wheel loading and increased contact patch the downhill wheels
will produce more traction. 

Traction can be sustained if:

  [47]

Configuration equation [47] is non-linear with respect to slope angle, wheel loading and
wheel dimensions. To facilitate configuration wheel slip is assumed zero and compaction
and bulldozing can be neglected providing a very low sinkage value. By substituting rolling
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FlWl

FrWr
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and gravitational resistance the condition for sustaining traction on a slope becomes:

  [48]

The gradeability of the wheel is:

 [49]

Acceptable solutions to [49] are those for which both the numerator and denominator are
positive real numbers. Assuming a weight distribution on the wheels as discussed in
[3.2.3.4], these constraints provide a basis for selecting tire material and geometry based on
the calculation of the coefficient of rolling resistance and the contact area between the tire
and the ground. Alternatively, for a given tire material an optimal wheel loading can be
computed and estimates of the location of the center of gravity can be made.

As a special case, the gradeability of a robot with pneumatic tires can be estimated from the
simplified traction constraint, by substituting the contact area with the average ground
pressure and the wheel loading (the sum of the inflation pressure of the tire and the stiffness
of the carcass):

 [50]

The profound effect of soil composition on gradeability is captured by a parametric study
using [50] (summarized in Table 3). Gradeability as determined by the strength of the soil
varies significantly from cohesive to frictional soils, tire inflation, and the coefficient of
rolling resistance between the tire and the ground. For weak soils such as lean clay, soil
strength appears to be the determining factor of gradeability. At the other end of the
spectrum, cohesive soils could sustain locomotion on slopes greater than 45 degrees, which
implies that considerations of static stability or maximum available traction power become
the determining factors of gradeability. 
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Table 3: Effect of soil geophysical properties on the gradeability of a robot with pneumatic tires.

 3.4.3 Power Limitations on Gradeability

In addition to stability and soil trafficability limitations, a robot’s gradeability could 
constrained by the amount of power and torque transmitted to the powered w
Assuming no wheel slippage, minimal sinkage, and no dynamic effects, the ro
gradeability subject to power limitations can be determined from the expression:

 [51]

If a maximum output torque is specified, gradeability can be calculated as:

  [52]

 3.4.4 Drawbar Pull Limitations on Gradeability

The capability of a wheeled robot to climb over sloped terrain is limited by the s
strength of the soil and the static stability margins. The ratio of drawbar pull to w
loading of a robot climbing a slope at a steady-state fashion and at a 20% s
approximately equal to its gradeability [Turnage89]. Assuming that the robot’s p
mover and drivetrain can deliver the necessary power, the configuration equatio
captures drawbar pull’s limitation on gradeability is as follows:

Soil type fr c (psi) φ (deg)
Gradeability (deg)

pgr= 15 psi    
Gradeability (deg)

pgr= 30 psi 

 Dry sand 0.20-0.30 0.15 28 18.9 13.3

Lean clay 0.15 2.90 12 14.4 9.1

Heavy clay 0.08 9.87 33 50.8 41.2

Sandy loam 0.25 1.18 32 24.4 22.5
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 [53]

For any given type of terrain there exists a wheel loading distribution that maximizes
gradeability. To maximize drawbar pull when climbing slopes of varying terrain
composition, the position of the center of gravity needs to vary by actively changing the
posture of the robot’s body or by shifting mass towards the downhill wheels.

θmax
DP
Ww
-------- 

 atan=
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 Chapter 4   

CONFIGURATION OF NOMAD’S ROBOTIC LOCOMOTION
Configuration parameters derived through LocSyn established the constraints upon which
the design of the robot Nomad was synthesized and built. Three experimental programs
allowed for the characterization of Nomad’s locomotion performance and compar
with LocSyn’s results. The first program evaluated the performance of single wheel in
The wheel was equipped with the actuation and control units of Nomad’s wheels
second program studied Nomad’s gradeability and drawbar pull performance on
ground. Finally, an elaborate experimental program quantified Nomad’s maneuvera
using two distinct types of tires and two modes of steering achievable with Nom
transforming chassis. The ultimate proving ground for Nomad’s robotic locomotion
the Atacama desert in Chile where it successfully traversed 223.5 kilometers of ru
desert terrain in 45 days. Nomad’s locomotion performance is probably unmatched b
robot of the similar mass and geometry scale.

 4.1 Exploration of a Terrestrial Planetary Analog

Planetary exploration is one of the most intriguing application domains for robotics
unique requirements of space transportation and operations in environments ra
different than those on Earth has prompted great innovation in robot mechanism d
Some the most unique locomotion systems such as that of the Lunar Roving V
[Heiken91], the Russian Lunokhods [Kemurdjian92] and Sojourner Pathfinder [Bickle
have showcased the significance of unique locomotion concepts carefully engineer
missions that involve mobility over unknown terrains. 

Some of Earth’s most challenging environments such as deserts and polar regions a
proving grounds for robot designs with potential for future space missions. The di
cycle, solar insolation, terrain morphology, and remoteness are some of the featur
make these environments planetary analogs. However, due to major differenc
atmospheric composition and the weathering processes areas in which the geop
properties of soils can approximate those of lunar or Martian regolith are rare. I
Atacama desert in Chile, no measurable rainfall in centuries has made it one of the
and most arid places on Earth. High weathering due to wind has resulted in similari
the lunar and Martian highlands. The Atacama desert was selected as the site for 
distance, month-long robotic traverse by Nomad.
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over’s
 Figure 15: Characteristic terrain geomorphology and expected soil geophysical properties of the Atacama
desert.

An accurate a priori characterization of the Atacama terrain was not possible because there
had been no data on the statistical distribution of major terrain features, detailed
geomorphological maps or soil classifications. Even if some data had existed, elaborate
stochastic models would have to devised to capture the wide variations in local terrain
composition. 

Due to the similarities between Atacama and lunar landscapes, a terrain model for obstacle
and slope distribution for lunar highlands was adapted [Heiken91]. The lunar highlands
model proved to be a conservative estimate of the actual distribution of positive and
negative obstacles and slopes in the Atacama desert. Other environmental considerations
such as average daily temperature variations and wind speed were taken into account in the
detailed design of the rover once the optimal locomotion configuration was selected.

A scouting expedition to the Atacama desert provided additional information on the type
of hard obstacles and composition of weak soils. Returned soil samples offered an
important input to the selection of a fine-grain sand that was used to test the r
locomotion elements.

(*) average values

Feature Atacama Soils

Terrain Lunar Highland

Exponent of sinkage (*) 1.0 

Cohesive modulus (*) 0.1 lb/inn+1

Frictional modulus (*) 4 lb/inn+2

Soil Cohesion (*) 0.15 psi

Slip Coefficient (*) 0.4 in (firm dust)

Angle of Internal 
Friction

(*) 30 deg
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 Figure 16: Distribution of positive (boulder) and negative (crater) obstacles and slopes in lunar highlands. A
scouting trip to the Atacama desert revealed that the illustrated lunar model is conservative
compared to the actual obstacle and slope distributions in the Atacama.
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 4.2 LocSyn’s Implementation on Nomad’s Configuration

Nomad’s locomotion configuration was synthesized using LocSyn’s trafficabi
maneuverability and terrainability configuration equations. Environmental/task param
were derived from the specification of the environment using the terrain model of 
highlands and geophysical properties of low-cohesion soils (characteristic of desert
and lunar regolith) as summarized in Section 4.1.

Additional design and performance constraints were established in response
programmatic requirement that the Nomad robot should exhibit the mass and geo
scale of one of a pair of lunar rovers that could be carried onboard a Phobos-class L
and that the combined system of rovers and lander would fit into the payload fairing 
Russian Proton launch vehicle [Whittaker95]. The most critical requirements were th
weight of the flight rover should be less than 600 pounds and that it should fit
rectangular volume whose maximum length should be less than 8 feet and the ma
width and height should be less than 6 feet [Apostolopoulos96]. Considerations of sta
the-art in autonomous navigation and safeguarded teleoperation yielded imp
requirements of speed and chassis geometry. Research at the time of No
configuration had demonstrated reliable autonomous speeds of 0.5 ft/s (0.15 m
rugged terrain and 1.5 ft/s (0.45 m/s) in benign terrain. These constraints were take
account not only in the locomotion configuration but also in the detailed design of Nom
actuation and drivetrain subsystems.

 4.2.1 Wheel Dimensions

LocSyn’s configuration equations of sinkage, motion resistance and drawbar pull 
exhaustively utilized to define the trade-offs among various wheel types. To demon
how configurations can be synthesized from configuration equations, consider the st
static sinkage of a solid wheel in fine-grained sand. The configuration issue is to es
the wheel dimensions that limit sinkage to within a performance specification. 
following table summarizes LocSyn’s output of a study in which the configura
parameter of interest is wheel diameter and is computed for a variety of wheel 
sinkage values, and two different types of terrains. 

Table 4: Minimum wheel diameter required to maintain sinkage below a desired value, given a nominal
wheel width and wheel loading.

SINKAGE / WHEEL WIDTH
300 lbf

 LOADING
400 lbf 600 lbf

z= 2’’, bw= 10’’ dw= 28.5’’ 50.5’’ 114’’

z= 3’’, bw= 20’’ 16’’ 29’’ 65’’

z= 2’’, bw= 10’’ 9’’ 15.5’’ 35’’

z= 3’’, bw= 20’’ 5’’ 9’’ 20’’
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For a given vehicle configuration there is a substantial increase in the wheel diameter if
sinkage is to be kept the same for radically different types of terrain. This effect is more
pronounced as wheel loading increases. Also, if the wheel width is kept constant, a 50%
decrease in expected sinkage requires an average increase of 300-400% in wheel diameter,
depending on the geophysical properties of the terrain.

 Figure 17: The impact of wheel sinkage on the geometric configuration of four-wheel, six-wheel, and eight-
wheel locomotion configurations that use the same shape tires. In this case the assumed medium
of locomotion is fine sand and the maximum allowable sinkage is 2.5” and nominal wheel width is
10”. This analysis assumes a safety factor of 4 in all cases which means that each wheel is expected
to sustain four times the nominal load of 600 lbf divided over the number of wheels. The chassis
dimensions are the same for all three configurations.

This case illustrates the power of parametric analysis in configuration. An eight-wheel
configuration offers the most compact solution when the optimization criterion is to
minimize wheel sinkage. However, the eight wheel configuration may be disadvantageous
because of increased actuation mass and wiring complexity.

At this point, it is important to make note of two significant points. The first is that the
configuration of Nomad considered only all-wheel drive concepts. This is because,
independent of configuration, an all-wheel drive robot, like any all-wheel drive traditional
ground vehicle, produces greater traction and drawbar pull and can climb greater obstacles
than any equivalent configuration that does not feature all-wheel drive. The second point is
that the type of optimization required for some performance parameters is independent of
the specific mission and requirements of the robot under configuration. For instance,
locomotion configuration should always maximize traction. A counter example is that of

4-wheel configuration

dw= 64’’, bw = 10’’, 

600 lbf/wheel

6-wheel configuration

dw= 28’’, bw = 10’’,

400 lbf/wheel

8-wheel configuration

dw= 28’’, bw = 10’’,

300 lbf/wheel
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sinkage for which the optimal configurations may not necessarily be the ones that minimize
sinkage. In special cases such as those involving locomotion in weak soils, an increase in
sinkage leads to measurable increase in traction which may overweigh any negative effects
due to additional compaction and bulldozing of the soil.

 4.2.2 Wheel Shape

LocSyn’s study of the wheel shape that maximizes soil thrust considered equations
[15] and [16]. LocSyn estimated the maximum available traction that could be sust
between a cylindrical, spherical or road-tire shaped wheel in sand. The resul
summarized in the following tables. In addition to evaluating the effects of wheel sha
traction, a comparison between rigid and flexible tires was made for each one of the w
shape classes. In all cases it was assumed that the tire inflation pressure was 4 psi
maximum allowable sinkage was 0.8”.

Table 5: Maximum traction (lbf) developed by a solid (non-zero sinkage) and flexible (zero sinkage)
cylindrical wheel in sand. 

Table 6: Maximum traction (lbf) developed by a solid (non-zero sinkage) and flexible (zero sinkage) road-
tire shaped and spherical wheel in sand.

The range of values for the configuration parameters of wheel diameter and nominal wheel
width were such that a configuration with three to eight wheels could meet the stowability
requirements of the combined Phobos payload in a Proton fairing. In all cases, the road-tire
shaped and spherical wheels produce more traction than the cylindrical wheels in fine sand.

with sinkage zero sinkage

Cylindrical 300 lbf 600 lbf 300 lbf 600 lbf

dw= 30’’, bw= 15’’ F= 126 253 139 268

dw= 20’’, bw= 20’’ 126 253 139 268

dw= 25’’, bw= 20’’ 126 253 140 270

dw= 30’’, bw= 20’’ 126 253 141 271

with sinkage zero sinkage

Tire shaped 300 lbf 600 lbf 300 lbf 600 lbf

dw= 15’’, bw= 10’’ F= 130 259 144 284

dw= 20’’, bw= 10’’ 129 254 142 271

dw= 15’’, bw= 15’’ 128 261 138 287

dw= 20’’, bw= 15’’ 134 261 155 287
45



CONFIGURATION OF NOMAD’S ROBOTIC LOCOMOTION

fits of
otion
 were

 of in-

s and
If the configuration optimization is based on a maximum expected available traction on the
drive shafts (this is a design limitation that may be imposed if, for example, there is only
one type of available actuator), then in all cases road-tire shaped wheels offer the most
compact solution.

 Figure 18: Comparison of locomotion configurations that could develop the same amount of traction in sand.
The road-tire shaped wheels (right) offer the most compact solution in terms of maximum
locomotion volume. Spherical (left) and cylindrical wheels (middle) are advantageous in terms of
the available enclosed volume for actuation and drivetrain components.

The combined results of the wheel sinkage and traction studies had a direct impact on
Nomad’s robotic locomotion. A decision was made to use a tire that exploits the bene
both spherical and road-tire shapes because of their high traction potential for locom
in sand. The observed lower bounds for the wheel diameter and nominal wheel width
20” and 15”, respectively. The upper bounds of these configuration parameters were to be
determined by detailed study of the optimal number of wheels for the specified terrain and
soil properties, and requirements of mass, volume and speed. 

Analytical results of single-wheel performance were used to make predictions of the overall
locomotion performance. This is an acceptable practice in the design of all-wheel drive
locomotion, even if the design of the suspension is not known. [Turnage89] demonstrated
through experimentation with various wheel types and scale models, that the difference
between the in-soil drawbar pull performance of a wheeled rover and the predicted vehicle
performance from single powered wheel tests in sand is insignificant. 

Nomad was first fitted with all-metal tires in an effort to improve its space relevance. Metal
tires have been used on lunar and Martian rovers and behave admirably in weak soils
similar to planetary regolith, but suffer from loss of traction and wear in saturated soils and
rocky terrain. Other efforts to enhance Nomad’s space relevance included the use
wheel electric actuators and brushless direct current motors [Whittaker95]. 

 4.2.3 Number of Wheels

One of the most critical configuration decisions is that of the optimal number of wheel
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their placement on the chassis. LocSyn was used to examine multiple trafficability trade-
offs. It considered the results of the sinkage and traction studies as input to constrain the
range of acceptable wheel configuration and performance parameters. It also used the
results of single wheel performance to extrapolate the performance of four, six and eight
wheel configurations with rigid suspensions. The following parametric graphs capture the
primary trade-off studies pursued to make a decision on the optimal number of wheels. 

 Figure 19: Locomotion configurations considered for the study of optimal number of wheels.

 Figure 20: Wheel sinkage (in) as a function of wheel diameter (in), nominal width (in), weight distribution per
wheel (lbf), slope angle (deg) and contact area (in2). LocSyn results for four and six wheel
configurations.
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 Figure 21: Total wheel motion resistance (lbf) and drawbar pull (lbf) as functions of wheel diameter (in),
nominal wheel width (in), weight distribution (lbf) and contact area (in2). Results obtained by
LocSyn assuming circular contact patch. The graphs in which weight distribution is used are
notable because they encapsulate the expected performance of the four and six wheel
configurations. The weight distribution over individual wheels is 180 lbf for the six wheel
configuration and 275 lbf for the four wheel configuration.
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 Figure 22: Drive torque (in-lb) as a function of wheel loading (lbf) and slope angle (deg) for a four-wheel
configuration (30” wheel diameter and 20” nominal wheel width). Similar results are presented for
a six wheel configuration in Appendix A.

 Figure 23: Drive power (W) as a function of speed (ft/s) (top-left), slope angle (deg) (top-right) and wheel
loading (lbf) (bottom). The weight distribution over individual wheels is 180 lbf for the six wheel
configuration and 275 lbf for the four wheel configuration. These graphs actually illustrate the total
input drive power which takes into consideration the following efficiencies: η(drivetrain)= 0.85,
η(motor)= 0.85, η(amplifier)= 0.90.
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Table 7: Summary of the expected trafficability of six-wheel and four-wheel configurations with rigid
suspension on flat terrain (LocSyn data).

Table 8: Summary of the expected trafficability of six-wheel and four-wheel configurations with rigid
suspension on inclined terrain (LocSyn data). These results were obtained for a slope of 18.7 deg
which according to the study of flat terrain trafficability (Table 7) is the maximum slope that the six
wheel configuration could negotiate based on limitations of drawbar pull.

PERFORMANCE METRIC
6-WHEEL CONFG

(dw= 20 in, bw= 15.75 in)
4-WHEEL CONFG

(dw= 30 in, bw= 20 in)
% change
from 6 to 4

sinkage [in] 1.34 1.01  ↓ 24.6% 

soil thrust [lbf] 175 175 -

total resistance [lbf] 82 62 ↓ 24.4%

drawbar pull [lbf] 93 113 ↑ 21.5%

max. negotiable slope [deg] 18.7 22.3 ↑ 21.2% 

drive torque/wheel [in-lb] 860 930 ↑ 8.1%

travelling speed [ft/s] 1.15 1.15 -

drive power/wheel (output) [W] 128 96.5 ↓ 24.6% 

drive power/wheel (input) [W] 222 167.5 ↓ 24.6%

total drive power [W] 444 335 ↓ 24.6% 

PERFORMANCE METRIC
6-WHEEL CONFG

(dw= 20 in, bw= 15.75 in)
4-WHEEL CONFG

(dw= 30 in, bw= 20 in)
% change
from 6 to 4

sinkage [in] 18.7 18.7 -

soil thrust [lbf] 1.29 0.98 ↓24%

total resistance [lbf] 163 148.3 ↓ 9%

drawbar pull [lbf] ~ 3 ~ 16 ~0%

drive torque/wheel [in-lb] 1,604 2,224.5 @18.7 deg ↑ 38.7%

travelling speed [ft/s] 1.15 1.15 -

drive power/wheel (output) [W] 108.8 99 @18.7 deg ↓7.5%

drive power/wheel (input) [W] 189 172 @18.7 deg ↓7.5%

total drive power [W] 378 344 @18.7 deg ↓7.5%
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The results showcased in Tables 7 and 8 give an advantage to the four-wheel configuration
primary because of the expected benefits in drawbar pull and slope climbing. Based on
LocSyn’s results the four-wheel configuration would produce 20% more drawbar pul
could climb a 5-degree steeper slope than the six-wheel configuration Moreover, d
reduced motion resistance, the drive torque and power requirements for the four-
configuration are 25% lower than the six-wheel. 

The results of analyses in [4.2.3] led to the selection of a four-wheel configuration
optimized wheel dimensions for sinkage, traction and drawbar pull. Configuration st
pertaining to maneuverability and obstacle negotiation were also pursued and w
summarized in a future technical report. The main result was that the six-w
configuration had an advantage over the four-wheel configuration regarding ob
negotiation and smoothing of body roll and pitch motions, but the difference 
insignificant. All configuration studies considered a rigid suspension which is a worst
choice. The four-wheel, all-wheel drive configuration also offers greater design simp
and lower control complexity than the six-wheel configuration. 

 4.3 Nomad’s Electromechanism

Nomad features four-wheel drive locomotion with the propulsion actuators enclosed in the
wheel hubs. The chassis can expand or compact by driving two pairs of four-bar
mechanisms with an electric actuator on each side of the chassis. Nomad’s susp
consists of loading arms pivoted on a central axle (Figure 25). Body posture averag
achieved by the combined motion of the pivoted suspension arms and an internal ave
linkage. As a result of this type of suspension, body elevation is the average of all 
elevations, and body pitch and roll are first differences of wheel elevations abou
longitudinal and transverse axes, respectively. There are six identical actuators, fo
propulsion and two for deployment/steering. The body fuselage is mounted on the c
axle and the linkages of the internal averaging mechanism.

 Figure 24: Nomad during the 1997 Atacama desert trek.
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 Figure 25: Nomad’s primary locomotion subsystems.

 4.3.1 In-Wheel Propulsion

Nomad’s propulsion system consists of four identical actuators placed inside the w
The motor and drivetrain assembly is at an offset distance below the wheel axle. In the
unit a brushless DC motor transmits torque and power to the wheel hub through a ha
drive and a single stage gearing reduction. The output gear is mounted on the inside
the outward facing wheel hub. Only two bearings are needed to decouple the movin
stationary wheel parts. Wheel motion coordination is achieved electronically. Indepe
velocity-torque control allows for closed-loop response to traction demands on each w

No electromechanical components are needed for propulsion beyond those enclose
wheel, with the exception of the motor wires which are routed to the body fuselage th
the deployment/steering linkages. The selection of independent propulsion for all w
has had a profound impact on Nomad’s design in that it eliminated the need for mech
transmissions and coupling.

 4.3.2 Transforming Chassis

A unique feature of Nomad locomotion is a transforming chassis. Two pairs of fou
mechanisms, each driven by an actuator are mounted on each side of the chassis
both pairs are driven from the nominal compacted to the fully deployed configuration

In-Wheel Assembly

Transforming Chassis Frames

Pivot-Arm Suspension

Metal Tire

Averaging Linkage

Steering Actuator
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footprint of the locomotion increases by 35% (Figure 26). The ability to change footprint
has had a major impact on Nomad’s overall trafficability and its amenability to autono
control. The deployed chassis has a 20% greater static stability over its st
configuration. Furthermore, because of reduced load transfer from the front to th
wheels when driving on slopes, the deployed chassis can develop 10% more tractive
than its stowed configuration and can therefore improve its gradeability by 10% bas
vehicle-terrain limitations. The gradeability of the stowed rover on sandy hills has 
estimated at 23 degrees, whereas the deployed chassis can climb slopes up to 28 d

 Figure 26: Nomad’s transforming chassis in a compacted and deployed configuration (top). Four steps in the
deployment of the right chassis frame (bottom).

 4.3.3 Coordinated Steering

The kinematics and actuation of the transforming chassis accommodate the execution of
various steering geometries such as a dual Ackermann and differential skid steering
(Figure 27). In addition, Nomad can point-turn without any lateral resistance when the two
sides of the transforming chassis are deployed to the maximum kinematic limit of the four-
bar mechanisms. In this case Nomad’s wheels roll smoothly on the desired steeri
without slipping.

Any steering scheme is achieved through kinematic coordination of the two chassis fr
The velocities of the “inner” and “outer” pairs of wheels are electronically servoed b
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on the kinematics of a turn and possible limitations of power draw. For example, with the
chassis at its deployed configuration, if the left-side and right-side actuators both rotate
clockwise by 20 degrees, the rover makes a right turn on a 6-foot inner turning radius which
equals the total length of the stowed chassis. The minimum inner turning radius is estimated
to be 20 in [Shamah98].

 Figure 27: Steering schemes accommodated by Nomad’s transforming chassis [Shamah98].

 4.3.4 Tire Design

Nomad’s metal tires are constructed of a thin aluminum shell manufactured to the sh
a wide-profile pneumatic tire. The compound spherical shell provides maximum stre
and resilience for minimum mass. Despite the negative impact of a wider tire on ste
resistance, the selected diameter to width ratio improves vehicle flotation and re
ground contact pressure with positive effects on trafficability in loose sand. The tire co

Dual Ackermann

Rolling Point Turn

Skid Steering Point Turn

Differential Skid Steering
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 are
profile allows for uniform load distribution over the contact patch and for gradual soil
compaction. Grousers were added to the metal tire to improve traction. A pattern similar to
that used on tractors and other earth moving equipment was used. The shape and orientation
of the grousers limits steering resistance on the tires as the chassis expands or contracts but
increases traction for normal driving. Pneumatic tires were also fitted on Nomad. Snow
tires with the desired dimensions were modified to fit custom rims. The tires have an
aggressive rubber tread pattern as well as metal studs imbedded in the rubber treads. An
inner tube maintains a tire pressure of 3 to 5 psi. Maneuverability experiments were carried
out using both types.

 Figure 28: Form comparison of the metal tire with grousers (left) and the pneumatic tire (right).

Nomad’s locomotion dimensions of significance to the experimental program
summarized in the following Table:

Table 9: Nomad’s geometric specification.

Dimension Value

Total Length (Lv) 72 in (1.83 m) stowed
96 in (2.44 m) deployed

Total Width (Bv) 72 in (1.83 m) stowed
96 in (2.44 m) deployed

Wheelbase (Lww) 42 in (1.07 m) stowed
66 in (1.68 m) deployed

Wheel stance (Bww) 52 in (1.32 m) stowed
76 in (1.93 m) deployed

Ground clearance 16 in (40.5 cm)

Nominal tire diameter (dw) metal 28 in (71 cm)
pneumatic 32 in (81 cm)

Nominal tire width (bw) metal 17.5 in (44.5 cm)
pneumatic 14.5 in (37 cm)
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 4.4 Performance Characterization of Nomad’s Locomotion

LocSyn’ results were compared against actual data obtained through experimentatio
a single wheel and Nomad. Single-wheel experiments measured the in-soil and d
obstacle performance of various metal tires fitted on the same wheel assembly. The
were used to extrapolate Nomad’s gross locomotion performance in low cohesion
The second sets of experiments studied Nomad’s performance on hard compacte
This phase produced results of drawbar pull and gradeability using all-metal tires. F
an elaborate experimental program allowed for the quantitative characterizatio
Nomad’s maneuverability using two distinct types of tires and two modes of steering
achievable with Nomad’s transforming chassis. 

 4.4.1 Single Wheel Testing

The purpose of this experimental work was to quantify the in soil performance of a s
robotic wheel. Fine grained industrial sand was selected as the medium. Three differe
designs were tested, but the bulk of the work was carried out using a spherical tir
opposing sections removed to create sidewalls and emulate the toroidal shape of a s
tire. Experiments measured drive power for continuous driving and negotiation of
obstacles submerged in the sand. The drive and control unit of the wheel were the s
those used on Nomad. Another goal of the experiment was to measure the enduran
behavior of the wheel’s drive unit. The performance of the wheel was measured ag
variety of loads similar to those experienced by Nomad’s wheel. 

 Figure 29: The single wheel testbed was a polygonal sandbox filled with fine grained sand 20 inches deep. The
wheel traveled in a 27 foot diameter circle. At the center of the testbed was a slip ring, which
provided power and control signals to the wheel. The wheel was supported from the slip ring by
two parallel linkages. 
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The smooth aluminum tire was run in the fine sand varying both speed and wheel loading
in order to compare experimental and LocSyn power values.

Table 10: Comparison between LocSyn and experimental results obtained using the metal tire.

LocSyn’s results closely match the experimental results obtained for loading of 165 lb
the higher wheel loading of 235 lbf the LocSyn values are higher than the measured 
by 12-25%. As the wheel loading increases the fine sand becomes more compacted
like a hard soil such that resistance components of sinkage and bulldozing no longer
LocSyn’s predictions were more conservative than the measured values. This is th
case where a reliable comparison between the predicted and actual results could b
because there was a good understanding about the testing medium and the physica

Additionally, tests were carried out to determine the effect of the grousers on mobility
wheel was run at 4 velocities and the power draw was monitored. The results in Ta
show how the tread pattern had an increasingly significant affect on the power draw 
velocity increased. 

 Figure 30: Rigid wheel with (left) and without grousers (right).

The grousers attached to the aluminum tire increase the thrust provided but at a price
required drive power due to increased compaction and bulldozing of the soil. The effe
increased motion resistance can be predicted through a comparison of the resu
forward and reverse grouser orientation (Figure 30). The forward grouser design faci
the displacement of soil to the sides. Modeling the effect of soil motion is a non-trivia
and has been omitted from LocSyn’s trafficability equations.

WHEEL LOAD [lbf] 165 235

SPEED [ft/s] 0.89 1.18 1.48 0.89 1.18 1.48

LocSyn power [watts] 78 104 130 120 160 200

Measured power [watts] 74 95 113 105 130 150

forward

reverse
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Table 11: Experimental results illustrating the effect of grousers and grouser orientation on drive power.

Finally experiments were carried out to measure the effect of repeated traffic. This
experiment allowed an understanding of how much power is lost while negotiating weak
soils rather than compacted terrain. The wheel without grousers was run at a constant
velocity of 1.2 ft/s for 600 laps. The wheel loading was 165 lbf. Mean power readings were
recorded at 10, 200, 400 and 600 laps. The results are shown in Table 12 with the average
power decreasing 37% from lap 10 to lap 600.

Table 12: Experimental results illustrating the effects of repeated traffic on drive power.

 4.4.2 Drawbar Pull and Slope Negotiation Experiments with Nomad

These tests were carried out with Nomad in an outdoor location in Pittsburgh. The terrain
was compacted dirt covered with gravel. While these tests do not match the terrain
parameters used for the LocSyn analysis they provide a means to qualitatively evaluate the
predicted results. For the straight driving and slope tests encoder ticks were monitored to
provide wheel velocities for each wheel. Current monitors were also used to evaluate motor
torque for each wheel. The combination of voltage and current was used to provide the
locomotive power required for each experiment. The drawbar pull experiment was
performed by attaching a dynamometer to Nomad’s frame and then recordin
maximum force before the wheels slip for a commanded velocity (Figure 31).

No Treads
Treads 

Forward
Treads 

Reverse

Velocity
[ft/s]

Mean Power
[Watts]

Mean Power
[Watts]

Mean Power
[Watts]

0.89 74 84 112

1.18 95 120 153

1.48 113 157 193

Average Power Draw
[Watts]

After 10 Laps 93

After 200 Laps 65

After 400 Laps 61

After 600 Laps 59
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 Figure 31: Slope climbing and drawbar pull experimental set-ups.

Table 13: Comparison between LocSyn’s output and experimental results obtained with Nomad.

These results show significant discrepancies between LocSyn and the actual
measurements, even though LocSyn estimates are conservative. This is because LocSyn
estimated the drive power and drawbar pull using the configuration equation for
trafficability in unprepared terrains. As expected, locomotion over gravel covered hard soil
did not yield any significant sinkage, compaction, or bulldozing resistance. As discussed in
the trafficability section the case of negligible sinkage the primary component to motion
resistance is the rolling resistance. Inevitably, because of the use of all metal tires with
grousers theoretical values of the coefficient of rolling resistance must be corrected and that
is possible only through experimentation.

 4.4.3 Explicit and Skid Steering Experiments with Nomad

Experiments were performed to characterize the steering modes accommodated by Nomad.
To compare explicit and skid steering as well as rigid and pneumatic tires, empirical
performance was derived from experimental data. The data were gathered exploiting
Nomad’s ability to accommodate both skid and explicit steering. GPS was used
measure of independent absolute position. The GPS data from steady state turnin
post processed to determine the radius of each turn. Using measurements of wheel v
as well as current and voltage values, torque and power were computed for each in
drive unit.

Terrain slope 0 deg slope 10 deg slope 17 deg slope 0 deg

Test Driving Driving Driving
Drawbar 

Pull

LocSyn Value 975 lbf 1290 W 1665 W 740

Measured Value 650 lbf 1000 W 1250 W 670 W

Dynamometer
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These experiments consider steady state turning which does not include the transition from
driving straight into a turning condition. All experiments were performed on flat gravel
terrain in an outdoor environment. The terrain is naturally flat and without obstacles.
However, locally varying slopes up to +/-2 degrees and terrain inconsistencies were
encountered.

The experiments covered explicit and skid turning over a range of turning radii with rigid
and pneumatic tires. For each case an infinite radius (equivalent to straight driving), 39, 26,
13, and a 0 feet or point turn was studied at a vehicle velocity of 0.5 ft/s (0.15 m/s). The
velocity studied is representative of the state-of-art speed for autonomous driving of
planetary robots.

For each test data signals were recorded including vehicle position, wheel motor current,
voltage and velocity at 60 Hz. The PID controller used on the velocity loop for the drive
motors did not change during any of the experiments. The nominal direction of turn studied
was clockwise. However, the 13 foot-radius turn was studied in both the clockwise and
counterclockwise direction to examine inconsistencies with respect to turn direction.

During the skid steer experiments the steering motors hold the linkages in the position for
straight driving. Individual wheel velocities for skid steering were based on the kinematic
model of the vehicle. Due to the inaccuracies of the kinematic model the wheel velocities
were modified experimentally until Nomad traversed the desired radius while holding a
vehicle velocity of 0.5 ft/s (1.5 m/s). 

 4.4.3.1 Power for Explicit Steering

Power for explicit steering degenerates to a minimum value at infinite radius, i.e. straight
driving, for both rigid and pneumatic tires. Figure 32 shows that greater power is required
as the turn radius decreases from straight driving to a point turn. This can be attributed to
an increase in the wheel slip angle. The slip angle is the difference between the thrust vector
provided by the wheel and the actual direction of travel of the wheel.

The rigid tires show a smooth reduction of power as the radius increases with the max
power differential of 100 Watts occurring between the point turn and straight driving.
However, the pneumatic tires show a notably high power draw for a point turn then a flat
profile for the 13, 26, and 39 foot radii and a minimum value for straight driving. This
suggests that for very tight turn radii (less than 13 feet), power is consumed in the lateral
deformation of the pneumatic tire.

The reduced power draw of the pneumatic tire versus the rigid tire is due to several factors.
The larger diameter of the pneumatic tire as well as the elastic nature of the tire result in an
increased contact patch area between the tire and the ground. The larger contact patch
reduces the ground pressure which lowers motion resistance and thus reduces power draw
for each wheel. 
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 Figure 32: Power for explicit steering with rigid and pneumatic tires.

The fact that the pneumatic tire shows a flat profile between 13 and 40 foot radii suggests
that there is twisting of the tire carcass to cause increased power at smaller radii. The flat
profile also suggests that the slip angle is constant between 13 and 40 foot radii, unlike the
rigid tire profile where the slip angle, and thus the power draw, increases at the same rate
as the radius decreases.

 4.4.3.2 Torque for Explicit Steering

By monitoring the current of the drive motor amplifiers the torque used to propel each
wheel was estimated. The torque constant for the drive motors was given as 0.56 Nm/Amp
from the motor manufacturer. Using the gear reduction of 218, wheel torque was
determined. 

Figures 33 and 34 show the torque values for explicit steering with rigid and pneumatic
tires. The markers show the actual data points of 0, 13, 26, 39 and infinite (straight driving)
foot radii. For both rigid and pneumatic tires the values from 13 to 39 meter radii are
grouped well showing that by explicitly changing the heading of the wheels the torque is
evenly distributed for each wheel. The point turn exhibits an interesting phenomenon where
the front inner and rear outer wheels are carrying approximately 55 ft-lb more torque for
the rigid tires and approximately 740 ft-lb more for the pneumatic tires than the front outer
and rear inner wheels.
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 Figure 33: Torque for explicit steering with rigid tires.

 Figure 34: Torque for explicit steering with pneumatic tires.

 4.4.3.3 Power for Skid Steering

Due to the significant lateral forces that occur during skid steering the power draw is
expected to be higher than that observed for explicit steering regardless of tire design.
Figure 35 shows that skid steering with pneumatic tires requires more power than with the
rigid tires. For pneumatic tires the lateral forces act to deform the tire carcass, thus requiring
increased power for forward propulsion.

The dramatic increase in power draw (350 Watts) from straight driving to a 39 foot radii for
the pneumatic tires shows the effect of small lateral forces on elastic material. While the
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rigid tires require an higher power draw than the pneumatic tires for straight driving, the
further increase of power draw as the radius decreases is much smoother than that for
pneumatic tires. It can also be noted that the effect of grousers was not significant during
tight radius turning.

 Figure 35: Power for skid steering with rigid and pneumatic tires.

 4.4.3.4 Torque for Skid Steering

Figure 36 summarizes torque measurements for skid steering. It is interesting to note the
difference between the inner wheel torque of the rigid and pneumatic tires. With rigid tires
at radii of 13, 26, and 39 feet the inner wheels require almost half the torque required during
straight driving. However, in all of the trials using pneumatic tires the minimum torque for
any individual wheel occurs in the straight driving condition

Regarding wheel torque, the skid steer point turn showed the same trend as the explicit
point turn for both types of tires. The torques were split in the same diagonal fashion with
the rear outer and front inner carrying 90 ft-lb more than the front outer and rear inner
wheels for both rigid and pneumatic tires. As the radius increased the rear outer wheel
consistently carried between 55 and 100 ft-lb more than the front outer wheel.
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 Figure 36: Torque for skid steering with rigid tires.

 4.4.3.5 Discussion

In this comparison of rigid and pneumatic tires for skid and explicit steering several
assumptions need to be highlighted. First, no correction or normalization was made to the
data even though the tires are of different diameters and width, which does affect power
draw and torque measurements. Second, Nomad’s weight changed slightly betwe
time that the tests were performed with rigid and pneumatic tires (less than 100 lbf
torque of individual wheels for straight driving is evenly distributed for the rigid tires w
there is a discrepancy of wheel torque for the pneumatic tires. The testing for the pne
tires occurred almost one year after testing was completed with the rigid tires at the
testing site. Variations of mechanical wear in wheel drive units could be the source of
discrepancies.

Skid steering with pneumatic tires required more power and torque than skid steerin
rigid tires. Even at a 39 foot radius the power draw for pneumatic tires was 1.5 time
of the same turn with rigid tires. Notably higher power and torque was observed fo
explicit point turn (75 Watts more than with rigid tires). This could be attributed
significant tire distortion or slip angle for tight turning. However, explicit steering w
pneumatic tires at a radius greater than 13 feet required the minimum power and t
Straight driving with pneumatic tires required 100 Watts less than that required for st
driving with rigid tires.

The significance of this comparative analysis from field data is multifold. First, it prov
a quantitative assessment of the terrain performance of two generic tire classes a
steering modalities used by the vast majority of off-road and planetary robots. The r
of this work complement LocSyn’s configuration equations for maneuverability and re
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key trades not possible through analytical formulations especially in the case of the rigid
tire with grousers. 

Second, the summarization of torque and power profiles for a wide range of steering angles,
enables a first order appreciation of the complexity of power management and control for
such a robot. A smoother steering response to heading changes has a positive effect to
power management and control, especially for rough terrain robotic mobility. 

Third, this work lays the foundation for more advanced concepts of traction control in
which a priori knowledge of steering performance could be used to tune the parameters of
an adaptive scheme to optimize smoothness of motion, power utilization, and dynamic
performance. For instance, the observation of consistent discrepancies in power draw by
individual wheels during skid steering could be taken into account by a centralized planner,
allowing effective tuning of control gains when executing a specific maneuver.
65



SUMMARY

et of
tical
 has
alize
 for
rding
fined

en in
 of the

ntities
 It is
een

of the
ade to

 are
 been
 slope
 Chapter 5   

SUMMARY
This research has developed a new framework for synthesizing configurations of wheeled
robotic locomotion and for evaluating alternative configurations through analytical
predictions of performance. The framework, LocSyn, balances traditional models of
vehicle-terrain interaction with novel metrics and functions of performance, some of which
are unique to robotic locomotion. Engineering analysis is used to derive configuration
equations, which relate locomotion system dimensions to terrain properties and robot
performance. 

Locomotion configurations can now be synthesized in a rationalized and systematic fashion
using configuration equations of trafficability, maneuverability and terrainability.
Trafficability primarily impacts the selection of dimensions and shape of the wheels, as
well as the drive scheme and mechanism. Maneuverability configuration equations are for
estimating the overall locomotion dimensions, steering scheme and chassis geometry.
Finally, analysis of terrainability aids the selection of the optimal number of wheels and the
configuration of the robot’s suspension. 

 5.1 Observations

This work promotes in-depth examination of vehicle-terrain relationships at the outs
robotic configuration. Through LocSyn’s parametric simulations, and the analy
configuration and experimental validation of Nomad’s robotic locomotion this thesis
shown the value in examining conventional vehicle-terrain equations to ration
configuration. The underlying idea is that robotic locomotion should be optimized
maximum mechanical capability before real-time control and autonomous safegua
functions are implemented. The terramechanical models of robotic locomotion are re
to a level of detail that allows implementation of in the traction control scheme or ev
the navigational planner so that it can take into consideration real-time observations
soil behavior or overall terrain features. 

The search for techniques that involve terrain, locomotion and performance qua
naturally have led to the consideration of empirical wheel/soil interaction models.
important to note that the majority of parametric equations for trafficability have b
derived from semi-empirical equations and are therefore subject to the limitations 
work that originally developed them. Nevertheless, a concerted effort has been m
implement analytical models that utilize theories of broad applicability. 

The effects of trafficability parameters on the physical configuration of a robot
significant. A recommendation of this thesis is that unless terrain properties have
accurately measured, one must consider worst-case conditions not only in relation to
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or obstacle distributions, but also soil cohesion and internal friction. If little is known about
the terrain in which the robot will navigate, it is necessary to utilize stochastic models to
approximate the soil trafficability parameters. 

The experimental validation of Nomad’s locomotion and comparisons with LocS
results illustrate the difficulty in devising analytical models to accurately predict
performance of the physical locomotion design. Nevertheless, this work has pro
locomotion configurations through the implementation of quantitative models
locomotion performance. As evident from Nomad’s locomotion configuration, LocS
analysis manages configuration issues to sufficient detail and quantitative rationaliza
enable critical configuration decisions to be made.

 5.2 Contributions

The main contributions of this work are that it: 

• Addresses the configuration of wheeled robotic locomotion and implements a
framework for the synthesis and evaluation of innovative configurations. The de
configuration framework is the first of its kind in the robotics literature.

• Introduces the concept of configuration equations which are analytical expressio
the synthesis of configuration geometries. They are also a powerful aid to a 
designer in that they capture the relationships between form and performance of r
locomotion.

• Devises analysis and performance metrics of value to any wheeled robot design. M
known for their utility to conventional vehicles, are also reformulated in the conte
robotic mobility. 

• Makes explicit the role of terramechanics in robotic locomotion configuration thro
in-depth analytical formulations and discussion using practical examples. Configur
equations derived from classical terramechanics are the foundation for
characterization of the mechanics of robotic locomotion at a level of detail and fid
not achieved with the current state-of-practice.

• Presents new quasi-static analyses of trafficability, maneuverability and terrainabilit
with configuration equations, all studies are pursued in a manner that makes
applicable to any type of wheeled robotic locomotion.

• Demonstrates the importance of analytical approaches to configuration through pra
examples and trade studies. In addition, this thesis illustrates the benefit of para
analysis in the capturing the space of feasible configurations rather than seeking a
optimal configuration solution. 

• Produced LocSyn, the computational manifestation of the configuration framew
LocSyn allows for an in-depth evaluation of candidates and selection of op
configurations through parametric simulations. 

• Quantified the applicability and limitations of LocSyn in the locomotion configuration
Nomad, a robotic prototype for planetary exploration. 
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• Configured, designed and validated Nomad’s robotic locomotion using the princ
and methods of this thesis. This work also produced a comprehensive characteriza
the in-soil performance of Nomad’s wheels including the performance quantificatio
metal tires. It also addressed the relative merits of various wheel designs and st
schemes in the locomotion performance of Nomad.

 5.3 Future Directions

An important extension to this thesis would be the inclusion of the issue of automobility.
Automobility is the ability of robotic locomotion to accommodate autonomous naviga
closed-loop control, sensor utilization, and other robotic functions such as deploym
robotic manipulation tools. Currently, these issues are deferred until after a ro
electromechanism is designed and are treated as issues of engineering along w
development of control software and integration of sensors. Because of the significa
automobility to the performance of a robot there is a need to develop the configu
equations that capture the relationships among robotic locomotion, perception and co

Configuration for automobility should consider the geometric and physics-based mod
robot kinematics, sensor placement, safeguarding mechanics and others. For ex
design for safe obstacle avoidance calls for locomotion configurations that mini
interferences to the field-of-view of the sensors and possess great maneuverability. A
example is that of maximizing the performance of terrain viewing sensors by minim
the terrain excursions transferred to them. In this case the locomotion configuration 
particular the configuration of the wheel and suspension are key to optimize sensor m
smoothing. Optimal configurations should reduce the need for active body posturing

Configuration for automobility should also address the trade-offs between mecha
capability and computational demand as it relates to CPU loading, sensor utilization, 
monitoring and autonomous safeguarding. The idea is that configuration should alwa
at generating locomotion concepts with high intrinsic mechanical capability and 
reduce the performance burden on planning and control. However, because of limit
on how much physical capability can be designed into a robot due to mass, volum
other engineering constraints, it is necessary to quantify the expected increa
computational demand in relation to reduced mechanical capability.

Configuration optimization against task and performance requirements of automo
could be quite convoluted. Consider the example of locomotion configuration for op
placement and orientation of perception sensors. The sensors must be placed high 
above the robot and oriented properly to perceive obstacles ahead so a braking or s
maneuver could safeguard the vehicle. Conservatively, the field of view should in
objects at or beyond the vehicle’s stopping distance, measured from the forward-mos
of the robot. While perceiving obstacles at larger distances requires less maneuver
sensors are less capable of detecting obstacles further away. Simultaneously, 
perception sensors should be placed wide enough to see at least the width of the veh
ideally wide enough to utilize multi-baseline stereo. As can be inferred from 
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discussion, configuration for “optimal sensor placement” impacts the configuratio
various locomotion subsystems and requires numerical optimization. 

The development and incorporation of configuration equations for automobility to tho
trafficability, maneuverability and terrainability would carry the rationalized design
robotic locomotion configurations to the next level of sophistication. Beyond automob
configuration should also take on studies that consider traditional design issues s
manufacturability, assembly and maintenance. Finally, as the discipline of ro
configuration grows and more knowledge is gained through practical experience, it s
address the methods and metrics for configuration for reliability.

The long term aspiration should be the automation of the robotic configuration pro
This and other recent theses have built the foundation to pursue such a goal. It is hop
this dissertation will motivate new advances in robotics and prove to be a useful refe
to researchers and designers alike.
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Appendix: Parametric Configuration for Trafficability

Syn’s
ce of
those
Appendix: Parametric Configuration for Trafficability
This Appendix summarize the results of parametric configuration based on Loc
analytical models of trafficability. These analyses quantify the expected performan
four and six-wheel locomotion configurations and should be considered along with 
in Section 4.3.

List of Symbols

a linear acceleration ft/sec2

b’ corrected width of loading area in

bw or Bw tire width, wheel/soil contact width in

c cohesion of soil lbf/in2 (psi)

dw or D wheel diameter in

fr coefficient of rolling friction -

i drivetrain reduction ratio -

j soil deformation in

kc cohesive modulus of soil deformation lbf/inn+1 

kφ frictional modulus of soil deformation lbf/inn+2 

lw length of the loading area in

l’ corrected length of loading area in

m vehicle mass lbm or lbf.sec2/ft 

n exponent of sinkage -

p ground pressure lbf/in2 (psi)

r wheel radius in

z wheel sinkage in

A ground contact area in2 

Bv total vehicle width in or ft

H soil thrust lbf

DP drawbar pull lbf

J moment of inertia lbf.ft.sec2 

K slip coefficient in

Lv total vehicle length in or ft

Rx motion resistance due to x lbf

V traveling speed m/sec

Ww wheel loading lbf

τ shear stress of soil lbf/in.2 (psi)

θ slope angle deg

φ angle of internal friction of soil deg
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Appendix: Parametric Configuration for Trafficability
The following values of geophysical properties were used as control parameters in the
parametric configuration studies.

Table A1: Geophysical properties of the lunar regolith and dry sand [Wallace93][Bekker60/69].

2. Parametric Configuration from Wheel Sinkage / Equation [4]

 Figure A1: Wheel sinkage z (in) in dry sand as a function of wheel loading Ww (lbf) and the slope 
angle θ (deg) in the upper row (in both cases D= 20’’, Bw= 15.75’’), and  wheel  diameter  
D (in) and tire width Bw (in) in the lower row (in both cases wheel load Ww= 275 lbf).

Property Lunar Soil Desert Dry Sand

Exponent of sinkage (n) 1.0 1.1

Cohesive modulus 
of soil deformation (kc)

0.20 lb/inn+1 0.10 lb/inn+1

Frictional modulus 
of soil deformation (kf)

3.0 lb/inn+2 3.9 lb/inn+2

Cohesion of soil (c) 0.025 psi 0.151 psi

Coefficient of slip (K)
0.7 in

0.4 in (firm), 
1.0 in (loose)

Angle of internal friction (f) 40 deg 28 - 38 deg
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(d) Ww= 300 lbf
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Appendix: Parametric Configuration for Trafficability
 Figure A2: Wheel sinkage z (in) of a rigid wheel as a function of wheel diameter D (in) and tire width 
Bw (in) (wheel loading Ww= 275 lbf).

3. Parametric Configuration from Motion Resistance

2.1 Compaction Resistance / Equation [19]

 Figure A3: Compaction resistance Rc of a rigid wheel as a function of wheel diameter D (in) and 
tire width Bw (in) (wheel loading Ww= 275 lb).

2.2 Bulldozing Resistance / Equation [20]

 Figure A4: Bulldozing resistance Rb (lbf) of a rigid wheel as a function of wheel diameter D (in) and 
tire width Bw (in) (wheel loading Ww= 275 lbf).
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Appendix: Parametric Configuration for Trafficability
2.3 Rolling Resistance / Equation [21]

 Figure A5: Rolling resistance as a function of an empirical coefficient of friction fr and the slope 
angle θ (deg) (wheel loading Ww= 275 lbf).

2.4 Gravitational Resistance / Equation [22]

 Figure A6: Resistance due to the gravitational component as a function of wheel loading Ww (lbf) 
and the slope angle θ (deg).

2.5 Total Motion Resistance / Equation [34] 

 Figure A7: Total motion resistance Rall (lbf) of a rigid wheel as a function of wheel diameter D (in) 
and tire width Bw (in) (θ= 0 deg, fr= 0.05, Ww= 275 lbf).
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Appendix: Parametric Configuration for Trafficability
 Figure A8: Total resistance Rall (lbf) as a function of slope angle θ (deg) and wheel loading Ww (lbf) 
(D= 20’’, Bw= 15.75’, fr= 0.05).

 Figure A9: Compaction Rc (lbf) / Bulldozing Rb (lbf) / Rolling Rr (lbf) / Gravitational Rg (lbf) 
resistance as a function of wheel loading Ww (lbf) in the upper row (θ= 0 deg and  θ= 25 
deg) and slope angle θ (deg) in the lower row (Ww= 137.5 lbf and Ww= 275 lbf). In all 
cases: D= 20’’, Bw= 15.75’’, fr= 0.05.
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Appendix: Parametric Configuration for Trafficability
4. Parametric Configuration from Drawbar Pull / Equation [35]

 Figure A10: Drawbar pull DP (lbf) developed by a rigid wheel as a function of wheel diameter D (in) 
and tire width Bw (in) (θ= 0 deg, fr= 0.05, A= 250 in2, Ww= 275 lbf). 

 Figure A11: Drawbar pull DP (lbf) as a function of the slope angle θ (deg) and wheel loading Ww (lbf) 
(D= 20’’, Bw= 15.75’’, fr= 0.05).
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Appendix: Parametric Configuration for Trafficability
 Figure A12: Soil thrust H (lbf) and total motion resistance Rall (lbf) as functions of wheel loading Ww 
(lbf) in the upper row and drawbar pull DP (lbf) as a function of wheel loading Ww (lbf) 
and the slope angle θ (deg) in the lower row. In all cases: D= 20’’, Bw= 15.75’’, fr= 0.05.

5. Parametric Configuration from Drive Torque

4.1 Torque for Driving on Flat Terrain / Equation [36]

 Figure A13: Drive torque Td (in-lb) as a function of wheel diameter D (in) and tire width Bw (in) 

(θ= 0 deg, fr= 0.05, A= 250 in2, Ww= 275 lbf).
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Appendix: Parametric Configuration for Trafficability
4.2 Torque for Driving on Inclined Terrain / Equation [37]

 Figure A14: Drive torque Td (in-lb) as a function of the slope angle θ (deg) and wheel loading Ww 
(lbf) (D= 20’’, Bw= 15.75’’, fr= 0.05).

 Figure A15: Drive torque Td (in-lb) as a function of: (a) wheel loading Ww (lbf) (θ= 0 deg, D= 20’’, Bw= 
15.75’’, fr= 0.05), (b) the slope angle q (deg) (D= 20’’ (50 cm), Bw= 15.75’’, fr= 0.05, Ww= 
275 lbf), (c) wheel diameter D (in), and (d) tire width Bw (in).
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6. Parametric Configuration from Drive Power / Equation [38]

 Figure A16: Output drive power Pd (W) as a function of traveling speed V (m/sec) and the slope 
angle θ (deg) (D= 20’’, Bw= 15.75’’, Ww= 275 lbf, fr= 0.05).

 Figure A17: Output drive power Pd (W) as a function of: (a) traveling speed V (m/sec) (D= 20’’, Bw= 
15.75’’, fr= 0.05, Ww= 275 lbf), (b) wheel loading Ww (lbf) (D= 20’’, Bw= 15.75’’, fr= 0.05), 
(c) wheel diameter D (in), and (d) tire width Bw (in).
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 Figure A18: Input drive power Pdi (W) as a function of traveling speed V (m/sec) and the slope angle 
θ (deg) (D= 20’’, Bw= 15.75’’, Ww= 275 lbf., fr= 0.05, drivetrain efficiency: 0.85, motor 
efficiency: 0.80, drive electronics efficiency: 0.90).
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