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Abstract

This thesis focuses on the conceptual design of a locomotion system for a lunar
pressurized rover, as it represents the key subsystem enabling the mobility of the
rover and the exploration of the lunar surface. Several wheel-soil interaction models,
based on classical terramechanics, along with different wheel architectures, have
been investigated in order to define a single, robust and efficient wheel configuration
capable of operating on loose lunar regolith.

Assuming a rigid cylindrical wheel, the analysis starts from Bekker’s semi-empirical
pressure—sinkage relationship and the Mohr—Coulomb Failure Criterion, which
are used to derive the vertical and longitudinal stress—strain relationships. The
Jéanosi-Hanamoto model is then introduced to describe shear deformation effects.
These formulations are further extended using the Wong and Reece approach to
account for the normal and tangential stress distributions along the wheel—soil
contact interface. Subsequently, soil deformation models proposed by Yoshida and
Ishigami are included to evaluate not only longitudinal traction performance but
also lateral behavior.

Since closed-form expressions of the integrated stress distributions are not available,
two approximation strategies are adopted to derive analytical expressions for the
resulting forces and torques: firstly, a uniform stress distribution and, then, a
quadratic stress distribution along the contact patch. The results of the study
indicate that the former model tends to underestimate wheel performance. Wheel
deflection effects are also considered. In the first model, deflection is introduced
explicitly as a design variable, while in the second approach it is accounted for
through the Substitute Circle method.

Four promising wheel architectures, compatible with the lunar environment and
mission requirements, are selected for further analysis: the hoop spring wheel, the
modified spiral spring wheel, the tweel wheel, and the twin-carcasses wheel. Starting
from the selection of the contact elements with the ground, both analytical and
numerical structural parametric models are developed and implemented in MAT-
LAB and Patran—Nastran, respectively, to provide a preliminary design of the wheel.

The proposed methodology is extensible to a wide range of soft-soil terrains and
can be generalized from rigid to flexible wheel configurations, making it suitable
for broader planetary mobility applications.
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Chapter 1

Introduction

In recent years, the increasing interest in lunar exploration has led to the devel-
opment of progressively more ambitious and innovative mission concepts. Among
these, the pressurized rover represents a key enabling technology, designed to
support human exploration over distances significantly exceeding those achieved
during previous crewed lunar missions. Pressurized rover represent a fundamental
element in the future of human space exploration, as they not only enable the
establishment of potential long-term lunar bases and surface habitation, but also
serve as essential testbeds for acquiring the operational experience and advanced
technologies required for similar human exploration architectures on Mars.

This system works as a mobile habitat, providing a controlled and protected en-
vironment that includes life-support systems, crew accommodation for sleeping
and eating and the infrastructure necessary to perform scientific research during
extended surface operations.

Within this framework, the present study focuses on the locomotion system, which
is responsible for defining the optimal traction, suspension, structural, propulsion
and steering configuration of a lunar rover. Owing to the inherent complexity of
this subsystem, the analysis is limited to the traction element, while preserving the
possibility of future integration with suspension and propulsion models.

1.1 Scope

The purpose of this thesis is to develop a parametric framework for identifying
the optimal traction system configuration for lunar rovers, targeting high traction
capability, low system mass and reduced energy consumption, while ensuring robust
‘trafficability’, which is the system ability to reliably traverse both soft soils and hard
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Introduction

ground without loss of traction.

For the synthesis of wheeled rover configurations specifically tailored to long-
duration lunar missions a practical framework has been formulated and imple-
mented, starting from generic mission requirements and multiple design variables.
Different combination are compared through performance metrics in order to high-
light parametric trends and support trade-off analyses, leading to the selection of a
suitable wheel concept for detailed design.

A key objective of this process is the identification of simplified relationships
that enable the stress—strain behavior and the performances of the wheels to be
represented within a purely analytical model. Only after this step, the set of
optimal design variables is employed to evaluate, with a numerical model, the
corresponding structural and mechanical characteristics, with particular emphasis
on mass-related properties.

1.2 Approach
The methodology adopted to carry out this work consists of the following steps:

» Review of past planetary rovers and analysis of more recent locomotion system
concepts applicable to lunar surface operations;

o Investigation of wheel physics and integration with terramechanics models for
soft soil,based on linear and quadratic approximations. Introduction of wheel
deformation effects.

o Sensitivity analysis of the main design parameters;

 Integration of the analytical and structural models and selection of an optimal
configuration;

o Detailed parametric structural analysis at the wheel system architecture level.

A significant portion of this work is devoted to the identification and adaptation
of terramechanics models of wheel-soil interaction suitable for quantifying the
traction performance of wheeled rover configurations. The proposed framework
is ultimately capable of relating geometric and physical attributes, trafficability
performance and environmental and structural parameters, allowing for the simul-
taneous qualitative and quantitative evaluation of multiple candidate solutions
and the associated design space. This approach enables a substantial reduction in
preliminary design time for future developments. The derivation of the governing
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Introduction

configuration equations and their implementation are detailed throughout the thesis.
The structure of this work is organized as follows:

Chapter 2 presents an analysis of the lunar environment. It also reviews possible
locomotion system architectures, both those previously employed in lunar missions
and more recent concepts. Additionally, the physics of wheeled locomotion is
introduced.

Chapter 3 focuses on terramechanics. A detailed analysis of wheel-soil interaction
models is first presented, followed by the implementation of the final system of
equations within the analytical framework. The chapter then examines the two
approximations introduced into the integral model to enable its solution.

Chapter 4 focuses on the preliminary design process, starting from representative
mission-driven requirements. A sensitivity analysis is first conducted to verify the
expected behavior of the performance metrics as the design parameters vary. An
analytical parametric study is then carried out to estimate local stress distributions
and to determine forces, moments, torques and power requirements. This is fol-
lowed by a numerical parametric study based on finite element methods, in which
static analyses are used to evaluate mass properties, stress levels and structural
displacements. The analytical and numerical models are subsequently integrated,
ultimately leading to the selection of an optimal wheel configuration. Specifically,
an investigation of the selected wheel architectures and the related manufacturing
processes is done in order to identify the final wheel optimal type. The selected
architecture is then examined in greater detail, with particular attention to how
variations in thickness and reinforcement features influence its mechanical and
structural characteristics.

Chapter 5 summarizes the main conclusions of the work and outlines potential
directions for future developments.



Chapter 2

State of the Art

An important distinction must be made between the locomotion system and the
traction system. The locomotion system can be defined as the ensemble of all
subsystems that contribute to the overall mobility of the rover, including ground-
contact elements, suspension systems, propulsion, actuation, steering mechanisms
and the structural framework. The traction system, by contrast, specifically refers
to the mechanism by which the driving force generated by the motor or propulsion
unit is transmitted to the ground through the selected contact elements.

Before implementing an analytical model aimed at evaluating traction performance,
it is, therefore, essential to select the ground-contact element on which the analysis
is focused. Several options are considered, including wheels, tracked systems and
mechanical legs, as well as more unconventional concepts such as hoppers and
rolling balls. These alternatives are assessed based on their suitability for the mis-
sion objectives, manufacturing, assembly and maintenance complexity, safety and
reliability considerations and key performance metrics such as low mass, reduced
energy consumption and high traction capability.

Tracked systems and legged locomotion concepts present certain advantages in
terms of terrain adaptability; however, they are generally associated with higher
power consumption, increased frictional losses, mechanical inefficiencies and sig-
nificant penalties in mass and maintenance complexity. Similarly, the other more
exotic solutions, despite their conceptual appeal, suffer from limited technological
maturity and pose challenges in terms of controll ability, reliability and system
integration. As a result, these approaches are less suitable for long-duration lunar
surface missions [1].

Following this trade-off analysis, wheeled locomotion emerged as the most suitable
solution. Wheels offer a favorable combination of simplicity, ease of control,
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high reliability, and technological maturity. In addition, wheeled systems satisfy
fundamental mobility requirements on sandy, rocky or poorly characterized terrains,
including bidirectional motion, steering capability, and obstacle negotiation. The
integration of surface features such as grooves or grousers further enhances traction
performance and the overall 'trafficability’.

2.1 Lunar environment

Before addressing the physics of wheel—soil interaction, it is essential to analyze
the characteristics of the terrain with which the wheel comes into contact. The
properties of the ground play a fundamental role in determining the optimal wheel
design, as soil conditions directly influence traction performance, sinkage, and
overall mobility. In this context, a comparison between the lunar and terrestrial
environments is particularly relevant. Although wheels are intended to operate on
the lunar surface (and may eventually be manufactured or assembled there) they
are currently designed, built, and tested under terrestrial conditions, which differ
significantly from those encountered on the Moon.

The majority of the lunar surface is covered by regolith, a fragmental and uncon-
solidated layer of material generated by continuous meteoritic impacts. This layer
consists of fine dust, rock fragments, mineral grains, and glassy particles, with
thickness typically ranging from approximately 5 to 15 meters. The primary elemen-
tal constituents of lunar regolith include oxygen, silicon, iron, calcium, aluminum
and magnesium, along with various trace elements. Regolith overlies a compact
substrate commonly referred to as bedrock and exhibits highly heterogeneous
mechanical properties, even over relatively small spatial scales.

From a mobility standpoint, the friable and heterogeneous nature of regolith poses
significant challenges for traction and load-bearing capability. While pneumatic
tires have demonstrated excellent performance in terrestrial applications, they are
fundamentally unsuitable for lunar conditions due to extreme temperature varia-
tions, vacuum operation, radiation exposure and mass and reliability constraints.
As a result, non-pneumatic wheel concepts are required to ensure adaptability to
surface irregularities, adequate traction on regolith and robust operation across a
wide range of environmental conditions.

Beyond the characteristics of the soil itself, the lunar environment as a whole
imposes additional constraints on wheel design. The reduced gravitational acceler-
ation, the near-total absence of atmosphere by terrestrial standards and extreme
thermal variations represent critical factors that affect material behavior, structural
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integrity and wheel-soil interaction mechanisms.|2]

Several environmental factors further complicate surface operations on the Moon.
The vacuum environment makes human activity and maintenance operations partic-
ularly challenging; permanently shadowed craters, while of high scientific interest,
can represent extremely hostile environments for both astronauts and instrumenta-
tion; and fine dust particles, often electrostatically charged, can adhere to surfaces
and negatively affect both electronic and mechanical systems. These conditions
collectively contribute to the complexity of designing reliable mobility systems for
lunar surface exploration [3].

Special considerations for lunar wheel development therefore include strict limita-
tions on transport mass and volume, exposure to extreme temperatures (approxi-
mately —230°C to 130°C), operation under intense solar radiation without atmo-
spheric shielding, rolling and sliding contact with unweathered regolith and abrasive
dust particles, functionality in hard vacuum and performance in a reduced-gravity
environment. These constraints strongly influence material selection, structural
design and wheel-soil interaction modeling approaches [4]. Table 2.1 summarizes
the main environmental differences between the lunar and terrestrial environments
and highlights their most relevant implications for rover design, mobility and
subsystem reliability.

Parameter Moon Earth Effect on Rover

Atmosphere Vacuum Dense atmosphere Lubricant evaporation,
no convection, no
pneumatic tires

Gravity ~ 1/6 of Earth 1g Lower traction and dif-
ferent wheel—soil inter-
action

Temperature +130°C to —230°C Much milder range Thermal stress on ma-
terials and electronics

Radiation High solar and cosmic Naturally shielded Damage to electronics
radiation and structures

Dust/Regolith Fine, abrasive, electro- Less abrasive soil/dust Abrasion, adhesion, ac-
static dust cumulation, sinkage

Table 2.1: Comparison between the main environmental characteristics of the
Moon and the Earth, highlighting the main implications for rover design.
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2.2 Wheel State of the Art

The wheel is one of the oldest and most transformative mechanical inventions in
human history. Archaeological and historical studies commonly place the emer-
gence of wheeled transport in the 4th millennium BC, marking a turning point in
the relationship between mobility, load carrying and terrain negotiation. In this
sense, ancient wheel remains are more than historical artifacts: they represent the
beginning of a long technological trajectory in which the wheel progressively evolved
from a simple enabler of terrestrial transport into a highly engineered subsystem
for extreme environments. This perspective is especially useful when discussing
planetary mobility, where the wheel is no longer a passive component, but a pri-
mary element governing locomotion, safety, energy efficiency and mission capability.

Figure 2.1: Ancient bronze wheel assembly - Lugdunum Museum and Roman
Theatres in Lyon. The image is used here as a visual link between the earliest
history of wheeled transport and the modern evolution of non-pneumatic wheels
for planetary and pressurized rovers.

While the physical principle of rolling remains unchanged, the design requirements
associated with wheels have dramatically expanded over time. In early terrestrial
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applications, wheels were primarily required to support weight and reduce the
resistance associated with dragging. In modern off-road and planetary systems,
by contrast, wheels must also ensure traction on deformable soil, limit sinkage,
tolerate impacts, absorb vibration, survive abrasive environments and maintain
functionality under strict mass and reliability constraints.

This evolution becomes particularly evident in the field of space exploration. Plan-
etary rovers do not operate on paved roads or even on conventional off-road terrain:
they move over regolith, rocks, craters, slopes and highly heterogeneous surfaces,
often in vacuum, under severe thermal cycling and with limited possibilities for
maintenance or repair. As a result, the wheel has become a multifunctional en-
gineering component at the intersection of terramechanics, structural mechanics,
materials science and vehicle systems design. In the rover literature, wheel perfor-
mance is therefore typically evaluated not only in terms of geometry and strength,
but also through mobility metrics such as slip ratio, drawbar pull, rolling resistance,
sinkage, contact patch evolution, obstacle surmounting capability and durability
under cyclic loading.

A major milestone in this evolution was represented by the wheels developed for
the Apollo Lunar Roving Vehicle (LRV). These non-pneumatic wheels employed
a compliant wire-mesh structure with chevrons or tread elements designed to im-
prove flotation and traction on lunar soil while keeping mass extremely low. Their
design demonstrated that, in extraterrestrial applications, pneumatic tires are not
necessarily the optimal solution. Instead, lightweight and compliant non-pneumatic
architectures can provide a superior compromise between structural efficiency,
terrain adaptability and operational robustness.

Subsequent studies have shown, however, that the Apollo solution cannot simply
be scaled to future missions. Upcoming lunar and martian exploration scenarios
involve heavier vehicles, longer traverses, higher duty cycles and more demanding
operational tasks. These requirements are even more critical in the case of pressur-
ized rovers, which must transport crew, life-support systems, scientific payloads
and sometimes cargo over long distances while preserving ride quality, structural
integrity and mission safety [5].

For this reason, recent research has increasingly focused on advanced non-pneumatic
concepts such as mesh wheels, spring wheels, compliant metallic wheels, and shape-
memory-alloy-based superelastic tires, with grousers. Compared with conventional
pneumatic tires, these architectures eliminate the risk of puncture and can be
tailored to achieve low local stiffness for terrain conformability together with high
global stiffness for load support. More broadly, they reflect a shift in design phi-
losophy: from the wheel as a rigid rolling element to the wheel as an adaptive
interface between vehicle and terrain [4].
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Within this framework, the historical development of the wheel can be interpreted as
a progressive increase in functional integration. Ancient wheels enabled transport;
industrial wheels improved speed, comfort and manufacturability; planetary wheels
added compliance, lightweight construction and terrain-specific traction; and rover
wheels for future pressurized missions are now expected to integrate locomotion,
suspension-like behavior, structural resilience and, in some concepts, even actuation
at the wheel level.

Terminology note

In this work, the terms wheel and tire are occasionally used interchangeably for
the sake of readability and consistency with part of the rover-mobility literature.
Strictly speaking, the two terms are not fully equivalent, since tire more properly
refers to the outer compliant element in contact with the ground, whereas wheel
may denote the broader load-bearing and rolling assembly. However, in the context
of planetary rover studies, this distinction is not always maintained consistently
and the present thesis follows this common usage whenever no ambiguity arises.

2.3 Wheel Phisics

In locomotion mechanics, at the initial stage, the vehicle dynamics are studied by
modeling the system as a material point (Figure 2.2).

\(7
_—
R T
«— e

Figure 2.2: Traction model of a material point.

From this assumption, the general equation of motion of an isolated vehicle can be
derived as

dv
T—R=M.— 2.1
where:
T = sum of all tractive forces,
R = sum of all resistive forces,

M, = equivalent mass of the vehicle,
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% = vehicle acceleration.

As a wheeled rover, the vehicle operates under natural adhesion, with traction
transmitted to the ground through rolling elements, namely the wheels, which
are all driving wheels. The rover therefore adopts an all-wheel-drive traction sys-
tem, which is particularly suited to pressurized rovers, as it must overcome surface
irregularities while supporting significantly higher payloads than unpressurized ones.

On each driving wheel, in addition to the gravitational force and the sum of motion
resistances, a driving torque transmitted through the motor shaft is applied. This
torque directly influences the magnitude of the traction force (T). Depending
on the balance between the applied driving torque, the adhesion force or fric-
tion resistance (A) and the resisting forces (R), different operating conditions may
arise. These conditions are summarized in Table 2.2. (v is the longitudinal velocity).

0 T < A | no motion of C' and the wheel
v =
TR T > A | pure slip (without forward motion)
T < A | C coincides with CIR and wheel decelerate
v#0 until it stops
T > A | pure slip (without forward motion)
0 T < A | no motion of C' and the wheel
v =
TR T > A | pure slip (without forward motion)
T < A | C coincides with CIR and wheel moves for-
v 0 ward rolling with constant velocity (rolling)
T > A | slip, but wheel move forward with constant
velocity
0 T < A | wheel starts rolling
v =
TR T > A | pure slip (without forward motion)
T < A | C coincides with CIR and wheel moves for-
v#0 ward rolling with increasing velocity (rolling)
T > A | slip, but wheel move forward

Table 2.2: Operating conditions of a driving wheel.

For a driving wheel (characterized by an angular velocity w # 0 ), rolling motion,
defined as the simultaneous occurrence of rotation and translation, can be achieved

10
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only if specific conditions are satisfied:
RLST <A

In particular, the traction force must be sufficient to overcome the resistive forces
acting on the wheel, while remaining within the limits imposed by both longitudinal
and lateral adhesion in order to avoid, respectively, slipping and skidding. In other
words, in the longitudinal condition, rolling without slip is ensured only if the
required adhesion coefficient remains lower than the available friction coefficient:

fo < fa

where f, is the adhesion coefficient demanded by the traction conditions (T), and
fa is the maximum friction coefficient provided by the wheel-ground contact (A).

On rigid terrain, the adhesion coefficient f, increases with wheel load, which induces
greater wheel deformation and surface compaction, increasing the contact patch
area, while it decreases with velocity.

If the contact patch area is on the order of a few cm?, the wheel motion cannot be
described as pure rolling. In fact, two distinct regions can be identified within the
contact patch (Figure 2.3) :

 Region 1: microslip region, where reversible elastic deformations and ir-
reversible micro-sliding effects lead to a peripheral velocity that is slightly
greater than the translational velocity, during traction (0<s<1)

wr > .

e Region 2: pure rolling region, characterized by a zero relative velocity between
the wheel and the ground (s=0)

2

—_—

Figure 2.3: Regions of a cylindrical wheel Contact Patch.
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Slip, or longitudinal sliding, can therefore be defined through the slip ratio

wr —v

S =
wr

or, equivalently,
n2mr — L

S =
n2mr

where n is the number of wheel revolutions, r is the effective rolling radius, and L
is the actual distance traveled by the wheel center.

e If s=0 Pure Rolling

o If s =1 Pure Slipping

(6]

12



Chapter 3
Terramechanics

Terramechanics is the engineering field that studies the soil properties and the
interaction between wheeled or tracked vehicles and deformable terrain. A detailed
assessment of the trafficability characteristics of the locomotion configurations
is carried out by adopting quasi-static terramechanics models. The applicabil-
ity of these models relies on the assumption that conventional ground vehicles
and wheeled lunar rovers are subject to the same fundamental physical principles
governing the interaction between locomotion elements and the terrain. The key
difference lies in the fact that lunar locomotion occurs on a deformable and weakly
constrained granular material, exhibiting low cohesion and limited load-bearing
capability.

The following two problems must be overcome in conventional terramechanics sim-
ulations: (i) technical issues related to terrain surface modeling and (ii) limitations
of terramechanics models themselves.

3.1 Terrain surface modeling

The first issue concerns terrain surface modeling, as an accurate evaluation of
terrain surface characteristics is essential for lunar and planetary exploration. Prior
to performing terramechanics analyses, a representative terrain field must be gener-
ated; however, methods for creating such terrain fields have not been extensively
investigated. In real off-road environments, terrain geometry and soil properties
vary significantly depending on the formation processes, and these variations should
be properly reflected in terrain field simulations. In particular, on the Moon, soil
parameters can change from one location to another as the vehicle traverses different
terrains [2].

13
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Table 3.1: Typical Lunar Soil Parameters

Symbol Description Value
n Exponent of sinkage 1.0
k. Cohesive modulus of soil deformation 1,400 N /m?
ke Frictional modulus of soil deformation 820,000 N /m?
[0) Coulombian angle of internal friction of soil 31.1deg
c Coulombian coefficient of cohesive strength of soil 170 N/m?
ol Soil weight density 2,470 N /m?
K Coefficient of soil slip 0.018 m
N, Terzaghi’s bearing capacity friction factor 32.23
N, Terzaghi’s bearing capacity cohesion factor 48.09
N, Terzaghi’s bearing capacity density factor 33.27
K. Cohesive modulus of soil deformation 33.37
K, Density modulus of soil deformation 72.77

In this study, a conventional terramechanics analysis is adopted, in which the
terrain properties are defined based on empirical knowledge and simplifying as-
sumptions, such as homogeneous and flat surface conditions. [7] Accordingly, the
regolith parameters are assumed to be constant and are specified in the simulation
configuration file, as summarized in Table 3.1.

3.1.1 Internal friction angle

The value of the internal friction angle ¢ typically ranges between 30° and 40°.
Therefore, the value corresponding to loose sand is selected, together with the
empirical coefficients ¢; and c; reported in Table 3.2. These coefficients are
empirically derived and are used to determine the relative position of the maximum
radial stress of the wheel, 6,,,, which is required for the computation of the maximum
sinkage in Eq. (3.12), as described in [§].

Table 3.2: Typical values of terrain parameters for loose sand

Terrain Type Angle of Internal Friction ¢ [deg] ¢ Co
Loose Sand 31.1 0.18 0.32

14
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3.1.2 Shear deformation modulus

The parameter K, also referred to as the shear deformation modulus, which is
the magnitude of the shear displacement required to develop the maximum shear
stress, has been extensively investigated by Yoshida and Ishigami for different
types of planetary terrains [9]. In the present work, the terrain is assumed to be
homogeneous and isotropic, representative of lunar regolith. Under this assumption,
the shear deformation modulus is identical in both the direction parallel to the
motion (x) and the transverse direction (y), i.e. K, = K, = K, as also assumed
in [10].

3.1.3 Soil bearing capacity

The bearing capacity is defined as the ability of the underlying soil to support
applied loads without undergoing shear failure, and it is a concept traditionally
associated with building and foundation engineering [11]. The soil bearing capacity
can be evaluated using Terzaghi’s bearing capacity theory. Although a wheel is
not a foundation in a strict sense, the contact between a cylindrical wheel and a
deformable soil can be modelled as an equivalent shallow strip footing problem. In
this analogy, the vertical load W acting on the wheel is transmitted to the terrain
through a finite contact patch, which can be approximated as a rectangular strip
with width equal to the wheel width b and length [ along the rolling direction,
resulting in an equivalent contact area A =~ bl. Since the load is applied over a
shallow region and induces a shear failure mechanism comparable to that of a
surface footing, classical bearing-capacity concepts can be adopted to describe the
load-carrying capability and the sinkage behaviour of the wheel.

W

I: SOIL WEDGE UNDER FOOTING
1I: PLASTIC ZONE
I1I: PASSIVE ZONE

Figure 3.1: Equivalent shallow foundation analogy for a cylindrical wheel on
deformable soil according to Terzaghi’s bearing capacity theory.
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In this framework (Figure 3.1), the vertical load W is resisted by shear stresses
developing along the boundaries of three distinct failure zones beneath the footing,
together with the contribution of the overburden pressure ¢ acting above it [12].
The bearing capacity expression is composed of three main contributions: the first
term accounts for the soil cohesion, the second term represents the effect of the
footing embedment depth and the corresponding overburden pressure, while the
third term is associated with the footing width and the extent of the shear failure
zone.

The bearing capacity factors N., N4, and N, are the classical Terzaghi bearing
capacity factors and depend solely on the soil internal friction angle ¢. These
factors are defined as follows:

exp[(%’r — ¢) tan gb}

N, = 3.1
! 2COSQ(£ —l—g) (3.1
N, —1
N, =—*% =~ 3.2
tan ¢ (3:2)
1
N7:2(Nq+ ) tan ¢ (3.3)

1+ 0.4sin(4¢)

This formulation provides a physically meaningful interpretation of the soil reaction
beneath the wheel and represents the basis for modelling the wheel—soil interaction
in soft terrains.

In the present analysis, the adopted values are directly taken from [2] for lunar soil;
however, they could also be derived as functions of the soil internal friction angle, ¢.

While Terzaghi’s bearing capacity theory provides a fundamental framework to
describe the load-carrying mechanism of soil under shallow foundations, its direct
application to wheel-soil interaction is limited by the assumption of a rigid footing
and uniform stress distribution.

To overcome these limitations and to explicitly account for the progressive sinkage
of a wheel into deformable terrain, Bekker extended the bearing capacity concept by
introducing a pressure—sinkage relationship specifically tailored for vehicle mobility
applications (Eq. (3.4)).

In Bekker’s formulation, the normal stress at the wheel-soil interface is related to
the local sinkage through empirical soil parameters, allowing the soil reaction to be
expressed as a continuous function of penetration depth. This approach preserves
the physical interpretation of soil resistance as governed by bearing capacity and
shear failure mechanisms, while enabling the modelling of distributed contact
stresses and varying contact geometries typical of rolling wheels on soft soil.
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3.2 Terramechanics models

The second issue concerns the characterization of the contact between the tire and
the ground. Modeling approaches represent a fundamental tool for the design and
optimization of wheels, especially when moving from simple cylindrical disks to
more sophisticated systems with intricate tread patterns.

Historically, empirical models were the most widely used, as they are based on
experimental data and empirically derived relationships. With the advancement of
computational power, numerical models have more recently emerged as a viable and
powerful alternative. The choice of the tire-ground modeling approach depends on
the specific behavior that needs to be investigated. Therefore, in this thesis, both
approaches are employed: the former is used to evaluate the wheel performance
in terms of trafficability, while the latter is adopted to analyze different types of
tire patterns in greater detail, focusing on stress distribution and deformability. In
general, modeling approaches for tire-ground interaction can be divided into three
main categories: classical terramechanics models, numerical models and empirical
approaches. The latter rely on physical testing to capture specific and complex
interaction phenomena. This last approach is not addressed in the present work [13].

(Classical terramechanics relies on semi-empirical modeling, combining experimental
data with theoretical principles. The main advantages of these models are their
low computational cost, ease of implementation and the generality of the resulting
relationships. Moreover, they can be readily applied to wheels equipped with
grousers or lugs to improve traveling performance.

However, the range of geometries that can be analyzed is limited, and surface
deformation effects due to wheel-terrain interaction are only partially accounted
for. Conventional terramechanics models allow for object penetration into the
terrain, with stresses evaluated as a function of the intrusion depth. In practice,
however, terrain deformation is more complex and involves not only compression
but also material displacement.

For instance, in the Wong—Reece model (subsection 3.2.4), terrain deformation
behind the wheel is represented in a simplified manner and only compressive defor-
mation is considered, while the effects of soil being pushed forward or backward by
the wheel are neglected [7].

The foundation of terrain-vehicle system relies on semi-empirical methods to obtain
vertical and horizontal stress-strain relationship. From these relationship sinkage,
forces and moments can be approximated. In Figure 3.2 there is a map of the
forces and moments in order to specify the adopted sign conventions.
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Tdrw (: 4 7

Figure 3.2: Map of forces and moments that act on the wheel.

In Figure 3.3 a logical flow of the classic terramechanics model is shown.

3.2.1 Bevameter

Both the plate-sinkage and annular shear tests are performed using a single testing
device known as the bevameter (short for Bekker-Value-Meter), originally developed

by M. G. Bekker (1950).

In the plate-sinkage test, a circular or rectangular plate, representative of the tire
contact patch, is pressed vertically (W) into the terrain at a constant penetration
rate. The measured force and corresponding sinkage (h) are used to characterize
the vertical stress—strain (o(h)) behavior of the soil (Figure 3.4).

In the annular shear test, a ring-shaped tool applies a normal load comparable to
that experienced by a wheel and rotates on the terrain surface at a constant rate.
The resulting torque—displacement response is then used to derive the horizontal
stress—strain (7) relationship (Figure 3.5).

3.2.2 Vertical stress-strain relationship

The vertical stress—strain relationship, also referred to as the pressure—sinkage
relationship, reached its most established and widely accepted formulation with
Bekker. The general concept underlying his theory is that the normal stress beneath
a wheel at a given depth is equivalent to that obtained in a plate-sinkage test at
the same depth.
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Vertical Horizontal
stress—strain stress—strain
relationship relationship

o T
Vﬁ no coupling L Moh g lomb
Bekker | Bekker 9 o o‘u OI.n
Failure criterion
coupling

Y Y

A
Reece Janosi—-Hanamoto

T—J

A

‘ Wong—Reece (2D)

Yoshida

0 h F M Ishigami

(3D)

Figure 3.3: Conceptual map of classical terramechanics models.

o(h) = (’2 + 1-%) K" (3.4)

Here, o is the pressure and normal stess, b is the width of the rectangular contact
patch, h is the sinkage, and n, k., and k4 are pressure-sinkage related parameters.
These parameters are obtained from field tests conducted with the bevameter.

A development of Bekker was proposed by Reece, with the intent of giving more
physics insight to the pressure sinkage dependency.

o = (ckl + bysky) (Z)n (3.5)

The Reece equation is extremely similar to Bekker’s but it has the advantage to
adopt purely dimensionless constants and normalized sinkage for different plate
sinkage.
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|w

o(h)

Figure 3.4: Plate-sinkage test.

MG | W

Figure 3.5: Plate-Shear test.

3.2.3 Horizontal stress-strain relationship

Bekker also proposed a relation to characterize the shear strength of the soil;
however, in this formulation, no phisical coupling between shear displacement (kine-
matics) and normal stress is considered. The most commonly adopted formulation
is based on the Mohr-Coulomb soil failure criterion. The maximum shear strength
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of the soil is :
Tmax(0) = ¢+ o tan ¢ (3.6)

Here, ¢ is the apparent cohesion, ¢ is the normal stress, and ¢ is the angle of
internal shearing resistance of the material. These parameters can be derived from
shear tests.

Than, Janosi and Hanamoto (1961) developed the horizontal stress-strain relation-
ship, also known as the shear stress-shear displacement relationship. By combining
the Mohr-Coulomb Failure criterion and the normal stress distribution, they pre-
dicted the shear stress. Specifically, an exponential function in addition to a new
constant, the shear modulus, is employed for describing the shear stress-shear dis-
placement relationship. Therefore, this equation is used to determine the amount
of traction that a wheel will generate and how easily it will progress through terrain
and surmount obstacles when driven.

7 = (¢+ o tan ¢) (1 - 6_%) (3.7)

Here, j is the shear displacement and K is the shear deformation modulus of the
soil.

3.2.4 Bekker-Wong-Reece model

A significant step forward was the semi-empirical model proposed by Wong and
Reece for rigid wheels on soft terrain, based upon Bekker’s vertical stress-strain
relation and Janosi-Hanamoto’s horizontal stress-strain relation. The stresses were
integrated along wheel-terrain interface (contact patch) in order to derive the
sinkage, forces and torques acting on the wheel. It consists in a two-dimensional
model, because lateral dynamics in not investigated (Figure. 3.6).

o(0) = (ck,+ by, k) <h<b€)> (3.8)

Where, the normal stress o(f) varies with the contact angle 6.

The sinkage as function of 6 is expressed in:

r(cos — cosby), O <6 <0y,
(3.9)

h(0) = —
r [cos(ﬁf — 90 95 (0r — 9m)> — COS@f] , 0, <0<0,,.

Here, r is the wheel radius. Furthermore, 6y and 0, are the entry and exit angles,
respectively, which are calculated from the positional relationship between the
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hr

X

Figure 3.6: Wheel-soil contact geometry

wheel and the terrain surface. Moreover, 6,, represents the angle at the point of
maximum normal stress o ().

0 = cos™* (1 — };Jc) (3.10)

0, = cos™* (1 - hr) (3.11)
r

0,, = (Cl + Czs) 0f (3.12)

Here, hy is the maximum sinkage; h, is the elastic sinkage; c¢; and ¢y are referred
to as the maximum stress angle constants and depend on the ground properties; s
is the slip ratio.

Eq. (3.12) by Wong et Al. shows that the maximum of the pressure distribution
occurs approximately halfway between the entry and exit angles and depends
on the slip ratio. This fact was demonstrated by experimental evidence and the
theory of plastic equilibrium, as reported from [10]. Although the sinkage increases
monotonically from the entry angle to the bottom of the wheel, the corresponding
stress distribution does not follow the same trend.
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The tangential shear rate, the lateral shear rate and the compression speed corre-
sponding to any contact angle # can be derived as

v (0) = —v, cos O + rw (3.13)
u(0) = vy, (3.14)
v, (0) = v, sin 6 (3.15)

The shear stress 7 generated in the tangential direction of the wheel is expressed
by the equation Eq. (3.7) using the shear strength of the soil and the relative slip
displacement j; between the wheel and the soil, as function of :

7(0) = (c+ o(0) tan ) (1 ~exp <_ Ut](f)')) (3.16)

Here, j; is obtained by using a quasi-static approach: integrating the relative slip
velocity v, of the wheel surface over time (assuming that the velocity of terrain
particles at the interface matches the velocity of the tire):

t
]t(e) :/0 'Utdt

:/6’f rw ([l — (1 —s)cosb] "

—0r w

=70 —0—(1—s)(sinf; —sinb)] (3.17)

Apparently, until this point, the models are purely 2D, thus only the longitudinal and
the vertical stress can be calculated. Subsequently, the steering characteristics have
been examined from Yoshida and Ishigami [14]. In particular, the soil deformation
in the lateral (1) direction has been established in a similar way to the deformation
in the longitudinal (t) direction.

7(8) = (c + o(6) tan ¢) (1 —exp (- 'jlf”)) (3.18)

jl:/otvldt:/:fvxsinﬁidﬁ (3.19)
_ Vs iijnﬁ (0, ) (3.20)
=7r(l—s)(0f —0)tan (3.21)

Here, v, is the traveling velocity of the wheel; § is the angle of lateral slip. When
a vehicle is under the steering action, wheels side slip or skid.
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B = arctan(vy,/v,) (3.22)

In the top left part of Figure 3.7, a diagram of the forces (F}, = drawbar pull, W =
wheel load), torque (T}.,) and stresses (7 = shear stress, o = radial stress) acting
on a rigid wheel driving over soft terrain (v, = forward velocity of the wheel) is
shown. The other diagrams show the stresses distribution.

W

Figure 3.7: Normal and shear stresses along the contact area

3.2.5 Forces and torques

As anticipated in Subsection 2.3, traction is the force that produce relevant vehicle
motion, developed when the wheels are powered. In this case a drive torque M,
is required to produce the tractive force Fr. The forces and torques acting on
the wheel can be determined by integrating the stress along the wheel contact patch.

Longitudinal force:
6
F,=br / " [7(8) cos 6 — o(6) sin 6] df (3.23)

F, is the drawbar pull force (DP), which can also be written as the difference
between the thrust force Fr and the compaction resistance force R.. It is the force
that is available to pull or push an additional payload until the maximum available
traction is reached.
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DP=F,=Fr R, (3.24)

Oy
Fr= br/a 7:(0) cos 6do (3.25)

0
R. = br / " 5(8) sin 66 (3.26)

Lateral force:
Oy Oy

F, = —br /9 7(6) d6 — [ / Ry (1 — h(6) cos §) dO (3.27)

The analysis of steering is beyond the scope of this thesis; however, a brief discussion
about the lateral forces is included for completeness. Ry is the lateral bulldozing re-
sistance generated to unit width board of the wheel. This phenomenon was studied
in different ways by Schwanghart [15] [10], based on the works of Hettiaratchi-Reece
and Terzaghi, and by Yoshida and Ishigami, based on the Hegedus estimation
[14] [9]. However both of them agreed about the evaluation of the lateral force by
considering two contributions: the lateral shear stress developed at the wheel-soil
contact patch and the bulldozing effect acting on the side face of the wheel. In the
present work, only the lateral shear force is computed.

Vertical force:

0
F,=br / " [7,(8) sin 6 + o(0) cos 6] df (3.28)
Overturning moment:
0
M, = —br2/9 ! 71(0) cos 6 df (3.29)
M, is the driving torque or rolling resistance moment:
Of
M, = —br? / 7.(0) o (3.30)
Self-aligning moment:
0
M, = —brz/e " 1(6) sin 6 do (3.31)

The traveling efficiency indicates the efficiency at which the driving torque is
converted into drawbar-pull.

F.(1—3s)r
AL
Y
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3.2.6 Motion resistance

When a vehicle moves over a surface, it expends energy to overcome the resistive
forces that arise during motion. These resistances can be external, resulting from
the interaction between the wheels and the terrain (rolling resistance or gravitational
effects) or internal, originating from friction within the vehicle components.

For locomotion on off-road terrain, the primary mechanisms of energy loss are soil
compaction, bulldozing and soil dragging induced by the wheels.

Soil compaction resistance

Loss of traction in soft terrain is primarily caused by soil compaction resistance.
Compaction can be interpreted as the vertical work per unit length required to press
a wheel into the ground to a given fraction of its maximum sinkage. Equation (3.26)
is based on the simplified Bekker wheel sinkage model expressed in Equation (3.4).

Bulldozing resistance

Bulldozing resistance develops when a substantial mass of soil is displaced by
a wheel. This phenomenon may act both in the lateral (see Subsection 3.2.5)
and longitudinal directions; however, in the present study only the longitudinal
bulldozing effect is considered, namely when the soil is pushed in front of the wheel
and directly affects vehicle trafficability.

Bulldozing resistance is particularly evident for wide wheels operating on soft soils.
It has been shown to cause a significant increase in the total motion resistance
for sinkage values exceeding approximately 0.06 times the wheel diameter [16].
Moreover, bulldozing resistance increases rapidly with the increasing of the tire
width.

Bulldozing resistance can be estimated by applying the bearing capacity theory
of soils under different failure criteria. The formulation adopted in this work was
derived by Akin [2].

_ bsin(a +¢) 9 By [/m T ®
o =cos™ (1 - 2;) (3.34)
lo = hy tan® (Z - ?) (3.35)
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K. = (N, — tan ¢) cos” ¢ (3.36)
K, = (tzgzb + 1) cos® ¢ (3.37)

Here, « is the angle of attack of the wheel on the soil, [y is the length of soil
ruptured by compression, and K, and K, are the cohesive and density deformation
moduli of the soil, respectively.

Unlike the lateral bulldozing models, which require integration along the contact
region, this formulation is expressed in closed form and provides the total bulldozing
force already integrated over the wheel width.

Rolling resistance

The rolling resistance is caused by the deflection of the tire and the tread elements,
wheel slip and scrubbing at the wheel-soil interface. When wheel slip and scrubbing
are negligible, rolling resistance can be attributed solely to energy dissipation due
to wheel deformation and can therefore be modeled as

Rr = fTWw (338)

Here, W,, is the vertical load applied on the wheel and f, is an experimental coeffi-
cient depending on travelling speed, wheel slip, tire material, design, temperature,
loading and the type of soil.

Gravitational resistance
When vehicle is on an slope, the gravitational resistance can be modeled as

R, =W, sin b (3.39)
Here, 65 is the angle of slope (positive for uphill and negative for downhill).
There can be also another component of resistance. The obstacle resistance develops
when a vehicle climbs an obstacle, which cause a variation of the weight over the

wheels. Modeling this resistance in soft soils and compliant obstacles is a specific
process that goes beyond the purposes of this thesis.
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Drive torque and power

Defined all these longitudinal resistances, the drawbar pull can also be computed
as difference of the traction force (eq 3.25) and the sum of all the resistances [16] [17].

The torque due to resistive forces is

d

Here, d is the diameter and 9,, is the deflection of the wheel.

The equation expresses the torque required at the wheel to sustain traction. It
therefore imposes a constraint on the design of the robot’s actuation and drivetrain
subsystems. It must be noted that the drive torque computed should not be used
to determine the total torque required to the vehicle, but only the moment needed
to the individual wheel.

Drive power is the power required to be transmitted to the output of the wheels to
sustain traction.

20,
Pdrw = Tdrw <U) (341)

3.2.7 Hypothesis and assumptions

It is important to emphasize that the formulations presented in this section are valid
for rigid cylindrical wheels. A rigid wheel can be regarded as a first approximation
of a flexible tire, particularly when the terrain stiffness is significantly lower than
the tire stiffness.

Furthermore,the modeling approach relies on several simplifying assumptions.

o For a sinking wheel, the normal stress calculated at a given sinkage is assumed
to act along the radial direction of the wheel rather than along the vertical
z-direction.

» Tangential and lateral shear stress are derived based on the isotropic shear
stress assumption: the shear stress at any point of the wheel-soil interface is
always opposite to the shearing velocity at that point. It’s a more accurate
method than the anisotropic one.

o The tire—soil contact patch is approximated by a bevameter plate: while the
actual tire contact area has a curved geometry, the bevameter is characterized
by a flat contact surface.

o The terrain is assumed to be homogeneous and isotropic.
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3.3 Closed-form approximations

The main limitation of the classical terramechanics integrals described above is that
they cannot be solved analytically, since they involve complex stress distributions
that are computationally heavy and time-consuming to evaluate.

To overcome this issue, two simplified closed-form wheel-soil interaction models
are analyzed in order to improve the efficiency of performance prediction and to
obtain a parametric formulation adaptable to different mission conditions.

The first model assumes a constant distribution of normal and shear stresses
along the wheel-soil contact region. The second model is derived by introducing a
quadratic approximation of the stress distribution along the wheel-soil interface.

The second more refined model is introduced to improve the accuracy of the results,
since stress distributions are generally nonlinear. Constant or linearized models
can typically be applied only to straight-line driving scenarios, as also suggested
in [18]. Moreover, the constant-stress approximation becomes less accurate as the
soil sinkage exponent n decreases. Therefore, in order to ensure applicability to
a wider range of soft soils beyond lunar regolith, a more general and accurate
formulation is required.

The two models will be compared in Section 4.2

3.3.1 Constant approximation

A closed-form solution consists in assuming a uniform distribution of normal
pressure o along the tread-soil interface and a uniform shear displacement j [16].

Wy
= — .42
. (3.42)
J = sly (3.43)
Ap = byl (3.44)

Here, A, b, and [,, are respectively the area, width and the length of the rectangular
contact patch.

The value of [,, is derived from geometric consideration, always assuming a rigid
wheel, while for b,, is assumed equal to the width of the tire.

Lo = \/hys(2r — hy) + \/h,(2r —B,) (3.45)
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Here, hy and h, are the sinkages of the terrain corresponding respectively to the
entry and exit contact angle. If |0;| = |6,|, hy = h, = h.

The shear stress can therefore be computed using the Janosi-Hanamoto law (Eq. 3.7)
by substituting the previously obtained normal stress. Finally, the traction force is
derived by integrating the shear stress over the entire contact patch.

Fr— / 7 dA (3.46)

Fr = Ay(c+ otan¢) (1 - e_j/K) (3.47)

The drawbar pull is calculated using Eq. 3.24, with the compression resistance of a
wheel on soil derived from Akin and based on the nonlinear spring soil model [2].

n+1
R. = (k. + kgb 3.48
(ke + ko )n+ . (3.48)
3 1% o1

he = 3.49
! (3_”(kc+bk¢)\/a> ( )

1 3 W Zz(nﬁ) 1 I
R. = — —_— 3.50
n+1<3—n\/8> (kc—i-bkd,) (3:50)

3.3.2 Quadratic approximation

A closed-form solution of Eqs. 3.23, 3.27, 3.28, 3.29, 3.30, 3.31 can be obtained if
the stress distribution is expressed as polynomials of #. In particular, this approach
is referred to as the quadratic approximation method.

In order to compute the stress distribution, two additional angles are introduced:
the front medium angle 6y, and the rear medium angle 0,,.

O+ 0, 0, + 0.,
O, = ——\ Orm = 51
i 5 5 (3.51)
The quadratic form of the stresses is derived as
pO) =alt® + 00+ (0L <0<oy) (3.52)
with
a? 02 0, 1 [
by 07, Om 1| |Pim (3.53)
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Here,
i=fri  p=o0, T 0= 0n 0 =0;=0n, 07 =0y

The subscript ¢ denotes the front or rear region, while the superscript p denotes
the stress type.

Now, the closed-form expression of the forces and torques can be calculated by
replacing the stresses in the integral equations.

PR (aT(6% — 2) — 270 + b0 — b7 + c)s +]°= "
o =7 (aZ(6% — 2) + 2470 + b0 + b7 + 7 )cf

i=fr i 0=10;
Fy = =1b T [a'0°/3-+ 076 /2 + 0o,
P (aZ(6% — 2) +2a70 + b0 + b7 + 7)s0  +]°
z =T
i=fr |(—al (0% —2) +2a70 — b]*0 + b7 — c*)ch aig,

Tl Tl 0="0;
V= 2 5 [ai (6% — 2)s0 + 2al'Och ]
i=fr

+b'0s0 + b]'ch + c;' sO 9=10,

N, =12 ¥ [al6%/3 + 7622 + 0]

i=fr
] 2 T 0="0;
M= 2 | ail(Q — 2209 + 2?-’959
i=fr | —b;'0cl + b;'s0 —c;i'cl |,

3.3.3 Elastic wheel

The numerical analysis carried out as the second design step is based on the best
performance obtained through the analytical parametric process. However, in
order to introduce the mass of the wheel as a new metric and to evaluate how
wheel deflection effectively influences the rover trafficability, the flexible wheel
configuration is also included. Regardless, the wheel’s elastic characteristics are
assessed more realistically through FEM analysis.

In the first case (uniform stress distribution), wheel flexibility is accounted for by
introducing the wheel deflection as a design variable and by computing an effective
sinkage.

heg = h+9 (3.54)
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Here, 0 is the deflectionof the wheel. An iterative fixed-point scheme is then adopted
to obtain a self-consistent contact patch length: at each iteration h.g is used to
update the contact area and the average pressure, from which the soil sinkage h is
re-evaluated via the Bekker relation until convergence.

In the second case (quadratic stress distribution), the wheel deformability is mod-
eled through the Substitution circle method [7], [9]. It should be noted that the
deflection is no longer treated as a design variable; instead, it directly depends on
the normal force acting on the wheel and on a constant wheel stiffness. This choice
is made to simplify the computation, since iterative procedures must be performed
within the parametric design loop.

The deformation of the flexible tire during traveling can be approximated as a rigid
wheel having a larger radius of curvature than that of the wheel before deformation
(Figure 3.8).

Figure 3.8: Substitution circle model for flexible tire.

The sinkage under the center of the flexible tire is hy and the sinkage under the
tire before deformation is h}. The relationship between these quantities is:

S=hp—d (3.55)

The radius 7* of the substitution circle is derived from the following approximate
expression, originally proposed by Bekker:

r* 1) )
PO ERFRC I 3.56
. J +h?+¢h} (3.56)
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The forces of a flexible tire is obtained by evaluating the stress distribution using
r* and h} in the same equation of the rigid tire.
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Chapter 4
Preliminary design

This chapter describes the preliminary design approach adopted for the lunar rover
locomotion subsystem, focusing on the study of cylindrical wheels.

The proposed methodology can be interpreted as a co-optimization framework
for parametric design and wheel selection, where mobility performance, power
consumption and structural characteristics are simultaneously evaluated across a
wide range of design configurations and architectures through specific metrics.
This integrated analysis enables the identification and ranking of the most promis-
ing wheel within the explored design space, which constitutes the main objective
of this thesis.

The methodological workflow adopted for the preliminary design of the cylindrical
wheel is summarized in Fig. 4.1.

In the context of space systems, the preliminary design phase aims at translating
mission requirements and operational constraints into a consistent set of design
parameters and evaluating their impact on system performance through simplified
but physically meaningful models.

The main configuration parameters of the rover wheel are varied systematically.
These parameters include wheel diameter and width, number of wheels, rover mass,
slip ratio and translational velocity. In parallel, the interaction between the wheel
and the lunar regolith is modeled through a terramechanics-based approach, using
soil parameters representative of soft lunar regolith conditions.

Two computational implementations of the terramechanics model have been devel-
oped in order to evaluate the robustness of the results and the influence of modeling
assumptions. In particular, the stress distribution at the wheel-soil interface is
approximated using uniform and quadratic stress distributions, allowing a compari-
son of the predicted traction performance under different modeling assumptions
(See Chapter 3) .
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Figure 4.1: Workflow adopted for the preliminary design of the cylindrical wheel
for a lunar rover. 35
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For each combination of parameters, the model computes the wheel-soil contact
geometry, including sinkage and contact angles. Based on these quantities, the
main trafficability performance indicators are evaluated, including drawbar pull,
motion resistances, required torque and drive power.

At the same time, a preliminary structural sizing of the wheel is performed by
estimating the required thickness and resulting mass assuming an unique material,
for simplicity (Aluminum). This allows the direct coupling between mobility
performance and structural penalties, which is essential in the design of planetary
exploration systems where mass is a critical driver.

The large number of simulated configurations enables a sensitivity analysis of the
design variable, which allows a rapid exploration of the design spaces. Further-
more, it enables the definition of global performance metrics combining traction
capability, power consumption and structural mass. These metrics are normalized
and combined into a Figure of Merit (FoM) used to rank all configurations and
select the candidate one for more detailed analyses.

The configurations with the highest FoM values are then selected as candidate
cylindrical wheel architectures. These solutions are further investigated through
finite element analyses (FEM) in order to obtain more accurate estimates of
structural stiffness and mass. The results of this final step lead to the identification
of the most suitable wheel architecture for the considered lunar rover application.

4.1 Requirements and constraints

4.1.1 Design space

In order to perform the preliminary design and the parametric exploration of
the wheel configurations, a set of design requirements and bounds is defined for
the main configuration variables. These limits do not represent strict mission
requirements, but rather define a representative design space for pressurized lunar
rovers operating on soft regolith terrain.

The main design variables considered in the present analysis include the wheel
geometry, rover mass and configuration, and operational parameters related to
vehicle motion.

The ranges adopted for the main design variables are summarized in Table 4.1.

The wheel geometry, represented by its diameter and width, plays a fundamental
role in determining the interaction between the wheel and the lunar regolith. Vari-
ations in these parameters influence the contact area with the terrain, the resulting
ground pressure and the sinkage behaviour on deformable soils. Larger contact
areas generally reduce the average pressure exerted on the regolith and can improve
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Table 4.1: Design variables and ranges adopted for the parametric study.

Parameter Symbol Range Unit
Wheel diameter d 0.6 — 2.0 m
Wheel width b 0.4-0.8 m
Slip ratio S 0.1 -0.5 -
Vehicle velocity v 0.1-38 m/s
Rover mass m 1500 — 7000 kg
Number of wheels Ny, 4-10 —

trafficability, while at the same time introducing potential penalties in terms of
structural mass and packaging constraints.

Operational parameters such as wheel slip and vehicle velocity are also considered
in the analysis, as they directly influence the development of shear stresses at the
wheel-soil interface and the energetic requirements of the locomotion system. In
particular, wheel slip governs the generation of traction forces in terramechanics-
based models and therefore represents a key parameter for evaluating rover mobility
under different operating conditions.

The overall vehicle mass and the number of wheels define the load distribution acting
on each wheel and therefore strongly affect the resulting wheel-soil interaction.
Variations in these parameters allow the assessment of different rover architectures
and their influence on trafficability performance, sinkage and traction capability
when operating on soft lunar regolith.

4.1.2 Requirements

The mission statement of a pressurized lunar rover locomotion system can be
summarized as the capability to support crew transportation and surface explo-
ration activities by providing reliable mobility, adequate traction and load-carrying
capability on the highly deformable and rugged terrain typical of the lunar surface
for long distances.

Therefore the wheel design must satisfy several functional and structural require-
ments in order to operate effectively on soft soil (the following requirements are
expressed in a generalized form and do not explicitly account for different terrain
or path conditions. They instead represent structural and operational constraints
that define the design space explored in the present analysis [17], [19]):

o The wheel shall be capable of transferring sufficient traction to the ground in
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order to ensure rover mobility under nominal operating conditions.

o The motion resistances generated by the wheel-terrain interaction shall be
minimized in order to reduce the required drive torque and power consumption.

e The wheel shall operate reliably in the lunar environment, including the
absence of atmosphere and the presence of highly abrasive regolith.

o The wheel shall be mechanically integrated with the drive system and shall
interface with the electric motor located within the wheel hub.

e The mass of the wheel shall be minimized in order to reduce the overall mass
of the locomotion subsystem and improve system efficiency.

o The wheel tread shall be capable of sustaining the stresses generated by the
wheel-terrain interaction without structural failure or excessive deformation.

o The wheel shall support the loads transmitted by the rover while maintaining
structural integrity during operation on deformable terrain.

o The radial stiffness of the wheel should remain sufficiently uniform along the
circumference in order to limit vertical oscillations of the rover chassis during
motion.

e The wheel must maintain adequate axial and tangential stiffness to ensure
stable and smooth behaviour during steering and maneuvering operations.

4.2 Sensitivity study

A sensitivity study evaluates how each design variable (Tab. 4.1) affects the outputs
of the analysis, here the traction-system performance, while keeping all the others
fixed.

This study is carried out using two different modelling approaches: a uniform
approximation of the stress distribution and a quadratic approximation. In addition,
both rigid and flexible wheel configurations are considered. The results show that
the qualitative trends are very similar across the two models, and that, in general,
the flexible wheel achieves better performance than the rigid wheel on soft terrain.
For this sensitivity analysis, only maximum sinkage, drawbar pull, total motion
resistance, and power consumption are plotted. However, as discussed in section
4.3, additional outputs, such as contact angles and stresses distribution, are also of
interest and will be examined only for the flexible wheel with a quadratic stress
distribution, which represents the most realistic case.
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The analysis was carried out by fixing all the design variables except one, in order
to evaluate how each parameter influences the system performance. The selected
nominal values of the fixed parameters are reported in Table 4.2, while the ranges
of the design variables are given in Table 4.1.

Parameter Symbol Nominal Unit
value
Wheel diameter d 0.9 m
Wheel width b 0.4 m
Slip ratio S 0.2 -
Vehicle velocity v 5 m/s
Rover mass m 7000 kg
Number of wheels Ny 6 —

Table 4.2: Nominal design parameters for wheel-terrain performance sensitivity
analysis

Single-variable sensitivity analysis

The following section presents the plots and a discussion of the results obtained
from the single-parameter analysis, with all other parameters held constant.

Wheel diameter is one of the main parameters affecting rover mobility on soft
lunar regolith, as shown in Fig.4.2. As the wheel diameter increases, the maximum
sinkage decreases. This is consistent with classical terramechanics: a larger wheel
creates a longer contact area with the soil and reduces the average ground pressure,
which improves terrain support. For the same reason, motion resistance also
decreases, since compaction and bulldozing effects become less severe.

Because the resistance is lower, the drive power required at a given forward speed
also decreases. At the same time, drawbar pull increases with the diameter, because
traction is generated over a larger contact area while the resistive forces are reduced.
The overall result is a larger traction margin and better mobility performance.

Wheel compliance provides an additional benefit on soft soil. An elastic wheel
increases the effective contact area and reduces local pressure peaks, which leads
to lower sinkage and lower motion resistance. As a consequence, drawbar pull
improves while the required drive power decreases.
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Figure 4.2: Comparison of two approximate models (quadratic and constant
stress distributions) for rigid and elastic wheels. Top left: sinkage versus diameter;
top right: resistance versus diameter; bottom left: drive power versus diameter;
bottom right: drawbar pull versus diameter. The color bar highlights the effect of
wheel deflection.

Finally, the uniform, cost-effective stress approximation shows the same general
trends as the quadratic stress model, but it tends to predict slightly more optimistic
performance. The observed differences in the results may be partly attributed to
variations in wheel deflection; however, they are mainly due to the fact that the
constant model is a much simpler approximation than the quadratic one. This
simplification affects not only the stress distribution, but also the modeling of slip
effects, as also evident in Fig.4.4. Moreover, the constant model does not take into
account possible variations in the entry angle.

Fig. 4.3 reports the sensitivity to wheel width. Increasing b enlarges the contact
patch area and reduces the average ground pressure, leading to a systematic decrease
in maximum sinkage for both rigid and compliant wheels and for both modelling
approximations. However, the total motion resistance shows a slight increasing
trend with b. This response indicates that width-dependent resistive mechanisms
(probably bulldozing contributions that scale with b) can outweigh the reduction in
compaction-related losses associated with the lower sinkage.

Consequently, at fixed forward speed the drive power demand increases moderately
with wheel width, reflecting the higher overall resistive force. The drawbar pull
decreases with b, since the growth in resistive losses is not compensated by a
proportional increase in traction capability.
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Figure 4.3: Comparison of two approximate models (quadratic and constant
stress distributions) for rigid and elastic wheels. Top left: sinkage versus width; top
right: resistance versus width; bottom left: drive power versus width; bottom right:
drawbar pull versus width. The color bar highlights the effect of wheel deflection.
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Figure 4.4: Comparison of two approximate models (quadratic and constant
stress distributions) for rigid and elastic wheels. Top left: sinkage versus slip; top
right: resistance versus slip; bottom left: drive power versus slip; bottom right:
drawbar pull versus slip. The color bar highlights the effect of wheel deflection.
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Fig. 4.4 show how the slip ratio affects traction performance and power demand for
the four modelling cases. As expected, drawbar pull increases with slip ratio and
then tends to saturate at higher slip values. This means that, beyond a certain
point, increasing slip produces only a limited gain in traction while more energy is
dissipated in the soil. At low slip, some configurations show negative drawbar pull,
meaning that the available traction is not enough to overcome the total motion
resistance. Once a threshold slip value is reached, the drawbar pull becomes positive
and then continues to increase.

For the quadratic model, drive power shows the opposite trend and decreases as
slip increases. This is consistent with the reduction in effective rolling resistance as
the wheel contact changes from mainly rolling to a more shear-dominated condition.
By contrast, the uniform approximation shows a non existent dependence on slip,
which reflects the formulas used in the simplified stress model.

Total motion resistance decreases monotonically with slip ratio in both models, and
the compliant wheel always shows lower resistance than the rigid wheel. Maximum
sinkage remains constant over the analysed slip range, suggesting that sinkage is
mainly controlled by vertical load balance and contact geometry rather than by the
longitudinal shear state. Overall, the results show a clear trade-off between traction
and slip: increasing slip improves drawbar pull, but this benefit gradually saturates.
Therefore, the most effective operating condition is close to the minimum slip level
that still ensures positive drawbar pull, while avoiding unnecessary energy losses
and excessive soil disturbance.

Fig. 4.5 shows the sensitivity of the traction performance to vehicle mass (and
therefore to the nominal wheel load). As the vehicle weight increases, maximum
sinkage rises markedly for all cases, reflecting the nonlinear load—sinkage behaviour
predicted by Bekker-type relations. The associated increase in terrain deformation
produces a proportional growth in total motion resistance, driven primarily by
compaction and bulldozing contributions.

As a direct consequence, the required drive power increases approximately linearly
with vehicle weight at fixed speed, consistent with P ~ R,; v when resistive terms
dominate.

Wheel compliance provides a systematic, though moderate, benefit by enlarging
the effective contact area and reducing pressure peaks, thereby lowering sinkage
and resistance compared to the rigid wheel at the same load.

Drawbar pull also increases with vehicle weight, indicating that the traction
capacity grows with normal load; however, the presence of negative drawbar pull
at low masses highlights operating points where available traction is insufficient to
overcome resistive losses under the selected conditions.
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Figure 4.5: Comparison of two approximate models (quadratic and constant
stress distributions) for rigid and elastic wheels. Top left: sinkage versus vehicle
weight; top right: resistance versus vehicle weight; bottom left: drive power versus
vehicle weight; bottom right: drawbar pull versus vehicle weight. The color bar
highlights the effect of wheel deflection.

The colour scale provides a direct indication of the wheel deflection ¢ associated
with each operating point. Noticeable variations in the colour map occur only
when load-related parameters are swept (i.e., vehicle weight and number of wheels);
in these cases, the quadratic model highlights the expected linear dependence of
deflection on the nominal wheel load. For the compliant wheel, § increases mono-
tonically with vehicle mass, as predicted by the adopted linear stiffness relation
0 = W/K;: a higher rover weight increases the load carried by each wheel and
therefore leads to a larger structural deformation, with higher resistances but also
better traction performances.

Fig. 4.6 highlight the impact of the number of wheels (i.e., wheel load sharing)
on mobility performance. Increasing N,, reduces the nominal load per wheel and
therefore decreases maximum sinkage, in agreement with Bekker-type load—sinkage
scaling. The reduced terrain deformation also lowers the total motion resistance,
primarily through a reduction of compaction and bulldozing losses. As a conse-
quence, the required drive power decreases with N, at fixed speed.

The drawbar pull, however, degrades as N,, increases: although resistance is re-
duced, the traction capacity per wheel decreases with the lower normal load and
smaller shear interface displacements, leading to a reduced traction margin. This
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effect is evident in the high-N,, cases, where the drawbar pull approaches zero or
becomes slightly negative for the higher-fidelity model, indicating operating points
close to the traction limit. Wheel compliance provides a consistent benefit across
N,, by increasing the effective contact area and reducing stress peaks, improving
drawbar pull while simultaneously reducing sinkage and resistance. As observed in
the previous sensitivities, the uniform approximation reproduces the qualitative
trends but remains systematically more optimistic than the quadratic stress model.

Fig. 4.7 confirms the expected kinematic scaling of energetic demand: for a given
configuration, drive power increases approximately linearly with forward velocity,
consistent with P = T'w ~ R, v when the resistive force is weakly dependent
on speed. The compliant-wheel cases maintain a lower power requirement due to
the reduced motion resistance, while the simplified formulation yields the lowest
predicted power levels. Only the power map is reported, since velocity directly
affects this metric alone. This is a consequence of treating velocity and slip ratio
as independent design variables, i.e., decoupling the longitudinal velocity from the
slip condition.
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Two-variable sensitivity analysis

The same sensitivity analysis is also carried out by varying two design parameters,
to assess how their combined effect can influence performance compared with
varying each parameter individually. The fixed values used are the same as in the
single-variable case.

[0.13 2400
Z
0.127F -
— 2300
011 & g
= =
= 0.1 % z
- g 2200 &
=] 0.09 g
a 008 8 2100 3
7 =
007 = =
= 2
2000 ©
0.06 =
0.6 0.8 1 L2 L4 L6 1.8 2 0.6 0.8 L 1.2 1.4 16 L8 2
Diameter [m] Diameter [m]
10"
0.8 o -
250
115 —
0.7 = 0.7 002
= = = 150
= g = 0 2
=06 =Y =06 o
=2 = = 50 2
= 105 £ = o 3
o 2
= 50 A
1 -100
1.2 1.4 1.2 1.4
Diameter [m] » Diameter [m]

Figure 4.8: Contour plot based on the flexible wheel quadratic approximation
model. Top left: sinkage versus diameter and width; top right: resistance versus
diameter and width; bottom left: drive power versus diameter and width; bottom
right: drawbar pull versus diameter and width.
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The contour maps 4.8 provide a compact trade-space representation of the flexible-
wheel quadratic model. Increasing diameter consistently reduces maximum sinkage,
total motion resistance and drive power, confirming that d is the primary level for
improving mobility and energetic efficiency on soft regolith. The sinkage reduction
is most pronounced at small diameters, while gains become progressively smaller
at larger d.

Wheel width mainly acts on sinkage control: larger b decreases sinkage through
lower average ground pressure. However, the drawbar-pull map highlights how the
traction improves strongly with diameter but tends to decrease with increasing
width in the explored range. Overall, the maps indicate an optimal design region at
high d and moderate b, where resistance and power are minimized while maintaining
a favourable drawbar-pull margin.
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Figure 4.9: Contour plot based on the flexible wheel quadratic approximation
model. Top left: sinkage versus slip and rover mass; top right: resistance versus
slip and rover mass; bottom left: drive power versus slip and rover mass; bottom
right: drawbar pull versus slip and rover mass.

The contour maps 4.9 highlight the coupling of normal load and shear mobilisation
on soft regolith. As expected, increasing vehicle weight increases maximum sinkage,
total motion resistance and drive power across the entire slip range, reflecting
the nonlinear load—sinkage response and the associated growth of compaction
and bulldozing losses. In contrast, sinkage is only weakly affected by slip ratio,
indicating that the vertical equilibrium (and thus hy) is primarily governed by the
nominal wheel load rather than by the longitudinal shear state in the considered
model.
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Drawbar pull shows the clearest coupling between the two parameters. At low
slip, the drawbar pull is negative or close to zero for heavier vehicles, meaning
that the available traction is insufficient to overcome resistive losses under those
operating conditions. As slip increases, drawbar pull improves and becomes positive,
consistent with progressive shear stress mobilisation (Janosi-Hanamoto) and the
approach to a saturation regime. The maps therefore identify a slip threshold
that increases with vehicle weight: heavier rovers require higher slip to generate a
positive traction margin, at the cost of reduced efficiency. Overall, the trade-space
suggests operating at the minimum slip level that ensures positive drawbar pull for
the expected vehicle mass, while prioritising mass management to limit sinkage-
driven resistance and power demand.
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Figure 4.10: Contour plot based on the flexible wheel quadratic approximation
model. Top left: sinkage versus slip and diameter; top right: resistance versus slip
and diameter; bottom left: drive power versus slip and diameter; bottom right:
drawbar pull versus slip and diameter.

The contour maps 4.10 show the combined effect of contact geometry and shear
mobilization on soft regolith. The maps indicate that increasing d expands the
feasible low-slip operating envelope, enabling positive drawbar pull.

The power map 4.11 highlights how drive power increases approximately linearly
with velocity, while increasing the number of wheels reduces the power demand by
lowering the nominal load per wheel and, in turn, the associated motion resistance.
This map is therefore useful for selecting a drivetrain operating range once a wheel
number is fixed by system-level constraints (packaging, redundancy and mobility
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Figure 4.11: Contour plot based on the flexible wheel quadratic approximation
model. Drive power versus motion velocity and number of wheels.

requirements).

Finally, Tab. 4.3 summarises the most favourable design space for each variable
to be considered when selecting the optimal configuration. In any case, the wheel
should be elastic, as this solution consistently outperforms the rigid one on soft
terrain.

Table 4.3: Recommended design choices for a pressurised lunar rover traction
system on soft regolith, derived from the sensitivity analysis.

Design variable Recommended choice

Wheel diameter d Large

Wheel width b Moderate

Number of wheels N, Intermediate

Vehicle mass (or wheel load) As low as permitted by mission con-
straints

Slip ratio s Moderate, close to the minimum
value ensuring positive drawbar
pull

Forward speed v Selected according to mission and

energy constraints
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Figure 4.12: Analytical model flowchart

4.3 Analytical parametric study

After the sensitivity analysis, the analytical assessment is extended to a parametric
study. The objective is to generate a matrix of feasible configurations by varying a
finite range of design variables . This configuration matrix provides the basis for
selecting an optimal solution among many candidates through the use of figures
of merit. The procedure can be regarded as an initialization step that will subse-
quently support the higher-fidelity numerical analysis.

The flowchart shown in Figure 4.12 summarizes the logical sequence implemented
in the MATLAB code to generate the configuration matrix for the parametric
study. First, all design variables are defined (Table 4.1) and the environmental
parameters (lunar regolith) are specified. An iterative loop is then executed to
sweep the configuration parameters one-by-one, compute the required outputs for
each candidate configuration, and store the corresponding results in the matrix.

In the flowchart, the elements highlighted in red indicate the additional steps
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Table 4.4: Material properties adopted for wheel sizing (Aluminium 7075).

Property Symbol Value
Young’s modulus E 7.24 x 100 Pa
Poisson’s ratio v 0.30
Density p 2700 kgm ™3

introduced to account for wheel deflection, i.e., the transition from a rigid-wheel
formulation to a deformable-wheel formulation.

Within the loop, the wheel-terrain contact geometry is evaluated, as detailed in
Figures 4.13 and 4.15. In particular, the maximum sinkage h¢, the entry angle
0, the exit angle 0, and the angle associated with the maximum normal stress 0,,
are computed. The stress distribution is then characterised: the peak values are
estimated using the semi-empirical formulations by Bekker (normal pressure) and
Janosi-Hanamoto (shear stress). These maxima are subsequently used to determine
the stress coefficients to be employed in the analytical integrations for forces and
moments. All resistance contributions are evaluated in order to estimate the drive
torque and the corresponding power required to sustain forward motion.

The final step is the assessment of the wheel thickness and mass, which enables
the definition of an additional structural figure of merit. From a computational
and modelling standpoint, this step is meaningful only for the flexible-wheel case,
as the adopted sizing relations explicitly depend on the wheel deflection.
Specifically, the wheel thickness is computed using the quasi-static deformation
formula for a thin-walled ring, considered equivalent to the simplified wheel geometry
under compressive loading, as reported in [20].

Material properties must therefore be specified, since they directly enter the siz-
ing formulation. The material selection is guided by the influence of radiation
exposure, pressure conditions and temperature extremes on structural integrity in
an extra-terrestrial environment. Metallic alloys are selected (Aluminium 7075;
Table 4.4), which are typically preferred over polymeric solutions for lunar mobility
applications [17, 19].

Finally, the wheel mass is estimated based on geometrical and physical considera-
tions consistent with the adopted wheel cross-section model.

1.776 Wy, 13
thickness = (] T&T (4.1)

mass = pm (r2 —(r— t)2) b (4.2)
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NO

Figure 4.13: Flowchart of the iterative process for determining the maximum
sinkage hy from vertical equilibrium (rigid wheel).

4.3.1 Contact geometry

The evaluation of the wheel-terrain contact geometry represents the most delicate
step of the overall analytical procedure and must be treated differently for rigid
and deformable wheels.

Figure 4.13 illustrates the iterative scheme adopted to compute the maximum
sinkage h; for a rigid wheel. The method is based on vertical equilibrium and
follows an approach similar to that proposed in [18], where it is used for the contact
angle estimation.

A trial range for the maximum sinkage is prescribed, spanning from zero up to
the wheel radius, i.e., hyest € (0,7]. For each candidate value of hyest, an average
sinkage is first evaluated and the corresponding contact angles 6 (entry), 6, (exit),
and 6, (angle associated with the maximum normal stress) are determined. The
maximum normal pressure is then computed using the Bekker formulation, and
an equivalent vertical pressure distribution p, o is defined accordingly. Finally, by
integrating over the contact patch, an estimation of the vertical wheel load W ,eqest
is obtained.

The normal pressure ¢ is the dominant contribution to the vertical pressure
distribution p, along the z-axis; therefore, the equivalent pressure p,., can be
described in terms of ¢ alone. Moreover, for soils characterised by relatively large
sinkage exponents (n > 1), the actual vertical pressure profile, which reaches
its maximum at 6,, and vanishes at 0y and 0,, can be accurately approximated
by a linear function. Consequently, an entry-angle estimator based on a linear
approximation of p, provides an effective and computationally efficient solution
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(Figure 4.14).
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Figure 4.14: Comparison of the normal pressure distributions along the contact
patch: (original) versus equivalent linear approximations.

p.(0) = ocos(0) + 1sin(0) (4.3)
Pzieq(0) = 00eq(6) (4.4)
Here, 6.4(0) is the equivalent angle of 6.
P <0<,
Oeq(0) = 0.0 (4.5)
— - 6,.<6<0;
"T20,-0, m="="

The vertical load estimation W,eqest is, then, obtained by integrating the equiv-
alent pressure distribution over the contact patch, i.e., along the contact angle
and scaled by the wheel radius and wheel width. The maximum sinkage hy is
finally determined through the bisection method: the trial value of h; is iteratively
updated until the estimated vertical load matches the nominal wheel load, within
a prescribed tolerance.

Figure 4.15 illustrates the iterative process adopted to compute the maximum
sinkage h; for an elastic wheel, based on balancing the soil vertical reaction force
and the tyre vertical force. A representative value of the vertical tyre stiffness is
imposed (K; = 10%), from which the wheel deflection is computed as a function of
the nominal wheel load. The corresponding tyre vertical force is estimated.
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Figure 4.15: Flowchart of the flexible-wheel substitute-circle equilibrium logic.

By means of the substitution-circle method, the effective radius R* associated
with the substitute circle is then evaluated, as discussed in Subsection 3.3.3. The
procedure adopted to estimate the soil vertical reaction force F, (s follows the same
logic used for the rigid-wheel case; however, in the elastic-wheel formulation all
geometric quantities and the subsequent force evaluation are performed using the
updated radius R*.

*

F,est = br/ ! o(0%) cos 6" dO* (4.6)

T

Fz,t - Kt 6 (47)

i:<\ll+li+J}Z) (4.8)

These three equations are solved iteratively until the residual is sufficiently small.
The residual is defined as

error = F, op — F ;. (4.9)

Convergence is achieved when the |error| falls below a prescribed tolerance.

If error < 0, the terrain is excessively compliant for the considered wheel con-
figuration: even at the maximum admissible sinkage the soil vertical reaction
remains lower than the vertical tyre force, i.e., F} o < F%;. In this condition the
configuration is deemed infeasible (the soil cannot sustain the load and stable
forward motion cannot happen).
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4.3.2 FoM

The figures of merit are included directly in the configuration matrix, since they
provide a convenient quantitative indicator of system quality and therefore enable an
objective comparison and selection of the optimal configuration. In particular, three
figures of merit were defined in order to select the best configurations among those
evaluated: maximum drawbar pull, minimum power consumption, and minimum
wheel mass. To enable a consistent comparison across the design space, each
quantity is normalized to the interval [0,1] using a min-max scaling. Drawbar
pull is treated as a benefit metric and therefore scaled such that larger values
correspond to higher scores. Conversely, drive power and wheel mass are treated as
cost metrics and are normalized using an inverted min—max scaling, so that lower
values yield higher scores.

Therefore, an overall Figure of Merit (FoM) is defined as an equally weighted
combination of the three normalized terms:

1 1 1
FoM = = DPyorrs + = Poorss - = Moo, 410
T3 *3 *3 (4.10)

Finally, the configuration table is sorted in descending order of FoM, so that
the highest-ranked entries identify the configurations providing the best trade-off
between traction capability, power demand and wheel mass.

4.3.3 Result analytic analysis

The following assumptions should always be kept in mind when interpreting the
results: a cylindrical wheel geometry is considered; the terrain slope angle is as-
sumed to be zero (although this parameter can also be varied within the model)
and the exit angle is taken equal to the entry angle. The latter assumption can
likewise be relaxed if a specific mission path is considered, allowing the two angles
to be treated independently.

In addition, a set of design requirements is imposed in order to make the loco-
motion system as representative as possible of a realistic pressurized lunar rover
configuration.

1. The wheel shall be elastic because if there is deflection, the contact area
increases, the ground pressure decreases and the wheel performance improve.

2. The nominal slip ratio is fixed at s = 0.2 because, according to [21], this value
is generally recommended for lunar rovers. In particular, the literature reports
that for the Lunar Roving Vehicle a recommendation of s < 0.2 is usually
adopted. Lower average slip values are observed for the Soviet Lunokhod over
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nominal traverses, whereas significantly higher values may occur in extreme
conditions, such as crater escape (s > 0.4) or emergency situation (s > 0.5).

3. The rover mass is fixed at 7000 kg, corresponding to the upper limit of the
investigated range. This choice is made in order to assess wheel performance
under the most demanding loading condition considered in the study and to
ensure that the final design remains feasible even in the most critical case.

4. The forward velocity is fixed at 3 m/s in order to evaluate the locomotion
system under a realistic traverse condition for a pressurized lunar rover.

The analysis of the final design matrix is carried out by filtering the configurations
according to a set of different criteria. First, all cases with non-positive drawbar pull
(DP < 0) are discarded, together with configurations characterized by excessively
heavy wheels (m,, > 100 kg). The remaining solutions are, then, compared on the
basis of the following performance indicators: minimum sinkage, maximum draw-
bar pull and available traction, minimum total motion resistance (with particular
emphasis on the bulldozing resistance, which represents the dominant resistance
component for wheels of such large dimensions), minimum drive torque, minimum
drive power and minimum wheel mass. Finally, the metric defined in the previous
section is also taken into account in order to support the identification of the most
balanced overall solution.

Table 4.5 summarises the final trade-off among the four most promising wheel
configurations. The comparison highlights the competing effects of wheel diameter,
wheel width and number of wheels on mobility performance, energetic demand and
structural mass.

Configuration 1 provides the best global compromise among the analysed cases and
therefore is selected as the final design solution. Although its drawbar pull is lower
than the other, it remains positive and therefore ensures feasible traction conditions.
At the same time, it exhibits the lowest total motion resistance, the lowest drive
power requirement and the highest figure of merit. The corresponding sinkage is
also acceptable and it remains consistent with a viable operating condition on soft

d[m] b[m] N, hy[m] DPI[N] Rt [N] T4 [Nm] P;[W] m, kg] FoM

1 1.0 0.4 8 0.0970 73 1651 823 4939 66 0.6123
2 1.0 0.4 6 0.1165 182 2148 1070 6421 66 0.5946
3 0.9 0.4 6 0.1202 159 2182 978 6519 53 0.5879
4 0.9 0.5 6 0.1036 102 2212 991 6609 62 0.5459

Table 4.5: Comparison of the four most relevant wheel configurations considered
in the final trade-off analysis.
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regolith.

The following consideration can be made about the remaining configurations.

By distributing the vehicle load over a larger number of wheels, the contact load
acting on each wheel is reduced, leading to lower sinkage and lower motion resistance.
However, configurations providing a larger tractive margin may still exhibit a less
balanced overall performance because of the associated increase in drive torque
and power demand.

A smaller wheel diameter leads to increased sinkage and higher resistance. Al-
though the corresponding wheel mass is reduced, this advantage is not sufficient to
compensate for the deterioration in energetic performance and overall efficiency.

Similarly, increasing wheel width does not provide a sufficiently favourable im-
provement in the overall design trade-off. Within the analysed range, the benefits
associated with the reduction in sinkage are offset by penalties in resistance, power
demand and mass.

Overall, the outcomes of this trade-off analysis are fully consistent with the trends
already identified in the previous sensitivity analysis.

The geometric characteristics and performance metrics of this specific configuration
are presented in detail in Tab.4.6, 4.7 ed in Fig.4.16, 4.17, 4.18.

Parameter Value
Wheel diameter d [m] 1.0
Wheel width b [m] 0.4
Number of wheels Ny, [-] 8
Slip ratio s [-] 0.2
Forward velocity v [m/s] 3
Vehicle mass m, [kg] 7000
Weight on each wheel [N] 1417.5
Wheel thickness [m)] 0.0197
Wheel mass m., [kg] 65.58
Wheel deflection [m)] 0.00142

Table 4.6: Main design parameters of the selected wheel configuration (1).

The results shown emphasize the non-uniform nature of the wheel-soil contact
stresses. The normal stress distribution governs the main load transfer, while
the tangential components are concentrated in the effective contact region where
traction and shear are developed. The stress distributions are coherent with the
quadratic theory used for the stress computation.
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Parameter Value
Maximum traction [N] 1724.06
Drawbar pull DP [N] 72.96
Entry contact angle [deg] -32.05
Exit contact angle [deg] 32.05
Maximum stress angle [deg] 11.19
Maximum sinkage hy [m] 0.0970
Contact patch area [m?] 0.2702
Maximum normal stress [Pa] 9954.99

Maximum longitudinal shear stress [Pa]  8235.89

Maximum lateral shear stress [Pa] 5096.65
Soil compaction resistance [N] 308.93
Bulldozing resistance [N] 1306.73
Rolling resistance [N] 35.44

Total motion resistance Riot [N] 1651.10
Drive torque Ty [Nm)] 823.21
Drive power Py [W] 4939.26
Average pressure [Pa] 5246.82

Table 4.7: Contact and performance metrics of the selected wheel configuration

(1).
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Figure 4.16: Stress distribution along the contact patch

Hub sizing

In order to size the hub of the wheel, a previous actuator electromechanical sizing is
carried out starting from the requirements associated with the selected configuration.
(Results summarized in Tab. 4.8)

According to the terramechanics analysis, the nominal wheel-side requirements are
a drive torque of 823 Nm and a drive power of 4.94 kW. Since the wheel diameter

is d = 1.0 m and the forward speed is v = 3 ms™!, the wheel rotational speed is
60v  60-3
= — = ~ 57. : 4.11
My = — — 57.3 rpm (4.11)

A design margin of approximately 20% was then introduced in order to account
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Figure 4.17: Stress distribution along the wheel (2D). Top left: o on x-z plane;
top right: 7, on x-z plane; bottom: 7, on x-y plane (top view)
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Figure 4.18: Stress distribution along the wheel (3D)

for modelling uncertainty and off-nominal terrain conditions. This leads to the
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Parameter Value / selection
Selected wheel configuration d=10m,b=04m, N, =8
Nominal wheel torque requirement Ty = 823 Nm
Nominal wheel power requirement Py =4.94 kW

1

Wheel rotational speed at v =3 ms™ Ny = 57.3 rpm

Design torque with margin Td,des = 990 Nm

Design power with margin Py des = 5.9 kW

Actuator architecture Brushless servo motor + high-ratio reduction in the hub
Motor family Kollmorgen AKM2G servo motor

Reducer family Harmonic Drive CSG-GH

Selected reduction ratio ¢ = 80:1

Required motor speed Ny, & 4580 rpm

Required motor torque Tm ~ 14.6 Nm

Minimum internal hub diameter > 220 mm

Table 4.8: Sizing of actuator and the wheel hub for the selected configuration.

following design values at wheel level:

Twaes = 1.2T, = 1.2-823 ~ 990 Nm (4.12)

Pyges =12PFP,~12-494~5.9 kW (4.13)
The required wheel torque is too high for a compact direct-drive architecture hub
motor. A more realistic option is therefore a geared in-wheel actuator, consisting
of a brushless servo motor coupled with a high-ratio reducer integrated inside the
wheel hub.

Assuming a transmission ratio equal to
i = 80:1,
the corresponding motor speed becomes
N = 1Ny & 80 - 57.3 &~ 4580 rpm, (4.14)

which is compatible with the operating range of industrial servo motors such as
the Kollmorgen AKM2G family [22].
Assuming an overall reducer efficiency of

n ~ 0.85,

the motor torque required to deliver the design wheel torque is

Twdes 990
in  80-0.85
59
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For this reason, a motor class capable of providing at least about 13-16 Nm con-
tinuously is a suitable target for the selected configuration.

For the reducer, the Harmonic Drive CSG-GH family is appropriate because it
is available in ratios from 50:1 to 160:1 and it is compatible with servo motors
up to the kilowatt range. The size 65 gearhead is characterized by an outside
dimension of roughly 220-230 mm [23]. This gearbox envelope sets the lower bound
for the internal wheel-hub size. A realistic engineering target is in the range of
240-260 mm in order to accommodate bearings, housing thickness, seals, thermal
paths and assembly clearances.

Analytical Wheel

Y

Design Parameters
Design Variables

Y

Material ‘ Inner Radius ‘
Geometry 4>‘ Outer Radius
Properties ‘ Reinforcement Elements ‘

Loads

Boundary Conditions

‘ Mesh ‘

Y

Mass, Deformation
Stress, Durability

Figure 4.19: Numerical model flowchart
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4.4 FEM parametric study

Following the analytical selection of the wheel based on mobility performance, the
study proceeded with the numerical and manufacturing-oriented selection of the
wheel architecture.

A common parametric workflow (Fig. 4.19) is adopted for the generation and
structural analysis of the wheel architectures considered in this work. By initializ-
ing the numerical procedure with the parameters obtained from the preliminary
analytical-terramechanics assessment, it is possible to investigate the structural
response of each configuration under consistent operating conditions.

For each configuration, the main geometric and mechanical input parameters are
assigned in MATLAB. These parameters include the outer radius, inner radius,
wheel width, thickness of the external ring, thickness of the internal ring, thickness
of the reinforcing elements, number of internal reinforcements, vehicle mass, number
of wheels and mesh size. On the basis of these inputs, MATLAB automatically
generates the Patran session file required to build the corresponding finite element
model. The modeling procedure includes the creation of the outer ring, the inner
hub, and the internal reinforcing structure, followed by the assignment of material
properties and shell properties, the application of loads and boundary conditions
and the generation of the surface mesh.

The applied vertical load derives from the total vehicle weight divided by the
number of wheels, so that each wheel is analyzed under the corresponding share of
the global load. In order to reproduce a more realistic load transfer from the vehicle
to the wheel, the load is not applied directly to a single structural node. Instead, a
reference point is created at the wheel center and connected to the nodes of the
internal hub by means of an MPC/RBE3 constraint. In this way, the imposed
vertical force is redistributed over the inner structure, thus avoiding artificial stress
concentrations due to a purely nodal load application (Figure 4.20).

Concerning the material modeling, the numerical framework is intentionally defined
in a flexible way. The code allows the material assigned to the external ring, the
internal ring and the reinforcing elements to be modified independently. Therefore,
any material can be associated with each structural part, making the procedure
suitable not only for uniform metallic wheels, but also for multi-material configura-
tions. In the present study, the material properties are defined in terms of Young’s
modulus, Poisson’s ratio, density and yield stress, and can be readily updated
depending on the selected design scenario.
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F2
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Figure 4.20: Hoop wheel load and constraints

Once the model is generated, the static finite element analysis is executed auto-
matically through MSC Nastran. The main structural outputs are then extracted
directly from the output HDF5 file. In particular, the vertical deflection is obtained
from the maximum nodal displacement in the loading direction, the wheel stiffness
is computed as the ratio between the applied load and the corresponding vertical
deflection, the maximum stress is derived from the stress state of the shell elements,
the wheel mass is read directly from the model results and the durability index is
evaluated as a function of the ratio between the maximum stress and the material
yield stress.

Overall, this automated workflow makes it possible to compare the wheel archi-
tectures in a systematic and reproducible manner. Starting from the parameters
derived from the analytical-terramechanics study, the numerical model provides
a coherent framework to assess the structural behavior of each configuration and
to support the identification of the most promising solution in terms of strength,
stiffness, mass and durability.

4.4.1 Wheel architectures

The selection of the wheel architectures to be investigated is based on both the
lunar-rover literature and their compatibility with the lunar environment and
mission requirements. Pneumatic wheels are not suitable for lunar applications
because rubber materials undergo degradation under prolonged exposure to solar
radiation. Rigid wheels, on the other hand, provide poor ride comfort and, as
already demonstrated in the previous analyses, generally exhibit worse performance
than elastic solutions. Wire-mesh wheels are not easily scalable to heavier vehicles
and long-range missions. Similarly, the elliptical wheel and hubless concepts present
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significant drawbacks in terms of reliability and specific mass.

On this basis, four wheel architectures are finally selected, as shown in Fig. 4.21
for the numerical investigation: the hoop spring wheel, the modified spiral spring
wheel, the tweel wheel, and the twin-carcasses wheel.

Since all these concepts belong to the family of elastic wheels, they generally consist
of a rigid hub, which houses the electric motor, a flexible rim, typically equipped
with grousers and a set of flexible spokes connecting the rim to the hub. The
four selected architectures mainly differ in the geometry and orientation of the
spokes, which result in different structural layouts. For instance, in hoop-type
configurations the spoke axis may be either parallel to the motor axis (as in this
work) or tangential to the hub, whereas spiral-spoke configurations may be arranged
in a single row or in two rows (as in this work) with axial and circumferential
offset. In the tweel architecture there are thin radial spoke-like members connecting
the outer ring to the inner hub, whereas in the twin architecture the reinforcing
elements consist of multiple curved and interconnected members arranged in a
denser and more layered configuration.

For this initial analysis, the design parameters are set to the values reported in

Tab.4.9.

Parameter Symbol Value
Outer radius Ry 0.5 m
Inner radius Rt 0.25 m
Wheel width B 0.4 m
Outer ring thickness oxt 0.003 m
Inner ring thickness tint 0.003 m
Reinforcement thickness Lrinf 0.003 m
Number of wheels N 8
Vehicle mass M 7000 kg
Number of reinforcing elements  Ngjem 9

Table 4.9: Initialization values adopted for the FEM parametric loop.

Outer radius, width and load per wheel are defined through the analytical analysis,
while the other parameters are initialized following other criteria.

The inner radius is defined according to the specifications of the electric motor.
In the case of the Twin carcass architecture, the radius is much greater than 220
mm due to the geometric and structural characteristics of the reinforcing elements.
Indeed, the reinforcements are shaped as semicircles with a radius equal to the
distance between the inner ring and the outer ring.
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Figure 4.21: Wheel architectures in the numerical analysis. Top left: Hoop
architecture; Top right: Spiral architecture; Bottom left: Tweel architecture;
Bottom right: Twin architecture

The number of reinforcements is selected by considering the worst-case scenario
from a weight standpoint, namely the maximum number of reinforcing elements
that can be accommodated without geometric interference or overlap.
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Thickness selection is based on the stiffness requirement and available sheet size
(from 1 to 5 mm) [19]. For this preliminary sizing of the cylindrical wheel, shell,
hub and reinforcement thicknesses are all selected equal to 3 mm. Considering the
wheel size and the lightweight aluminum design target, values of about 2-5 mm
are consistent with thin-walled stiffened structures (while remaining compatible
with manufacturing constraints).

A sensitivity study is subsequently carried out in order to evaluate both the effect
of a uniform thickness variation for all wheel components (Subsec.4.4.2) and the
optimal balance among different thickness values assigned to the various parts of
the wheel (Subsec.4.4.3).

Therefore, a normalized comparison is carried out in order to identify the most
suitable wheel architecture, highlighting the inherent trade-off between structural
efficiency and weight reduction (Fig.4.22).

Wheel mass

Maximum stress

A0 g gued  goi® R i S

Wheel stiffness

Durability index

A0 g gued  goi® R i S

Figure 4.22: Wheel architecture comparison with values normalized with respect
to the maximum

Among the four configurations, the Tweel architecture shows the most favorable
mechanical behavior, as it combines the lowest maximum stress, the highest
stiffness and the highest durability index. This indicates a more efficient load
transfer through the internal reinforcing structure and a better overall resistance to
deformation. By contrast, the Twin architecture is the lightest solution, but this
advantage is associated with the highest stress level and a relatively low stiffness,
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suggesting that mass reduction is achieved at the expense of structural performance.
The Spiral architecture provides a more balanced response, with intermediate values
in all the considered metrics, while the Hoop architecture appears mechanically less
competitive mainly because of its very low stiffness, despite maintaining acceptable
stress and durability levels.

In the final assessment, the Tweel and Spiral architectures emerge as the most
promising solutions for this type of wheel. However, the manufacturability of all
four architectures is also evaluated in order to support the final design decision.

4.4.2 Manufacturing and process selection

Alongside the structural assessment, a manufacturing-oriented analysis is also
carried out in order to identify the wheel architecture that is not only mechanically
efficient, but also realistically producible.

In this work, the reference manufacturing process is assumed to be metal additive
manufacturing, and more specifically Laser Powder Bed Fusion (LPBF)/ Selective
Laser Melting (SLM) of aluminium alloys. This choice was motivated by several
factors. First, additive manufacturing enables the fabrication of geometrically
complex lightweight structures that would be difficult, costly or even impossible to
obtain through conventional processes. This makes it particularly suitable for non-
pneumatic wheel concepts characterized by internal supporting members, curved
spokes, and highly integrated geometries. In addition, additive manufacturing
can reduce the total number of components, thereby simplifying assembly and
increasing structural integration.

The adoption of metal additive manufacturing is also consistent with the long-term
perspective of advanced and distributed production in harsh or remote environments.
In particular, such technologies are increasingly regarded as promising solutions for
future in-situ manufacturing scenarios in the aerospace sector, owing to their flexi-
bility, limited tooling requirements and suitability for highly customized designs [24].

Within this manufacturing framework, AISi10Mg is considered as an alternative
to the Al7075 alloy adopted in the previous structural analyses. The reason for
this choice lies in the fact that AlSi10Mg, although not mechanically equivalent
to Al7075, provides partially comparable properties while being significantly more
compatible with established LPBF/SLM processes. Therefore, it cannot be re-
garded as a direct one-to-one replacement, particularly because of its lower strength
and ductility, but it remains a relevant candidate for additively manufactured
components.

As shown in Table 4.10 and discussed in [25], AlSi10Mg exhibits lower density,
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tensile strength, yield strength, elongation at break and hardness than A17075, while
the elastic modulus is approximately comparable for the two alloys. In addition,
Al7075 shows a higher coefficient of thermal expansion, whereas AlSi10Mg exhibits
higher fracture toughness. With regard to melting behaviour, AlSil0Mg has a
higher minimum melting temperature, while A17075 has a higher maximum melting
temperature, resulting in a broader melting range for the latter.

For these reasons, AlISi10Mg may be regarded as a manufacturable and technically
viable solution for additively manufactured lunar rover wheels. Nevertheless, be-
cause lunar regolith is highly abrasive, particular attention should also be paid to
wear protection and suitable surface treatments or protective coatings should be
considered for the most exposed regions of the wheel.

In the present study, AISi10Mg is modeled as an isotropic linear-elastic material
for the sake of simplicity and to ensure a consistent comparison among the differ-
ent wheel architectures. However, it should be noted that LPBF-manufactured
AlSi10Mg may exhibit anisotropic mechanical behavior due to build orientation
and process-induced microstructural heterogeneity.

Property A17075 AlSi10Mg
Density [kg/m?] 2810 2680
Ultimate tensile strength [MPa] 572.3 442.0
Yield strength [MPa] 503.3 264.0
Tensile modulus [GPa] 71.7 71.0
Elongation at break [%] 11 9
Fracture toughness [MPay/m] 20.0-29.0 58.0
Brinell hardness [HB]| 150 119
Thermal expansion coefficient [1076/K] 23.58-25.20 20.23-21.24
Melting range [°C] 476.7-635.0 570.0-590.0

Table 4.10: Properties comparison of Al7075 and AlSil0Mg for structural and
additive-manufacturing considerations

Based on these considerations, the manufacturability comparison is developed
according to a Design for Additive Manufacturing (DfAM) approach. Rather than
evaluating the architectures only in terms of geometric simplicity, the analysis
accounted for the main constraints typically associated with AM processing, namely
build orientation, support generation and removal, powder evacuation, accessibility
for post-processing, sensitivity to distortion and residual stresses and relative pro-
duction cost [26]. These aspects are particularly relevant in the case of wheel-like
structures with enclosed or semi-enclosed internal regions, where the geometric
freedom offered by additive manufacturing must be balanced against practical

67



Preliminary design

fabrication limitations.

A semi-quantitative scoring procedure is, therefore, introduced, assigning values
(from 1 to 5) to five manufacturing criteria: geometric complezity, ease of production,
ease of post-processing/assembly, tolerance robustness and estimated cost. The final
manufacturing score is obtained as a weighted sum of these contributions, so as to
capture the overall balance between printability, process robustness and expected
production effort.

This methodology makes it possible to compare the proposed wheel architectures
through a structured and reproducible framework, consistent with the current
DfAM literature for metal AM. In this way, the final selection is not based solely
on structural performance, but on a broader engineering compromise between
mechanical behavior and manufacturability.

Geometric complexity - Ease of production - Ease of post-processing

A first qualitative manufacturing screening is performed directly from the wheel
geometries by considering geometric complexity, ease of production and ease of
post-processing. The purpose of this preliminary step is not to provide a definitive
manufacturing ranking, but rather to identify the architectures that appear more
suitable for metal additive manufacturing on the basis of their structural layout.

From a geometric point of view, the Hoop architecture shows a regular and repetitive
internal arrangement, which makes its geometry easier to interpret and potentially
easier to control during manufacturing. The Spiral architecture is more complex,
since the curved reinforcing members generate a less straightforward internal layout.
The Tweel architecture, despite the presence of several slender internal spokes,
remains visually open and well organized, whereas the Twin architecture exhibits
the highest geometric complexity due to its denser and more intricate internal
configuration.

With regard to ease of production, the Tweel architecture appears to be the most
favorable solution, mainly because its open spoke-like structure seems more com-
patible with a clear build strategy and with a reduced obstruction of the internal
volume. The Hoop configuration also appears relatively favorable, thanks to its
regular geometry, although the curved internal members may still introduce some
manufacturing constraints depending on the selected build orientation. The Spiral
architecture represents an intermediate case, as the curvature of its reinforcing
elements may lead to less straightforward printing conditions. By contrast, the
Twin architecture appears to be, once again, the least favorable, since its denser
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internal layout is expected to complicate the build process and increase manufac-
turing difficulty.

A similar trend is observed for ease of post-processing. The more open geometries
of the Tweel and, to a slightly lesser extent, the Hoop architecture suggest better
accessibility for support removal, powder evacuation and visual inspection of the
internal structure. The Spiral architecture is again intermediate, as its curved
members may partially reduce accessibility to some regions. The Twin architec-
ture appears the most critical, because its more compact and layered internal
arrangement is expected to hinder access to the inner zones and therefore make
post-processing operations more difficult.

Tolerance robustness

The tolerance robustness criterion is introduced in order to evaluate how sensitive
each wheel architecture is to small variations in the thickness of its structural
components. This aspect is particularly relevant in the context of metal additive
manufacturing, where deviations from nominal dimensions may arise because of
process-related effects, such as local distortion, thermal shrinkage or limited dimen-
sional accuracy. In this work, tolerance robustness is assessed through a sensitivity
analysis in which one thickness parameter at a time is varied around its nominal
value (£5% / +£10%), while the remaining geometric parameters are kept constant.
For each variation, the resulting changes in maximum stress, wheel stiffness and
durability index are evaluated with respect to the reference configuration. In this
way, the robustness of each architecture is quantified by observing how strongly
its structural response changes under small geometric perturbations: the smaller
the variation in the output quantities, the higher the tolerance robustness of the
corresponding wheel configuration.

The tolerance robustness analysis of the Hoop architecture (Fig. 4.23) shows a
limited sensitivity with respect to variations in the outer and inner ring thicknesses,
as the corresponding changes in maximum stress, wheel stiffness and durability
index remain relatively moderate and regular. This suggests that the global
structural response is only weakly affected by small dimensional perturbations of
the ring components.

A significantly stronger sensitivity is instead observed for the reinforcement thick-
ness. In this case, positive thickness variations lead to a marked increase in
maximum stress, accompanied by a rise in stiffness and a reduction in durability
index. Therefore, the results indicate that the tolerance robustness of the Hoop
configuration is mainly governed by the reinforcing elements, whereas the outer and
inner rings play a less critical role. Therefore, from both a design and manufacturing
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Figure 4.23: Tolerance robustness of the Hoop architecture under independent
thickness variations of the outer ring, inner ring, and reinforcing elements, expressed
in terms of percentage changes in maximum stress, wheel stiffness, and durability
index with respect to the nominal configuration.

perspective, particular attention should be paid to the dimensional control of the
reinforcements.
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Figure 4.24: Tolerance robustness of the Spiral architecture

The Spiral architecture (Fig. 4.24) shows a sensitivity pattern that is broadly
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similar to the Hoop configuration, but with a slightly more pronounced effect of
thickness variations on stiffness and durability. The outer and inner ring thicknesses
have a limited influence on the global response, whereas the reinforcement thickness
remains the dominant parameter. In particular, the stress response is strongly
affected by variations in the reinforcing elements, confirming that the internal
curved members govern the structural robustness of this configuration.
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Figure 4.25: Tolerance robustness of the Tweel architecture

The Tweel architecture (Fig. 4.25) exhibits a comparatively stable response with
respect to variations in the ring thicknesses, while the reinforcement thickness again
plays the most relevant role. In this case, the sensitivity of stress to reinforcement
perturbations is particularly evident, whereas the durability index remains less
affected than in the other architectures. This suggests that the structural behavior
of the Tweel configuration is mainly controlled by the spoke-like internal members,
which represent the key design feature from a robustness standpoint.

The Twin carcasses (Fig. 4.26) architecture appears to be the most sensitive
configuration overall, especially with respect to variations in the reinforcement
thickness.

Based on the comparison of the robustness scores, the Tweel architecture is identified
as the most robust configuration, followed by the Spiral and Hoop solutions, while
the Twin architecture shows the lowest robustness.
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Figure 4.26: Tolerance robustness of the Twin carcasses architecture

Manufacturing costs

The estimated manufacturing cost is approximated through a simplified mass-based
metric, computed on the baseline configuration (Fig.4.22). Under this assumption,
lighter solutions are considered economically preferable and are assigned a higher
estimated-cost score.

Overall, the Twin architecture appears as the most economical solution (lowest
index), followed by the Spiral and Tweel configurations, while the Hoop architecture
shows the highest estimated cost (maximum normalized mass).

Final manufacturing evaluation

The final evaluation of the manufacturing process of the four wheel architectures
is done by assigning a score from 1 to 5 to each of the selected criteria, namely
geometric complexity, ease of production, ease of post-processing, tolerance ro-
bustness and estimated cost. The Tab.4.11 provides a synthetic comparison of the
different configurations and highlights their relative strengths and weaknesses from
a manufacturability perspective.

In Fig.4.27, the final manufacturing ranking is identified. Overall, the results
indicate that the Tweel architecture provides the best balance among geometric
complexity, producibility, post-processing, robustness and estimated cost, followed
by the Spiral and Hoop. The Twin architecture appears to be the least appropriate
from a manufacturing perspective.
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Type Geometric Ease of Ease of Tolerance Cost
complexity production post-processing robustness

Hoop 4 4 4 3 2

Spiral 3 3 3 4 4

Tweel 4 5 5 D 3

Twin 2 2 2 2 5

Table 4.11: Manufacturing-oriented scoring (1-5, where 5 indicates the most
favorable outcome) for the four wheel architectures.

Twin
Tweel 4.30

Spiral

Hoop

I I I I I |
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Final manufacturing score

Figure 4.27: Comparison of the final manufacturing scores for the analyzed wheel
concepts.

By combining the manufacturability assessment with the structural performance
results, the Tweel architecture emerges as the most suitable solution among the
analyzed wheel concepts.

4.4.3 Architectural parametric study

A more detailed investigation is carried out on the internal geometry of the selected
wheel architecture. The aim is to identify the final wheel structure that is best
suited to the rover locomotion system considered in this study. In particular,
the architecture is analyzed in greater detail in order to assess the influence of
the reinforcing elements and thickness parameters on the overall structural response.

A parametric study is carried out on 108 configurations obtained by varying the
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outer skin thickness, inner skin thickness, reinforcement thickness and number of
spokes. The reinforcement thickness is varied within the range t,,¢ € [2, 3] mm;
the internal end external thickness is varied within the range t,,¢ € [1, 2] mm;
the number of reinforcements is varied within the interval Ny, € [6, 9]. These
limits are defined in order to explore structurally meaningful configurations while
excluding solutions that are either too flexible to provide an effective stiffening
contribution or excessively heavy and geometrically crowded, as also described in
[19].

For each configuration, a static finite element analysis is performed in Patran/Nastran|
and the main structural response quantities are extracted, namely maximum stress,
vertical deflection, wheel mass, stiffness and durability index. The simulation
results are then post-processed in MATLAB in order to compare the candidate
designs on a consistent basis. First, non-admissible or erroneous configurations
are removed from the dataset. Then, the remaining solutions are filtered accord-
ing to the prescribed design constraints and ranked through a multi-objective
procedure based on normalized performance indicators. In parallel, the Pareto
front is identified to highlight the non-dominated solutions, i.e. the configurations
for which no objective can be improved without worsening at least one of the others.

The obtained results show a clear trade-off between structural performance and
mass. In general, lighter configurations tend to exhibit larger deflections and,
in several cases, higher stress levels, whereas heavier solutions provide improved
stiffness and lower deformation, at the expense of increased mass. The Pareto front
confirms that no single configuration is optimal in an absolute sense; rather, a set
of efficient designs exists, each representing a different compromise between weight,
stress and deflection. Within this set, the most promising solutions are those
capable of limiting both stress and deformation without a significant mass penalty.
This preliminary screening therefore allowed the design space to be reduced to
a limited number of meaningful candidates, which are subsequently selected for
further numerical assessment.

Among the admissible solutions, three configurations are selected, in Tab. 4.12, as
the most representative for the final convergence and validation analyses: Design 64,
Design 90 and Design 13. Design 64 corresponds to the best overall configuration,
i.e. the admissible design with the lowest (and best) global score obtained from
the weighted multi-objective ranking. Design 90 is selected as the most critical
admissible configuration, namely the solution closest to the design limits in terms of
structural response and therefore particularly relevant for assessing the robustness
of the numerical results. Design 13, instead, is identified as the lightest admissible
configuration among the remaining candidates, and is therefore significant from

74



Preliminary design

a mass-efficiency perspective. These three cases are consequently adopted for
the mesh convergence study, since they represent three complementary design
conditions: the best global compromise, the most critical feasible solution and the
lightest feasible design.

Case ID Rext Rint w text tint trinf N, rinf
m] [m] [m] [m] [m] [m]  []
Best overall 64 0.50 0.25 0.40 0.0015 0.0020 0.0020

9
Most critical 90 0.50 0.25 0.40 0.0020 0.0015 0.0025 7
Lightest feasible 13 0.50 0.25 0.40 0.0010 0.0015 0.0020 6

Table 4.12: Selected wheel configurations adopted for the subsequent mesh
convergence study.

The admissible design space is illustrated in the 3D objective plot , where the
solutions are distributed as a function of mass, deflection+ and stress, while the
color scale reflects the global score. The Pareto-front plot provides a comple-
mentary representation by identifying the non-dominated configurations in the
stress—deflection plane, thus highlighting the most efficient design trade-offs (Fig.
4.28).
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Figure 4.28: On the left: Pareto front - Deflection versus Stresses ; on the right:
Admissible design space 3D

Convergence analysis

A mesh convergence analysis is performed in order to assess the sensitivity of
the numerical results to the discretization adopted in the finite element model.
This verification step is required to ensure that the structural quantities used in
the design comparison are not affected by an excessively coarse mesh and can
therefore be considered representative of the actual mechanical response of the
wheel. The analysis is carried out on the three configurations selected from the
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preliminary multi-objective screening, namely the best overall design, the most
critical admissible case and the lightest admissible configuration. For each case, the
geometry, material properties, loading conditions and boundary conditions are kept
unchanged, while only the mesh size is varied: mesh global length € [0.04, 0.01]
(Fig. 4.29).

s
s
e

SRy

Figure 4.29: Mesh configurations adopted for the convergence analysis. Top left:
0.04; top right: 0.025; bottom left: 0.0125; top right: 0.01.

The convergence study is evaluated by monitoring the evolution of the two main
response quantities, namely vertical deflection and maximum stress, as a function
of the mesh global edge length. As shown in Fig. 4.30, the displacement response
tends to stabilize for the finer discretizations, whereas the coarsest mesh leads to a
significant deviation, particularly for Case 1 . A similar trend is observed for the
stresses, where the response obtained with the coarsest mesh is very different from
that associated with the finer meshes, again with the strongest sensitivity observed
for Case 1.
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Figure 4.30: Convergence analysis. On the left: Deflection versus length of the
mesh ; on the right: Stresses versus length of the mesh

Overall, the convergence analysis shows that the coarsest mesh is not adequate for
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a reliable structural assessment, since it introduces a substantial overestimation
of both deflection and stress in the most sensitive configurations. On the other
hand, the finer meshes provide mutually consistent results and can therefore be
considered sufficiently accurate for the analyses. The observed behavior is fully
consistent with the expected response of thin-walled reinforced structures, for which
coarse discretizations may fail to capture local stiffness and stress distributions
with sufficient fidelity.

Final wheel architecture

Based on the preliminary parametric analysis, the multi-objective ranking pro-
cedure and the subsequent mesh convergence assessment, the best-performing
configuration is selected as the final wheel architecture for the present study (See
Tab. 4.12 : Best overall). More specifically, this configuration emerged as the most
effective compromise among structural performance and mass, while also satisfying
the imposed admissibility criteria in terms of stress and vertical deflection. The
convergence analysis further confirmed that the corresponding numerical results are
sufficiently stable with respect to mesh refinement, thus supporting the reliability
of the selected solution.

It should be noted that this selection is valid within the scope of the present work,
which is limited to static finite element analyses. Therefore, the identified architec-
ture should be regarded as the optimal solution among the analyzed configurations
under the adopted loading and modeling assumptions, rather than as an absolute
optimum in a broader sense. Nevertheless, the selected design can be considered as
a suitable reference configuration for the pressurized rover wheel, since it provides
a balanced combination of performance characteristics, structural stiffness, stress
control and mass efficiency.

The stress and displacement contour plots of the final configuration are reported in
Fig.4.31, 4.32. The displacement field highlights the global deformation pattern of
the wheel under the applied load, whereas the stress field allows the most critical
regions of the structure to be identified.

The largest displacement is mainly located along the outer rim and in the sectors
between adjacent reinforcements, whereas the central hub region remains compar-
atively stiffer due to the structural support provided by the inner layout. This
behavior confirms that the reinforcement arrangement effectively contributes to
load redistribution and to the overall control of the wheel deformation.

The stress contour, on the other hand, exhibits a more localized response. The
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Figure 4.31: Contour plot of the total deformation distribution in the tweel wheel
model.

highest stress levels are concentrated in the connection regions between reinforce-
ments, hub and outer rim, namely where the load path is combined with geometric
and stiffness discontinuities. Most of the wheel structure is instead characterized
by lower stress values, indicating a generally regular structural behavior. The
identified high-stress regions therefore represent the critical areas of the design
and should be considered with particular attention in future developments, such as
fatigue verification or local geometric refinement.
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Figure 4.32: Contour plot of the stress distribution in the tweel wheel model.
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Chapter 5

Conclusions and future
works

5.1 Conclusions

This thesis addressed the preliminary design of an advanced traction system for
a pressurized lunar rover, with specific focus on the wheel as the key element
governing mobility on deformable regolith. The work was motivated by the need
to identify a wheel solution capable of combining adequate traction capability,
limited sinkage, low power demand and reduced structural mass, while remaining
compatible with the severe environmental and operational constraints imposed by
long-range lunar surface exploration.

A major contribution of the thesis lies in the development of an integrated parametric
design framework in which terramechanics-based mobility analysis and preliminary
structural sizing are combined within a single workflow. Starting from classical
wheel—soil interaction theories, the study reformulated the problem in a form
suitable for rapid preliminary design and comparative assessment of a large number
of candidate solutions. In this context, two closed-form approximation strategies
are investigated, namely a constant stress approximation and a quadratic stress
approximation, in order to overcome the computational burden of directly evaluating
the full stress distributions along the contact patch.

The obtained results showed that the simplified constant-stress formulation, al-
though useful for fast estimates, tends to underestimate wheel performance and is
therefore less suitable when a realistic ranking of candidate solutions is required.
By contrast, the quadratic approximation proved more consistent with the ex-
pected nonlinear stress evolution along the wheel—soil interface, providing a more
reliable basis for the evaluation of drawbar pull, motion resistance, torque and
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power demand. The analysis also confirmed the beneficial role of wheel compliance:
compared with rigid wheels, flexible configurations increase the effective contact
area, reduce ground pressure and generally improve mobility performance on soft
regolith.

The sensitivity analysis highlighted the strong influence of a limited number of
design variables on the overall system response. In particular, wheel diameter
and width were confirmed to be primary drivers of sinkage, contact pressure and
traction capability, while slip ratio plays a central role in determining the balance
between useful traction and energetic losses. The number of wheels also emerged as
an important architectural parameter because of its effect on load distribution and,
consequently, on wheel-terrain interaction. These trends allowed the identification
of a consistent set of design guidelines for pressurized lunar rovers operating on
highly deformable terrain.

On the basis of the analytical trade-off, a reference cylindrical configuration is
selected and used as the baseline for further structural assessment. This phase made
it possible to derive representative values for contact quantities, stress levels, torque
demand and drive power, thereby establishing a coherent link between trafficability
requirements and drivetrain integration. In particular, the wheel-side requirements
confirmed that the traction subsystem must be designed together with the hub,
reduction stage, and actuator architecture, rather than as an isolated rolling element.

A further relevant outcome of the thesis is the comparison among four non-
pneumatic wheel concepts: hoop spring, modified spiral spring, tweel, and twin-
carcasses architectures. Their structural response and manufacturability are as-
sessed through finite element analyses and manufacturing-oriented criteria. Among
the analyzed concepts, the tweel architecture emerges as the most promising
solution, as it provides the best balance between structural efficiency, stiffness,
durability, robustness to dimensional variations and producibility. This result is
particularly significant because it supports the idea that future lunar pressurized
rovers will likely benefit from highly integrated compliant wheel architectures, in
which the internal reinforcing members play a dominant role in both load transfer
and global performance.

Overall, the thesis demonstrates that the design of lunar rover wheels cannot be
reduced to a purely geometric or structural problem. Instead, it requires a multi-
disciplinary approach in which terramechanics, structural mechanics, drivetrain
requirements and manufacturing aspects are considered simultaneously. In this
sense, the proposed methodology represents a useful design tool for the prelim-
inary synthesis and ranking of wheel concepts for future planetary mobility systems.

At the same time, the present work should be interpreted as a preliminary design
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study rather than a fully validated final design. The adopted models rely on
simplifying assumptions, including homogeneous regolith properties, quasi-static
operation, simplified contact geometries and static structural analyses. Nevertheless,
these limitations do not reduce the value of the work; rather, they define a clear and
solid starting point for more advanced future developments. This thesis therefore
provides both a coherent design methodology and a technically grounded baseline
solution for the next generation of pressurized rover traction systems.

5.2 Future work

Several developments can naturally extend the present work and further improve
both the fidelity of the models and the maturity of the proposed wheel concept.

o Integration of grousers and tread features. One of the most immediate
developments concerns the introduction of grousers, lugs or other surface-
texturing solutions on the outer wheel band. Their geometry, number, spacing,
height, inclination and circumferential distribution could be optimized in
order to increase drawbar pull, reduce slip, improve obstacle negotiation and
enhance traction on loose regolith.

« Buckling and local instability analyses. Since the selected non-pneumatic
architectures rely on thin shells and compliant internal members, future work
should include dedicated buckling analyses. Both linear eigenvalue buckling
and geometrically nonlinear post-buckling analyses would be useful to assess the
stability of the outer ring, spokes and reinforcement elements under combined
radial, tangential and lateral loads. This aspect is particularly relevant for
lightweight designs obtained through thin-walled metallic structures.

o Fatigue and durability assessment under cyclic loading. The current
study mainly considered static or quasi-static structural conditions. A more
realistic qualification of the wheel requires fatigue analyses under repeated
loading cycles representative of long lunar traverses. This includes the accu-
mulation of damage due to repeated wheel deformation, terrain irregularities,
steering maneuvers and transient overloads induced by rock impacts and
obstacle crossing.

e Coupled wheel-suspension—actuation design. In the present thesis, the
focus is intentionally restricted to the traction element. A natural extension is
therefore the integration of the wheel model with the suspension system, the
steering mechanism and the propulsion chain. Such a system-level approach
would allow the investigation of how wheel stiffness, suspension compliance
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and actuator torque capabilities interact in determining rover ride quality,
load redistribution, stability and mobility efficiency.

 Wheel-terrain interaction under transient and non-uniform condi-
tions. The current terramechanics formulation assumes homogeneous terrain
and quasi-static behavior. Future work should include variable soil parameters,
layered regolith, local compaction effects, slopes, crater rims, trenches and
rock—wheel interactions. This would make it possible to assess the robustness
of the selected design under spatially varying terrain properties and more
realistic operational scenarios.

o Experimental validation with lunar regolith simulants. The analytical
and numerical results should be validated through experiments performed on
representative simulants. Bevameter tests, single-wheel test rigs, sinkage tests,
traction tests and obstacle-crossing experiments would provide valuable data
for calibrating the terramechanics parameters and validating the predicted
trends in drawbar pull, resistance and sinkage.

o Exploration of alternative wheel architectures. Beyond the four concepts
studied here, additional wheel topologies should be considered. These may
include hybrid architectures derived from the current tweel, hoop and spiral
concepts, lattice-based wheels, compliant cellular structures, segmented rings
or architectures with locally variable stiffness. The present framework could
be used to generate and compare such new concepts systematically.

o Material exploration. The current study focused on aluminum-based
solutions. Future work should investigate alternative materials such as titanium
alloys, high-strength steels, superelastic alloys, metallic lattice materials and
possibly hybrid metal-composite solutions.

« Manufacturing process diversification. Although LPBF/SLM additive
manufacturing appears promising, other manufacturing routes should also be
investigated, including conventional forming and assembly, machining plus
joining, wire-based additive processes or hybrid manufacturing chains.

o System-level optimization of the entire locomotion subsystem. A fur-
ther step would be the development of a multidisciplinary optimization frame-
work in which wheel geometry, architecture, suspension parameters, actuator
sizing, transmission ratio and control strategy are optimized simultaneously
with respect to mass, power, mobility, robustness and manufacturability.

In summary, the present thesis provides a solid preliminary design basis, while
the developments, outlined above, identify a clear path toward a more complete,
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experimentally validated and system-integrated wheel design for future pressurized
planetary rovers.
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