Thales@ma

a Thales / Leonardo company pace

W 1859 ;:

\\\ IR %‘o“

Politecnico di Torino

MSc in Aerospace Engineering

Preliminary Study of a Docking
System for a Lunar Pressurized
Rover

Candidate: Thomas Binetti

Supervisors: Prof. Erasmo Carrera
Prof. Alfonso Pagani

Ing. Karim Abu Salem

Ing. Giuseppe Palaia

Academic Year 2024/25






Contents

1

3

Introduction

1.1 Advantages of a Pressurized Lunar Rover . . . . . . . ... ... ...
1.1.1 Sealed vehicle benefits . . . . . .. .. ... ... ... ...,
1.1.2  Scientific Exploration and Resource Utilization . . . . . . . ..
1.1.3 Supporting Human Settlement on the Moon . . . . . . . . ..

1.2 Outline. . . . .. .

Preliminary Design

Requirements

2.1 Stateoftheart . .. . .. . . ... .. ... ...

2.2 Mission Definition . . . . . . . . ... oo oo
2.2.1 Remote Location . . . . . ... ... ... ... ... .. ..
2.2.2  Mission Profile . . . . . ... ... ... .
2.2.3 Reference obstacle . . . . . ... ... L.
2.2.4  Automotive considerations . . . . .. ...

2.3 Lunar environment design considerations . . . . . . . ... ... ...
2.3.1 Temperature. . . . . . . . . ..
2.3.2 Gravity . . ..o
2.3.3 Radiation . . .. .. ..o L
2.3.4 Micrometeoroids . . . . . ... ...
2.3.5 Trafficability . . . . . ...
23.6 Dust . . ..

2.4 List of Requirements . . . . . . . ... ... L

Preliminary Sizing

3.1 Configurations . . . . . . . . . ...
3.1.1 Configuration types . . . . . . . .. . ... .. ... ...
3.1.2 Modularity . . .. ...

3.2 Launch Vehicle Choice . . . . . . ... ... ... ... ... .. ...
3.2.1 Launcher Specifications . . . . . . ... ...
3.2.2  Preliminary size definition . . . . . ... ... ... ...

3.3 Subsystem examination . . . . . .. ..o
3.3.1 Structure . . . . . ...
3.3.2 Mobility subsystem . . . . ... ... .0 oL
3.3.3  Electrical power subsystem (EPS) . . . . ... ... ... ...
3.3.4  Thermal control subsystem (TCS) . . ... ... ... ... ..
3.3.5  Life support subsystem (LSS) . . .. ... ... ... ... ..

3

25
26
26
26
27
27

29

31
31
33
33
34
35
35
36
36
37
37
37
38
38
39



4 CONTENTS
3.3.6 Docking subsystem (DS) . . . ... ... ... ... ... .. 55
3.3.7 Guidance, Navigation and Control (GNC) . . . ... ... .. 55
3.3.8 Comunications . . . .. .. .. ... ... 55
3.3.9 Scientific subsystems . . . ... ..o 55
3.3.10 External features . . . . . . .. ... ... L. 55

3.4 Preliminary estimates . . . . . . .. ... o Lo 56
3.4.1 Power estimate . . . . . ... oo 56
3.4.2 Massestimate . . . ... ..o Lo 58
3.4.3 Payload and crew mass . . . . . ... ... 58
3.4.4  Source Mass . . . .o ... e e 59
345 Emptymass . . . ... o 61
34.6 Conclusion. . . . . . . ... 65
3.4.7 Parametric Study . . . ... ... o 67

3.5 Final provisions . . . . . . . ... 70
3.5.1 Interior Design . . . . . .. ... ... 70
3.5.2 Name choice . . . . . . ... ... oo 71

IT The Docking Subsystem 73

4 The Docking Subsystem 75

4.1 Mating operations . . . . . . . .. .o 75

4.2 Classification . . . . . . .. .. 76
4.2.1 History of the Docking Subsystems . . . . . ... ... .... 7

4.3 Docking Architectures . . . . . . .. ... 78
4.3.1 Gemini docking system . . . . .. .. ... 78
4.3.2 Soyuz docking system . . . ... ..o L 78
4.3.3 Apollo docking system . . . . . ... ... oL 80
4.3.4 ASTP docking system . . . . . ... ... ... 82
4.3.5 Androgynous Peripheral Attachment System (APAS) . . . .. 84
4.3.6  Orbital Express Capture system (OECS) . .. ... ... .. 84
4.3.7 Other docking mechanisms . . . . . . ... ... ... ..... 85

4.4 Mechanisms concepts . . . . . . . ... 86
4.4.1 Peripheral fixed design . . . . . ... ... 86
4.4.2  Probe and Drogue (Soyuz-like) . . . ... ... ... ... .. 87
44.3 Stewart Platform (IDSS-like) . . .. .. ... ... ...... 88
4.4.4 Non-conventional designs . . . . . .. . ... ... ... ... 90

5 Docking Mathematical Model 91

5.1 Kinematics . . . . . ..o 91
5.1.1 Center of Docking . . . . . . .. .. .. ... ... ... 91
5.1.2 Classical kinematics parameters . . . . . . . . ... ... ... 93
5.1.3 Misalignments . . . . . . .. ..o 94
5.1.4 Decoupling . . . .. ... 96
5.1.5  Analogy with center of mass and pressure . . .. ... .. .. 97

5.2 Dynamics . . . . ... 98
5.2.1 Rigid Vehicle Dynamics . . . .. ... ... .. ... ..... 98
5.2.2 Target dynamics . . . . . . . . ..o 105

5.3 Inital conditions specifications . . . . . . . .. ... ... 106



CONTENTS

6 Contact mechanics

6.1

6.2

6.3

6.4

6.5

6.6

6.7

7 The
7.1
7.2

8 The
8.1

8.2

Kinematics of contact . . . . . . . .. ...
6.1.1 Enstablishment of the contact region . . . . ... . ... ...
6.1.2 Definition of contact . . . . . . . .. ...
Three-Dimensional frictionless elastic problems . . . . . . . ... . ..
6.2.1 Normal Loading of the Half-Space . . . . . . . . ... .. ...
6.2.2 The composite elastic modulus . . . . . ... ... ... ...
6.2.3 Integral equation . . . . .. ... ... .
6.2.4 Indentation by a Flat Elliptical Punch . . . . . ... ... ..
Hertzian Contact . . . . . . . . . . . . ... .. ... ... ...,
6.3.1 Geometrical considerations . . . . . . ... ...
6.3.2 Pressure distribution . . . . .. ..o
6.3.3 Strategy for Hertzian contact calculations . . . . .. ... ..
Tangential Loading . . . . . . . . . ... ... ... ... ... ...
6.4.1 Kinematics of tangential loading . . . . . . ... ... ... ..
6.4.2 Greens Functions for Tangential Forces and Displacements .
6.4.3 Cattaneo’s problem . . . . . . . ... ...
Terramechanics . . . . . . . ... .. L
6.5.1 Pressure-Sinkage relationship . . . . ... ... ... ... ..
6.5.2 Soil Failure . . . . ... .. ... .
Tire-Road Interaction . . . . . . . . . . . .. ... ... ... ... ..
6.6.1 Influence of the coefficient of friction . . . .. .. ... .. ..
6.6.2 Shearstress . . . . . . . ...
6.6.3 Bull-dozing Resistance . . . . . ... ... ... ... .....
6.6.4 Tire Deformability . . . . .. ... ... ... ... ...
6.6.5 Multipasseffect . . . .. ... ...
6.6.6 Tire Forces . . . . . . . ... ..o o
6.6.7 Typical Soil Parameter Values . . . . . . . ... .. ... ...
Numerical Contact Mechanics . . . . . . ... ... ... ... ....

CLASP Docking Subsystem

Subsystem requirements definition . . . . . . .. ..o
Architectural description . . . . . ... ..o
7.2.1 Principal Characteristics . . . . . . . . ... ... ... ....
722 Tradestudy . . . .. .. .. ...
7.2.3 Trade-off Results . . . ... ... ... ... ... ...,
7.2.4 Docking subsystem subdivision . . . ... ... ... ... ..

Docking ALN Subsystem

Performance evaluation . . . . . .. .. ... ..o
8.1.1 The performance model . . . . . .. ... ... ... ... ..
8.1.2 Docking sequence . . . . . . ..o
8.1.3 Imitial Contact Conditions . . . . . . . ... ... ... ....
8.1.4 Performance model dynamics . . . . .. ... ... ... ...
8.1.5 Model effectiveness . . . . . . .. ...
Geometry selection . . . . . ..o oL
82.1 Frustum . . . ... ... ...
8.2.2 Single toroidal section . . . . .. ...
8.2.3 Double toroidal section . . . . . . .. ...

109
109
110
111
111
112
113
113
114
116
116
117
118
125
125

. 126

126
129
129
130
130
132
133
133
134
135
135
136
138

141
141
143
143
143
144
147



6 CONTENTS
824 Conclusion. . . . . ... .. ... .. 166

8.3 Pressurization sizing . . . . .. ..o 167
8.4 Material Selection . . . . . . .. ... 169
8.4.1 Contact parametric study results . . . . . ... ... ... .. 172

8.4.2 Pressurization parametric study result . . . .. ... ... .. 173

85 Conclusions . . . . . . . .. 174
8.6 Shock absorber preliminary sizing . . . . . . . . . ... .. ... ... 175
8.7 Spring Sizing . . . .. .. 179

9 The Docking Capture System 183
9.1 Capture system architectures . . . . . . .. .. .. ... ... .... 183
9.2 Hooks and Latches sizing . . . . . . .. ... .. ... ... ... 186
9.2.1 Kinematical Analogy . . . . . . ... ... ... ... 186

9.22 Dynamics . . . . . ..o 189

9.2.3 Sizing definition . . . . . .. ..o 190

924 Trend studyon A\, . . . .. ... 190

9.2.5 Initial and final conditions . . . . . . .. ... ... L. 192

9.2.6 Structural sizing . . . . .. ... oL 193

9.2.7 Force/Displacement Approximation . . . . . . . ... ... .. 197

9.2.8 Power Estimate . . . . . . .. ... ... L 199

9.3 Magnets sizing . . . . . .. 200
9.3.1 Power estimate . . . . ... ... 0L 202

10 Model Implementation 203
10.1 Implementation flow-chart . . . . . .. ... ... .. ... .. ... 203
10.2 Implementation procedure . . . . . . . . .. ... ... ... 205
10.2.1 SolidWorks . . . . . . . . ... 205

10.2.2 Motion Analysis. . . . . . . . . ... 211

10.2.3 ADAMS Implementation . . . . . . . .. ... . ... ..... 213

10.2.4 MATLAB Implementation . . . . . . . .. .. ... ... ... 216

10.2.5 GA - Genetic Algorithms . . . . . ... ... ... ... ... 216

10.3 Planar terrain Results . . . . . . .. .. ... . oo 218
10.4 Non-Planar Terrains . . . . . . . . . . . . ... ... ... ...... 219
10.4.1 Perlin Noise Generation . . . . . . .. .. .. ... ... ... 219

10.4.2 Perlin Noise Function Code . . . . . . . ... ... ... ... 219

10.4.3 Discussion . . . . . . . .. 221

10.4.4 Suspension sizing . . . . . .. ..o 222

10.5 Non-Planar terrain Results . . . . . . . ... ... .. .. ... .... 224
IIT Docking Protoype 229
11 Prototype Description 231
11.1 Introduction to the Prototype . . . . . . . . . . ... ... ... ... 231
11.1.1 Test Requirements . . . . . . . . . . ... ... ... ..... 231

11.1.2 Analysis Types . . . . . . . . 233

11.2 Prototype Design . . . . . . . . . . .. ... 234
11.2.1 Prototype Models and trade-off . . . . . .. .. ... ... .. 234

11.2.2 Component Sizing . . . . . . . . . .. .. 236



CONTENTS 7

11.2.3 CAD Model . . . . . . . . 242
11.2.4 FElectrical Model . . . . . . . . . . . ... 256
11.3 Test Results . . . . . . . . . s 264

12 Conclusions 267



CONTENTS



List of Figures

1.1

2.1
2.2
2.3

3.1

3.2

3.3
3.4
3.5
3.6
3.7

3.8

3.9
3.10
3.11

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

Apollo 17 Lunar Roaming Vehicle . . . . . ... ... ... ... ...

Mission Profile . . . . . . . ..
Reference Obstacle . . . . . . . . . . . . .

Apollo 11 Mission image - View of moon limb, with Earth on the
horizon (source: NASA). . . . . . . . ... L

The three types of shape of the pressurized space: (a) cylindrical (b)
spherical or (¢) custom . . . . . . ...
Expandable solution proposed: figure (1) shows the complete rigid
model which is longer and heavier, figure (2) shows the expandable
model in the stored configuration and figure (3) shows the expanded
(deployed) configuration. . . . . . .. ... L
Falcon Heavy . . . . . . . . . . . ... . ... ...
Falcon Heavy Payload Fairing Dimensions. . . . . . . .. .. ... ..
Falcon Heavy Load Limits for "standard" payloads (over 4400 lbs). . .
Cygnus module manufactured by Northrop Grumman. . . . . .. ..
Ragone plot showing the volumetric energy and gravimetric energy
of different battery types (via [15]). The marked point shows the
selected values for the battery sizing. . . . . . . ... ... ... ...
Empty mass subdivision piechart: a great portion of the empty mass
is dedicated to the pressurized structure. . . . . . . . ... ... ...
Walkable area of the LPR. . . . . . .. .. ... ... ... ......
Interior design of the stored and the expanded configurations.
Proteus, A Greek Sea God Who Possessed is a drawing by Mary Evans
Picture Library. The inscription reads: "Proteus, a thread of Ocean
and Tethys. Egypt hears Proteus, with ambiguous words, telling the
mystical story of the fire." . . . . .. ... oL

Docking Scheme . . . . . . . .. ..o
Berthing Scheme . . . . . . . . ... oo
Evolution of the Docking Systems . . . . . . . ... ... ... ....
Gemini VIII docking system scheme . . . . . . . . .. ... ... ...
Soyuz docking system scheme . . . . . . ... ... 0L
Structural latches (hook type) . . . . . .. ...
The Apollo docking system . . . . . . . ... ... ... ... ...
Schematic view of the Apollo docking system in fully deployed (left)

and retracted (right) configurations . . . . . ... ... ... ... ..

9

64
69
70



10

4.9

4.10
4.11
4.12
4.13

4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23

5.1
5.2
2.3
5.4
2.5
2.6
5.7

5.8
5.9

6.1
6.2

6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10

6.11
6.12
6.13
6.14
6.15

LIST OF FIGURES

Sketch of an astronaut removing the probe assembly after docking.
This image was used during the first meeting of the ASTP by the
Americans to state why a central docking mechanism should be avoided 81

Concept of the androgynous mechanism created by Syromyatnikov . . 82
Technical drawing of the flight model of the Soviet half . . . . . . .. 83
Technical drawing of the flight model of the American half . . . . . . 83
APAS docking system scheme. It is clear that the model was used as

a baseline for the IDSS used commonly today. . . . . . . .. ... .. 84
OECS Scheme . . . . . . . . . o 84
OECS Mechanism Description. . . . . . ... ... ... ... .... 85
ARCADE docking mechanism . . . . . ... ... ... ... ..... 86
Peripheral fixed design . . . . . . . ... ... ... L. 87
STEPS’ probe and drogue docking . . . . . ... ... ... ..... 87
Probe and drogue manuever . . . . . . ... ... 88
Stewart platform manuever (IDSS-like). . . . . . . ... ... ... 88
Stewart-Gough platform . . . . . ... 00000000 89
Articulated arms design (deployed). . . . . . .. ... L. 90
Articulated arm manuever . . . . .. ... Lo 90
The reference frames described in the center of docking definition. . . 92
Roll-Pitch-Yaw angle representation. . . . . . ... .. .. ... ... 94
Bidimensional center of docking representation. . . . .. ... .. .. 96
Reference frame used for the dynamics of the rigid vehicle. . . . . . . 98
Rectilinear motion free body diagram. . . . . ... .. ... ... .. 99
Longitudinal inclined motion. . . . . . . . . ... ... ... ... .. 100
Terrain adhesion difference between a four wheeled design (left) and

a six (or more) wheeled design (right). . . ... ... ... ... ... 101
Lateral inclined motion . . . . . . . .. .. ... oL 102
Ackermann Steering Mechanism. . . . . . .. ... .. ... 104
Initial gap between the bodies. . . . . . . .. .. ... ... 109
Re-definition of the problem as the contact between a plane (body

(1)) and a surface go(x,y) (body (2)). . . . . . .. ... ... 110
Contact region A . . . . . . .. 110
Description of the various terms forming the gap g(z,y) . . . . . . . . 111
Point force in half space elastic medium. . . . . .. .. ... ... .. 112
Field point integration. . . . . . . . .. ... ... L. 114
Elliptical contact area. . . . . . . . . . .. ... 115
Eccentricity plot for a given contact eccentricity eq. . . . . . . . . .. 119
Contact force coefficient Cp(e, BY) as a function of contact eccentric-

ity for different valuesof B¢. . . . . . . . . ... ... 121
Contact force coefficient ¢, (e, Bf) as a function of contact eccentricity

for different values of B. . . . . . . . . ... 121
Contact geometry coefficient Cy(e, B). . . . . .. ... .. ... ... 124
The complete elliptic integrals K (e), F(e) as functions of eccentricity e.124
Relative Tangential Loading. . . . . . . . . . .. ... .. ... .... 125
Loading scenario for Cattaneo and Mindlins problem. . . . . . . . .. 127
Tangential traction distribution along the major axis for Cattaneos

problem . . . ... 127



LIST OF FIGURES 11

6.16

6.17
6.18
6.19
6.20
6.21

7.1

8.1
8.2
8.3

8.4
8.5
8.6

8.7
8.8

8.9

8.10
8.11
8.12

8.13
8.14
8.15
8.16

8.17

8.18

8.19
8.20
8.21

9.1
9.2
9.3
9.4
9.5

Plate-sinkage test used to determine the coefficients in the equation

(a) and equivalent free body diagram (b).. . . . .. .. .. ... ... 129
Shear test. . . . . . . . . .. 130
Tire-Road interaction geometry. . . . . . . . .. .. .. .. ... ... 131
Maximum shear strength . . . . . . ... ... ..o 132
Bull-dozing resistance model (Hegedus method) . . . . ... ... .. 134
Substitute circle method for tire’s deformability. . . . . . . . . .. .. 135
Exploded View of the Full docking subsystem (male and female). . . 148
Performance model schematics. . . . . . ... ... ... ... .... 149
Initial Contact Conditions. . . . . . . . . . . ... . ... ... .... 152
Relative error in initial position estimation. The values of ICC are
listed in chapter 7. . . . . . . ..o 153
Sinusoidal approximation of contact force. . . . . . .. ... ... .. 155
Frustum generative surface. . . . . .. ... ... ... ... ... . 157
The three design iteration of the ALN geometry: the frustum (1), the
single torus (2) and the double torus (3). . . . .. ... .. ... ... 158
Inner-outer torus contact mechanics schematics. . . . . . . ... ... 160
Geometrical relationship between misalignments parameters and bound-
ary conditions in the contact problem. . . . . .. ... ... ... .. 162
Eccentricity plot as a function of 9 for different values of p,, (o =0,
T=1) 163
C, plot as a function of ¥ and « for different values of p,, (w =1). . 164
Cy plot as a function of @ (left) and C; plot as a function of p,, (right).165
Mass and Admissible Contact force (dimensionless) prescribed as a
function of p,, = r,,/r,. In this context with m,..; =27 9* - r2. . . .. 166
Trend study of the different materials subjected to the prescribed loads.172
Pressurization safety margin for the selected materials. . . . . . . .. 173
Gain function as function of the ratio wy, ;;/Q.and ¢. . . . . .. ... 175
Shock absorber elongation x;(t) response for w,, ;1/§2. = 0.005 and

¢ = 0.25. It is possible to see that over time the response is gradually
diminished and that contact frequency acts on the short period given
its higher frequency (particular in the top right corner between 12

and 13 seconds after ICC. . . . . .. .. ... ... ... ... .... 176
Vertical Bending and solution proposed. A set of petals is used to

sustain ALN mass. . . . . . . .. ... 177
Preliminary study of the vertical elongation of the vertical support

SPIING. . . . . o o e e 177
Particular of the external fillet in the female ALN structure. . . . . . 178
Spring geometry. . . .. ... 179
Spring sizing flow chart. . . . . .. ..o 180
Hooks and Latches Mechanism. . . . . ... .. .. ... ....... 186
Trend study of the kinematics of the system, for different values of \,. 188
Free body diagrams of the hook and the latch. . . . . . . . .. .. .. 189
Sizing characteristics. . . . . . . .. ..o 190

Trend study of the dynamics of the system for different types of A\,. . 191



12

LIST OF FIGURES

9.6 Final trend study on Aj: effect of the aspect ratio on the mean value
of the efficiency during different final angles (left) and on the dimen-
sional values (right). . . . ... ... ... Lo 193
9.7 Dimensionless structural stress in the hooks and latches during capture.196
9.8 Margin of safety plot of the capture hooks with respect to the hook’s

cross section diameter. . . . . . . . ..o 198
9.9 Force-distance plot of the mechanical HCS. . . . . . . ... ... ... 198
9.10 Dimensionless magnetic force with respect to dimensionless distance,

for different values of @ = mgo/mg1. . . . . .. ..o 202
10.1 Implementation Flow-Chart . . . . . . . .. . ... ... ... .... 204

10.2 Visual Representation of the SolidWorks CAD model. A reference
human is placed so as to have an idea of the dimensions of the Large

Assembly. . . . .. 205
10.3 Technical Representation of the PROTEUS Rover.. . . . . . . .. .. 206
10.4 Technical Representation of the Habitat module with the female dock-

ing subsystem. . . . . ... 207
10.5 Exploded View of the Full docking subsystem (male and female). . . 208
10.6 Female and Male Alignment Geometry representation. . . . . . . .. 209
10.7 Technical Representation of the Vertical Support Geometry. . . . . . 210
10.8 Interactions used in the Motion Analysis. . . . . . . . ... ... ... 211
10.9 "Export to ADAMS" command from SolidWorks Motion Analysis.

This command saves the Motion Analysis in an .adm file. . . . . . . . 213

10.10Relative docking distance ry and contact force P,,,; during docking
before (top) and after (bottom) the optimization on planar terrain. . 218
10.11Single-degree-of-freedom (SDOF') system used for the suspension sizing.222

10.128ensitivity Analysis for the HCS and vertical spring. . . . . . . . . .. 226
10.13Sensitivity Analysis for the Shock absorber. . . . . . . . ... .. .. 227
11.1 The three phases of the maneuver: initial state (IS), initial contact
(ICC) and final contact (FC). . . .. ... ... ... ... ..... 232
11.2 Prototype models disclosed in the tradeoff. . . . . . . .. .. ... .. 234
11.3 Linear Guide 1 Position, Velocity and Acceleration phases. . . . . . . 237
11.4 Lateral Misalignment Insertion A. . . . . . . ... .. ... ... ... 238
11.5 Angular Misalignment Insertion ~. . . . . . . .. .. ... ... ... 238
11.6 Stepper Motor Torque free body diagram. . . . . .. .. ... .. .. 239
11.7 Combined Misalignment Insertion.. . . . . . . . . .. ... ... ... 240
11.8 Magnetic Force intensity of the total Neodymium magnets. . . . . . . 241
11.9 Isometric View of the CAD Model of the prototype. . . . . . . . . .. 242
11.10Technical Representation of the chaser of the prototype. . . . . . .. 243
11.11Technical Representation of the target of the prototype. . . . . . . .. 244

11.12Female and Male Alignment Geometry representation of the prototype.245
11.13Technical Representation of the Vertical Support Geometry of the

prototype. . . . . . L 246
11.14Technical Representation of the PR Interface component. . . . . . . . 247
11.15Technical Representation of the Chaser ALN Mount. . . ... .. .. 248
11.16Technical Representation of the Target ALN Mount.. . . . . . . . .. 249
11.17Technical Representation of the Plate. . . . . . . . ... .. ... .. 250

11.18Technical Representation of the Linear Guide 1 Mount and Extender. 251



LIST OF FIGURES

11.19Technical Representation of the Linear Guide 2 Mount. . . . . . . ..
11.20Technical Representation of the Prototype Foot. . . . . . . . . . . ..
11.21Docking Prototype Assembly. . . . . . . . . . . ... ...
11.22Prototype docking results table (top): Positive indicates a successful
docking manuever, Negative a non-successful approach and Failed
an error during the completion of the tests (i.e. one motor stalled).
Prototype docking results map (bottom). . . . . ... ... ... ...
11.23Docking test setting. Prototype (right) and PC with Arduino IDE
and Serial monitor (left). The information about the test are shown
on the monitor (i.e. disalinement insertion etc.) . . . . ... ... ..
11.24Docking test fully docked. . . . . . . . . .. ..o

12.1 Two astronauts waiving. . . . . . . . . . . . ... ... ...



14

LIST OF FIGURES



List of Tables

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

3.1
3.2

3.3
3.4

3.5
3.6
3.7
3.8

3.9
3.10
3.11

5.1

5.2

2.3

6.1
6.2
6.3
6.4

List of the active project of rovers . . . . . . . .. ... ... ... .. 32
Campervans specifications of vehicles currently on the market. . . . . 35
Electric car specifications of vehicles currently on the market. . . . . 36
ECSS classification of requirements. . . . . . . . . ... ... .. ... 39
Performance requirements. . . . . . .. ... ..o 39
Performance requirements (continued). . . . .. ... ... ... ... 40
Mission Requirements. . . . . . . . . . ... 40
Mission Requirements (continued). . . . .. .. ... ... ... ... 41
Design requirements. . . . . .. ..o oo 41
Regulatory and Environmental Requirements. . . . . . . . ... ... 41
Regulatory and Environmental Requirements (continued). . . . . . . 42
Trade-off between the different configurations . . . . . . ... .. .. 44
State of the art of the current launchers: masses are expressed in tons

and lengths are expressed inm. . . . . ... ... 46
Third-Octave Band SPL (P95, 60% Fill Factor) . . . ... ... ... 51
Main mass and size dimension of the pressurized part of the Cygnus

module . . . .. 53
Power budget . . . . . . . .. 57
Different types of rolling resistance for various terrains. . . . . . . . . 57
Human body vales from NASA HIDH. . . . ... ... ... ..... 58
Comparison of volumetric and gravimetric energy density used in elec-

tric vehicles (via [15]). . . . . . ... 60
Inflatable module stacking sequence. . . . . . . .. ... ... .. .. 62
LSS System Loads (vef. [7]). . . . .. ... .. . L 63
Other Subsystem Mass estimate based on the ISS. . . . . . . . .. .. 63
Misalignment representation of the various degrees of freedom of a

docking subsystem. . . . . .. ... Lo 95
Technical specifications regarding relative misalignments and veloci-

ties between the spacecrafts used to design the listed missions. . . . . 106

Technical specifications regarding relative misalignments and veloci-
ties between the spacecrafts used to design the PROTEUS mission. . 106

Soil parameters data (via [29]). . . . . ... ... oL 136
Soil bulk density data (via [29]). . . . . . ... ... 137
Parameter values for lunar regolith simulant (via [29]). . . .. .. .. 137
Simplified Contact parameters for soft soil. . . . . . . . .. ... ... 139

15



16

LIST OF TABLES

7.1 CLASP Docking Subsystem Requirements (Misalignment Require-

MENES). .« . . L 142
7.2 CLASP Docking Subsystem Requirements (Load Requirements). . . . 143
7.3 Trade-off analysis results . . . . . . .. .. ... 0L 145
8.1 Curvature radii of the two contacting torii. . . . . . . .. .. ... .. 160
8.2 Dimensionless curvature radii of the two contacting torii. . . . . . . . 161
8.3 Geometrical Properties of the selected configuration. . . . .. .. .. 166
8.4 Physical Dimensionless Properties of the selected configuration. . . . 166
8.5 Contact and pressurization dependencies of materials. . . . . . . . .. 170
8.6 Typical mechanical properties for materials. . . . . . ... ... ... 170
8.7 Complementary input parameters for material selection analysis. . . . 171
8.8 Material analysis results for the selected thickness. . . . . . . . .. .. 172
8.9 Mass and thickness of the different materials for the selected safety

MAaTZIN. . .« o o o vt e e e e e 173
8.10 Conclusive properties table of the selected material and geometry. . . 174
9.1 HCS subsystem architecture tradeoff. . . . . . .. .. ... ... ... 184
9.2 Geometrical properties of the cross section of the components. . . . . 194
9.3 Latches Loads. . . . . . . .. . . . .. .. ... ... 195
9.4 Hooks Loads. . . . . . . .. .. . 195
9.5 Angular velocity table. . . . . . ... o L 197
9.6 Geometrical properties of the selected configuration. . . . . . . . . .. 197
9.7 Force-related parameters for the selected configuration. . . . . . . . . 199
9.8 Docking power request table. . . . . . ... ... 199
9.9 Example values for the magnetic HCS. . . . . ... ... ... ..., 202
10.1 Interaction Summary of the Motion Analysis Model. . . . . . . . . .. 211
10.2 Fixed parameter used in the multibody simulation. . . . . . . .. .. 212
10.3 Comparison of the various types of optimization strategies imple-

mented in the MATLAB Optimization Toolbox. . . . . . . ... ... 217
10.4 Results for zppse = 0.00m. . . . . . . .. 218
10.5 Results comparison between before and after the optimization. . . . . 219
10.6 Selected values for the suspension sizing. . . . . . .. ... ... ... 223
10.7 Results for zppse = 0.05m. . . . . . . ..o 224
10.8 Results for zppee = 0.10m. . . . . . . . ..o 224
10.9 Results for zppee = 0.15m. . . . . . . ... 225
10.10Results for zopse = 0.20m. . . . . . . 225
10.11Averaged results for differente reference obstacle. . . . . . . . . . . .. 226

11.1 Comparison between real model Requirements and 1 : 10 prototype

requirements. . . ... ... L. 233
11.2 Prototype Test List. . . . . . . . .. . oo 234
11.3 Prototype Model Trade-off . . . . . . . .. ... ... ... ... ... 235
11.4 Time interval and accelerations for the Linear Guide 1. . . . . . . . . 236
11.5 Prototype sizing results. . . . . . . . .. ... 241

11.6 Bill of Materials for the prototype. . . . . . . . . .. ... ... ... 255



List of Symbols

Symbol Name Units
I6; Dundur’s bimaterial constant GPa
ba Relative roll velocity (along x) °/s
g Relative pitch velocity (along y) °/s
Vg Relative yaw velocity (along z) °/s
Tq Relative velocity along x m/s
Yd Relative velocity along y m/s
24 Relative velocity along z m/s

l Characteristic Length m
lrro Shock-absorber rest length m
I'(z) Euler’'s Gamma Function

E Second composite Modulus GPa
Kref Reference Contact Stiffness (Cp) N/m"
A Contact area

A vatkable Cabin Walkable Area m?
D, Equivalent Dose mSv/y
Fe Contact safety factor

Fp Pressurization safety factor

g Dimensionless pressurization factor

M. Contact safety margin

M, Pressurization safety margin

Pava,inst Auxiliary Installed Power kW
Peom COMSYS power requirement W
Paock Docking power requirement W
Pright Lighting power requirement W
Prob Mobility power requirement AW
Pcien Scientific power requirement W
Prcs TCS power requirement W

Continued on next page

17



18

Ptot,inst
Ro

R

Ro

7

Hd

Hs

v

Wy, 11
Wn,I1

Qe

d

Ya

P

PBED grav
PBED wol
Pinflatable
Ph

Pm

Prm

Pt

/

Py
Oy

71

Total Installed Power kW
Inertial Reference Frame

Chaser Reference Frame (Center of Docking)
Target Reference Frame (Center of Docking)
Reduced mass

Dynamic friction coefficient

Static friction coefficient

Poisson’s Ratio

Shock-absorber damped frequency rad/s
Shock-absorber natural frequency rad/s
Contact frequency rad/s

Relative roll angle (along x)
Relative yaw angle (along z)
Density kg/m?
Battery Energy Density (BED), gravimetric =~ kWh /kg
Battery Energy Density (BED), volumetric kWh/L
Inflatable Density kg/m?
Dimensionless double torus height

Dimensionless inner torus’” meridional radius
Dimensionless outer torus’ meridional radius
Dimensionless inner torus’ toroidal radius
Dimensionless outer torus’ toroidal radius

Yield Strength MPa
Contact Characteristic Time s
Reference Contact Stiffness (c,)
Relative misalignment error

r! [rm, ratio

Obstacle inclination

Relative pitch angle (along y)
Torus’ limit angle

Shock-absorber dimensionless Damping

Contact area semi-major axis m
Relative acceleration (magnitude) m/s?
Contact area semi-minor axis m

Terrain Cohesion
Shock-absorber Damping N/(m/s)

Rolling resistance coefficient

Continued on next page



Og

Cr

Cp

Cp

D capin
Dy,
dgp
DOD;
DOD,;
E

e

hcabin

hmam

hy

K(e)
Linflatable
Lrigid
Mastronaut
Mauzx,source
Mpatt
Merew
Mry
mempty
MEV A,suit

Mother,source

Geometrycal coefficient

Contact Damping (Performance Model)
Contact force coefficient

Contact pressure coefficient

Cabin Diameter

Spring nominal radius

Spring wire radius

Final Depth of Discharge

Initial Depth of Discharge

Young’s Modulus

Contact area eccentricity

Auxiliary Energy

Stored battery energy

Elliptic Integral (II kind)

Reduced Young’s Modulus

Shear Modulus

Moon’s gravitational acceleration
Initial gap

Indentation Depth

Cabin Height

Maximum indentation

Double torus height

Bekker’s second coefficient (pressure-sinkage)
Shock-absorber Stiffness

Bekker’s first coefficient (pressure-sinkage)
Contact Stiffness (Performance Model)
Elliptic Integral (I kind)

Inflatable Module Length

Rigid Module Length

Single astronaut mass

Auxiliary source mass

Battery mass

Crew mass

Dry mass (Cygnus)

Empty mass

EVA suit total mass

Other mass in source mass

19

N/(m/s)

GPa

kWh
kWh

N/m"
N/m
N/mn+L
N/m"

Continued on next page



20

mpl

msou'rce
Myot

n

Ncrew7em
Ncrew
Nmagnets
nspring
Nspring
Ty

P

Padm

PLss
ppress

pspec,grav
Po

qo
Td

Vf uel

Unom

Vnominal

Payload hauling capacity

EPS mass

Total Mass of the LPR
Contact exponent

Emergency crew with no range
Crew Size

Total number of magnets
Spring active coils

Total number of shock-absorbers
Number of wheels

Contact force

Contact admissible force
Specific LSS power requirement
Pressurization nominal pressure
Specific Auxiliary Power
Contact pressure (max.)
Tangential Contact force
Tangential Contact pressure
Relative position (magnitude)
Inner torus’ meridional radius
Outer torus’ meridional radius
Inner torus’ toroidal radius
Outer torus’ toroidal radius
Torus’ first curvature radius
Torus’ second curvature radius
Linear actuator stroke

EVA time

Extended Mission Duration
Nominal Mission Duration
Maximum Temperature
Minimum Temperature
Displacement along x
Displacement along y
Displacement along z

Fuel tank volume (automotive)
Nominal Velocity

Power bus nominal voltage

W/erew
Pa
kW /kg

B B BB B B B

° B A BB
=

o

=

km /h
v

Continued on next page



‘/tot,internal
Ud

Vs

Weabin

L approach
Lobst

Zd

Ly

/

Ly

Yd
Zobst

Zd

Total Cabin internal Volume
Relative velocity (magnitude)
Slip Velocity

Cabin Width

Approach Distance

Obstacle length

Relative position along x
Mission Range

Mission Range (lunar night)
Relative position along y
Obstacle height

Relative position along z

21

c1m

km

km

c1m



22

Alla mia famiglia.



Premise

This work was made in collaboration with Thales Alenia Space Italy, in Turin in
the context of the Space it Up! Program and particularly in Spoke 8.
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Space it Up! is a program aimed at advancing Italy’s space technologies to
support space exploration and utilization for the benefit of planet Earth and hu-
mankind. One of the main objectives of the program concerns the promotion of
terrestrial applications derived from space technologies. The initiative focuses on
strengthening activities that leverage space-based solutions to generate applications,
products, or services with potential impact on emerging sectors, including interna-
tional transport, planetary protection, and rural education. Particular attention is
devoted to knowledge transfer and cooperation among leading national universities,
research organizations, industries, and SMEs. The Space it Up! program identifies
nine thematic areas as strategic priorities to address the challenges posed by major
international players in the space sector, covering both upstream and downstream
applications. These areas are organized into nine Spokes: four "Transversal Spokes'
(Spokes 14), focused on enabling technologies and shared disciplines, and five "Hor-
izontal Spokes', addressing Earth observation (Spokes 57) and space exploration
(Spokes 89).
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Chapter 1

Introduction

ince ancient times, humanity has gazed at the stars, driven by an enduring
desire to explore and understand the cosmos. This curiosity, once limited
to observation, has evolved into a focused pursuit of reaching and settling
y=%). beyond our planet, with the Moon as the first milestone in achieving a
sustained human presence in space.

The renewed interest in lunar exploration marks a significant chapter in the
modern era of space exploration, aiming not only to visit the Moon again but also
to establish a sustainable human presence on its surface [1]. One of the essential
elements to achieve this vision is the development of a Lunar Pressurized Rover
(LPR), a vehicle that enables astronauts to conduct extended surface operations in
a safe and controlled environment. The capabilities of a pressurized rover address
key challenges of lunar exploration, ranging from protection against the harsh lunar
environment to the efficient transportation and support of crews over vast distances.

2/

3
%)

(=

Figure 1.1: Apollo 17 Lunar Roaming Vehicle

The best example of manned vehicular activities on the surface of the Moon
are the Apollo Lunar Roving Vehicles (LRVs) [2], which provided invaluable sup-
port during the Apollo missions by expanding astronauts operational range on the
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Moons surface. However, these unpressurized rovers were limited in scope, allowing
astronauts to conduct only short excursions due to restrictions imposed by their
space suits and life-support systems. In contrast, a pressurized lunar rover would
enable much longer excursions potentially spanning days rather than hours by
providing a controlled, life-sustaining environment. Such a vehicle would be trans-
formative in facilitating in-depth geological surveys, resource prospecting, and the
preparation for potential lunar habitats.

1.1 Advantages of a Pressurized Lunar Rover

A pressurized lunar rover offers multiple advantages over its unpressurized com-
petitors, in terms of:

1. astronauts’ safety and comfort;

2. increased mission duration;

3. long-duration scientific exploration;

4. human settlement support on the lunar surface;

5. emergency situations.

1.1.1 Sealed vehicle benefits

Firstly, the use of a LPR enhances the safety and comfort of astronauts by pro-
viding a fully enclosed, pressurized cabin that protects them from the Moons ex-
tremely harsh environment, which consists of acute temperature fluctuations, high
radiation levels, and abrasive lunar dust. The lunar surface experiences temper-
ature changes from approximately +120 °C' during the day to —130 °C' at night,
and these conditions, combined with limited radiation shielding on lunar surfaces,
pose a considerable hazard to human health and mission success [3]. A pressurized
environment not only mitigates these temperature challenges but also allows the in-
corporation of radiation-shielding materials that would be infeasible in a traditional
suit or unpressurized vehicle.

Moreover, pressurized rovers facilitate increased mission duration and oper-
ational flexibility. By allowing astronauts to perform activities without space suits
within the vehicle, the pressurized rover reduces the physiological burden of lengthy
extravehicular activities (EVAs), where mobility is restricted by the stiffness and
bulkiness of space suits. Instead, astronauts can use the rover as a mobile habi-
tat, from which they can strategically plan and deploy shorter EVAs with greater
frequency and lower physical strain, thereby optimizing productivity. This advan-
tage is particularly significant when exploring regions of interest that are far from
lunar landing sites or establishing more permanent lunar bases, as it expands the
range and duration of scientific and logistical missions.

1.1.2 Scientific Exploration and Resource Utilization

The ability of a pressurized rover to support long-duration missions is also pivotal
for scientific exploration. Lunar missions are increasingly focused on areas which
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are rich in scientifically valuable resources, such as permanently shadowed regions
at the lunar poles, which are believed to contain ice deposits [3]. These ice deposits
could serve as a vital in-situ resource, providing water, oxygen, and hydrogen for
human consumption, life support, and fuel production [4]. A pressurized rover
allows for systematic exploration and sampling of these areas over extended periods,
significantly contributing to our understanding of lunar resources and their potential
for supporting future lunar bases.

1.1.3 Supporting Human Settlement on the Moon

The development of a pressurized lunar rover is integral to the larger goal of sus-
tainable human settlement on the Moon. Future lunar bases will likely depend
on the regular transportation of crew, materials, and resources over potentially long
distances, a task that a pressurized rover is uniquely suited to accomplish. Beyond
exploration, pressurized rovers can play a critical role in the logistics and mainte-
nance of surface operations, such as:

1. the construction of habitats;
2. installation of solar panels;
3. deployment of scientific instruments.

In addition, the mobility of the rover provides a contingency plan for emergency
situations, offering a mobile refuge for astronauts if they need to evacuate a habitat
or move to a safer location. This capability enhances the safety of surface operations,
making pressurized rovers a crucial component of any sustainable lunar settlement
plan.

1.2 Outline

Pressurized Rovers will play an essential role in realizing the ambitious goals of
modern lunar missions, acting as both mobile laboratories and habitats that bridge
the gap between temporary missions and permanent lunar presence.

In the next chapters it is the aim of this work to develop a functional design
of a LPR. Starting from the definition of the mission, and a list of requirements
useful for the sizing and performance evaluation of a vehicle of this type, we will
proceed with the evaluation of a preliminary design of the vehicle, observing the
main sizing aspects that involve this class of systems. Particular attention is paid
to the docking subsystem, one of the subsystems mainly used in ensuring a rigid
connection, both mechanical and connective, between a moving vehicle (in this case
it is represented by the rover) and a possible permanent motherbase. As for the
design of the entire vehicle, starting from an in-depth research of the state of the art
of the principal docking subsystem implemented in the history of space exploration,
and a description of the specific requirements of the subsystem, the work continues
with the subsystem sizing that touches on the main mechanical, dynamic, structural
and mechatronic aspects, with the aim of establishing the mass power budgets and
ensuring the correct safety of the astronauts during a mating operation for grounded
vehicles. To fully evaluate the characteristics of this subsystem, an implementation
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or genetic optimization algorithm model is developed that studies the main variables
of the subsystem as well as a scaled prototype that confirms the validity of the
hypothesis and simulations shown previously.



Part 1

Preliminary Design
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Chapter 2

Requirements

The initial step in designing a Lunar Pressurized Rover (LPR) involves the compre-
hensive definition of its requirements, a critical process that lays the foundation for
all subsequent design phases. These requirements, which vary in scope and speci-
ficity, are influenced by both the intended performance objectives and the specific
expectations of the client or mission sponsor. Clearly defining these parameters
ensures that the rover will meet mission needs while adhering to technical and op-
erational standards.

Usually, requirements are divided using the ECSS-E-ST-10-06C standards [5].
For the aim of this work, four main categories are evaluated from the proposed
list. First, performance requirements specify the key objectives the rover must
achieve, including mobility range, energy efficiency, and environmental resilience.
Second, baseline parameters, often dictated by the client needs, establish the de-
sign requirements, such as the expected load capacity, endurance limits, and
communication capabilities. Third, mission requirements depend on the mission
profile and specify factors such as the type of terrain the rover will encounter, antic-
ipated mission duration, and the frequency and length of extravehicular activities
(EVAs) supported. Lastly, regulatory and environmental constraints ensure
compliance with relevant safety, environmental, and operational standards set by
space agencies and regulatory bodies, which are essential for mission authorization
and international cooperation.

To build a comprehensive analysis of the LPR requirements, a state of the art
study is proposed. From this, a mission profile of the mission is expressed and finally,
the complete set of requirements is described.

2.1 State of the art

To identify the most critical requirements, with a particular attention to performance
requirements, a statistical analysis is performed to facilitate a trade-off evaluation
among various models. The table below provides an overview of the current state
of the art in rover vehicles designed for lunar and Martian missions.
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Vechicle or Mission Press. Crew L W H Miot Umax T, Piot,inst Power Source Ref.

Author Size (m) (m) (m) (ton) (km/h) (km) (kW)

NOMAD Terrestrial No 0 24 24 24 077 138 200 2.4 Gasoline 2]

RATLER Terrestrial No 0 1 PEM fuel cells 2]

Light Utility Lunar No 2 4.06 2.34 099 1 1 Fuel cells, rechargeable 2]

Rover Batteries

Dual Mode Lunar No 2 35 3 8 0.33 Three Radiosotope power  [2]

Lunar Roving sources

Vehicle

Rover First Lunar Yes 2 41 26 43 1 80 8 Shuttle type fuel cells 2]

USRA Studies Lunar Yes 4 7 3 6.2 18 500 6.7 Radioisotope 2]

Creel thermoelectric generator

USRA Studies Lunar Yes 4 11 4 7 29.4 2000 8.5 Dynamic isotope power 2]

Bhardwaj generator

MSTS Lunar Yes 2]

Hoffman, 1997 Mars Yes 2 5 10 500 10 Dynamic isotope power 2]

system

Daylight Lunar Yes 2 25 4 1000 10 Regenerative fuel cells 2]

Rover

Arno, 1999 Lunar Yes 3 6.08 20 100 6 Fuel cells 2]

Mega Rover Lunar Yes 6 16 45 10 45 2000 2]

Thangavelu

Lunar Sortie Lunar Yes 6 3.5 Radio thermal generator [2]

Vehicle

Habot Lunar Yes 6 5 10 Photovoltaic cells 2]

MORPHLAB  Lunar and Yes 4 4 3.7 1000 20 Dynamic isotope power 2]
Mars system

RAMA Rover  Lunar Yes 2 5 6 6.4 5.5 1600 Fuel cells [6]

Table 2.1: List of the active project of rovers
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2.2 Mission Definition

One of the requirement categories listed above derives from the mission profile.
It becomes crucial to establish the mission to guide the design process effectively
because, as it emerges from the state of the art analysis, this class of systems tend
to vary a lot in terms of range and size. It is therefore necessary to fix a particular
mission type for the LPR.

2.2.1 Remote Location

The core concept underlying the rover mission is the necessity of addressing opera-
tions conducted in remote locations. A remote location is defined as any site of
activity situated at a certain distance from the primary lunar habitat, where opera-
tions are carried out to support the mission objectives. Representative examples of
such remote missions include:

1. Energy Infrastructure: a nuclear reactor, intended to provide energy to
the lunar habitat, must be located at a safe distance to minimize radiation
exposure and enhance the safety of the habitat and its inhabitants. The
operativity and maintenance of such a reactor require mobility to facilitate
monitoring, repair, and routine inspections. A rover capable of accessing the
reactor containment area would ensure the safe and efficient functioning of
the energy system, while simultaneously safeguarding the well-being of the
astronauts. Moreover, nuclear waste disposal is achieved safely if the waste
is transported from the nuclear plant to disposition sites on a vehicle rather
than other forms (i.e. bringing the nuclear waste manually to a disposal site,
or carrying it out remotely via an unmanned vehicle).

2. Resource Extraction: mining operations represent another example of re-
mote activities. While the positioning of the lunar habitat is determined by
factors such as solar exposure, access to resources, and logistical considera-
tions for module launches and landings, mining sites are optimally located in
regions which are rich in extractable materials. The operation of a quarry,
involving material extraction, maintenance, and monitoring, necessitates re-
liable transportation between the habitat and the site. A rover equipped for
such tasks would enable the efficient transport of materials and the operational
management of mining facilities.

3. Scientific Exploration: scientific missions may also necessitate remote lo-
cations to ensure the integrity of experimental results. Measurements con-
ducted in proximity to the lunar habitat, such as temperature readings, core
sampling, or surface analysis, could be compromised by anthropogenic dis-
turbances. Conducting these experiments in an undisturbed environment is
essential. Furthermore, a pressurized rover equipped with onboard laboratory
facilities enables in-situ analysis of collected samples, eliminating the need for
immediate return to the habitat. For instance, material specimens could be
examined directly using microscopes and other analytical instruments housed
within the rover, thereby enhancing the efficiency and goal reaching of scien-
tific research.
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In conclusion, the implementation of a versatile and reliable pressurized rover is
paramount to supporting critical remote operations on the lunar surface. Pressur-
ization not only enables extended mission duration and enhance astronaut safety
but also allows for in-situ analysis of materials and experiments within controlled
environments, ensuring the efficient and continuous functioning of energy systems,
resource extraction activities, and scientific exploration missions.

2.2.2 Mission Profile

The mission profile is presented in Figure 2.1. The rover operates within a specific
x, range, encompassing two distinct approach zones Zgpproqch: one directed towards
the permanent base dubbed motherbase and the other towards the remote loca-
tion. For simplification of purposes, it is assumed that these two segments are of
equal length. During this phase of the trajectory, the rover’s speed is intentionally
reduced to facilitate docking and approach maneuvers. This reduction in velocity
ensures precise and safe docking, either at the lunar habitat or at remote locations,
particularly if the rover is pressurized and equipped with a compatible docking in-
terface. This operational adjustment is critical to maintaining mission efficiency and
ensuring seamless integration with external systems.

@ ®
Lo .o et 2.0,
motherbase remote location
Ty
T approach L approach

Figure 2.1: Mission Profile

It is important to note that the mission has been represented as two-dimensional.
However, this simplification does not imply that the rover is restricted to linear
trajectories betw