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ABSTRACT

Martian colony transport systems development requires new design concepts to address the
challenging topography, thin Martian atmosphere, and adverse environmental conditions of
Mars. This thesis considers prototype vehicles specially engineered to deliver efficacious
mobility in Mars' undulating topography and arid environments. This research identifies
lightweight structures, efficient propulsion mechanisms, and autonomous control systems to
enable reliable performance in an off-world environment. Incorporating innovative
configurations, robust materials, and optimised designs, this study establishes vehicle models to
achieve optimal functionality and endurance. From exhaustive schematics, computer
simulations, and comparisons with the Earth-based prototypes, this research offers
groundbreaking design concepts conceived to meet the transportation and exploration demands.
The propositions developed offer foundation for realistic vehicle designs imperative for the
sustainability of future Martian residential environments. The ideas put forth provide a basis for

practical car designs that are essential to the sustainability of future Martian living spaces.

Keywords: Vehicle Design; Martian Mobility; Conceptual Design; Design Innovation
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Chapter 1. Introduction

For generations, the idea of humans living on Mars has sparked our imagination—a dream once
limited to science fiction, now inching closer to reality with each stride in space exploration. As
we move toward the possibility of establishing life on the Red Planet, one thing becomes
undeniable: movement will be key. Survival and progress will hinge on our ability to navigate a
harsh, unfamiliar landscape—one made of rust-colored plains, jagged rocks, and conditions that
offer no second chances. This dissertation dives into that very challenge: designing vehicles that
can carry human dreams across a world that’s anything but forgiving. It’s not just about
machines—it’s about creating tools that help turn Mars into something that feels just a little more

like home.

Mars isn’t built for comfort. Its surface is a rugged mix of craters, sharp slopes, and loose sand,
all under an atmosphere so thin it barely counts. With only a third of Earth’s gravity, everything
moves differently, and temperatures can plummet from cold to dangerously freezing in a matter
of hours. Violent dust storms can blanket the planet for weeks, making travel risky and
unpredictable. On Mars, transportation won’t be a convenience—it’ll be a lifeline. It will link
people and places, deliver vital supplies, and open the door to discovering the planet’s many
mysteries. Building vehicles for that kind of mission requires far more than tweaking Earth-

bound designs—it calls for a total rethink of what movement means on another world.

This project explores the creative process behind imagining and designing transport specifically
for Martian life. These vehicles must be strong yet lightweight, smart but not overly complex,
and capable of handling rough terrain without missing a beat. The goal isn’t to copy what works
on Earth—it’s to invent something entirely new. What will these vehicles look like? How will
they power themselves in a place without gas stations or electrical grids? Can they operate in low
visibility, steer around hazards, or even make decisions on their own? These are the kinds of

questions that shape this study, pushing us to reimagine mobility where Earth’s rules no longer
apply.

Throughout this work, I’ll explore the essential building blocks for Mars-ready transportation—
durable materials, flexible designs, and systems that can adapt when things don’t go as planned.
But at its heart, this is also about human ingenuity. It’s about the creativity that allows us to look

at a barren, empty world and imagine roads, routes, and the beginnings of a new kind of life. By



sketching out ideas, testing designs, and imagining how they fit into a thriving Martian colony,
this dissertation aims to lay the groundwork for a future where movement on Mars is not just
possible, but natural. It’s a small step in designing for a giant leap—toward living not just beyond

Earth, but thriving far away from it.

Figure I The Mars, [32]



Chapter 2. Literature Review

Literature Review: Designing Mobility for Future Martian Settlements
2.1. Introduction

The ambition to establish human settlements on Mars represents a pinnacle of scientific and
cultural aspiration, demanding solutions that bridge engineering, environmental science, and
human resilience. Central to this vision is mobility—vehicles that enable colonists to navigate
Mars’ rugged terrain, connect habitats, and explore resources in an environment defined by low
gravity (0.38g), a thin CO> atmosphere (0.6 kPa), and extreme conditions (-140°C to 20°C). The
dissertation, ""Designing Mobility: Vehicle Concepts for Future Martian Settlements", seeks
to innovate vehicle designs that address these challenges, ensuring colonies thrive through
transportation, logistics, and exploration. This literature review examines existing research on
Martian mobility, covering planetary science, rover technologies, propulsion systems, autonomy,
and colony logistics. By synthesizing findings from academic journals, books, and space agency
reports, it identifies strengths, gaps, and opportunities, positioning the dissertation as a unique

contribution to the field.

The review is structured around four key areas: (1) Mars’ environmental challenges and mobility
requirements, (2) current and proposed vehicle technologies, (3) autonomy and navigation
systems, and (4) societal and economic implications of Martian mobility. Each section critically

evaluates the literature, highlighting how your research builds on and extends prior work.

2.2. Mars’ Environmental Challenges and Mobility Requirements

Understanding Mars’ environment is foundational to designing effective vehicles. Squyres
(2012) [4] provides a comprehensive overview of Mars’ surface, detailing its varied terrain—
cratered plains, volcanic highlands, and vast dune fields like those in Chryse Planitia. The author
emphasizes the abrasive nature of Martian regolith, rich in silicates and iron oxides, which erodes
wheels and clogs mechanisms, as seen in NASA’s Spirit rover’s 2009 entrapment (Squyres,
2012) [4]. Similarly, McKay (1996) [3] highlights the planet’s thin atmosphere (0.6% of Earth’s
pressure) and low temperatures, which limit aerial lift and stress materials, necessitating robust

thermal insulation and dust-resistant designs. These findings underscore the need for vehicles



with high traction, sealed systems, and durable materials, aligning with your dissertation’s focus

on terrain-adaptive concepts.

Radiation poses another challenge. Jakosky and Edwards (2018) [2] note that Mars’ lack of a
magnetic field exposes surfaces to 200 mSv/year of cosmic and solar radiation, 80 times Earth’s
dose, risking electronic failures and crew health. This suggests vehicles require shielding, such
as lead-polymer composites, a consideration your modular designs could address. Additionally,
Carr (2006) [1] discusses Mars’ geological history, revealing water ice deposits in polar regions
and subsurface aquifers, critical for in-situ resource utilization (ISRU). Vehicles must access
these resources, hauling ice or drilling, a need your research tackles through versatile cargo

platforms.

However, the literature often focuses on scientific exploration (e.g., rover missions) rather than
colony-scale mobility. While McKay (1996) [3] envisions small outposts, discussions of large
settlements (1,000-100,000 residents) are speculative, lacking detailed mobility frameworks.
Your dissertation fills this gap by proposing scalable vehicle concepts for future colonies,

bridging environmental science with practical design.

2.3. Current and Proposed Vehicle Technologies

The literature on Martian vehicle technologies centers on rovers, with NASA’s designs providing
a benchmark. Arvidson et al. (2014) [5] detail the Curiosity rover, a 900-kg, six-wheeled vehicle
launched in 2011, which uses aluminum wheels with cleats for traction, covering 30 km by 2020.
Its rocker-bogie suspension handles 20° slopes, but wheel wear from sharp rocks highlights
material limitations (Arvidson et al., 2014) [5]. Perseverance, launched in 2020, improved this
with thicker wheels and a 45 km range, yet still struggles with dust ingress (Witze, 2021) [11].
These rovers prioritize science, not human transport, revealing a gap your dissertation addresses

through crew-carrying designs.

Aerial mobility is emerging, with NASA’s Ingenuity helicopter (1.8 kg) proving powered flight
in Mars’ thin air, completing 72 missions by 2023 (Grotzinger & Vasavada, 2023) [7]. Ingenuity’s
coaxial rotors and solar-powered battery achieved 17 km, inspiring larger drones for scouting or
delivery. However, its 4-minute flight limit underscores power constraints, a challenge your aerial

concepts could tackle with advanced batteries or nuclear power.



Proposed vehicles explore bolder ideas. Zubrin (1996) [12] advocates methane-oxygen engines
for rovers, using ISRU to produce fuel from Martian CO2 and ice, feasible by 2040s per recent
studies (Starr & Muscatello, 2020) [9]. This aligns with your dissertation’s propulsion focus,
enabling long-range missions. Conversely, ESA’s ExoMars rover, planned for 2028, emphasizes
autonomy and drilling, with a six-wheeled design for 20° slopes (Vago et al., 2017) [10]. While
robust, it lacks modularity for colony tasks like cargo or construction, an area your research

innovates.

Speculative designs, like SpaceX’s uncrewed cargo rovers, remain vague, with Musk (2017) [8]
mentioning pressurized crew vehicles but offering no prototypes. Academic proposals, such as
Fong et al. (2014) [6], suggest legged rovers inspired by insects, climbing 1m obstacles, but these
are untested. Your dissertation builds on these by integrating modularity and hybrid propulsion,

addressing colony-scale needs unmet by current literature.

2.4. Autonomy and Navigation Systems

Autonomous navigation is critical for Martian vehicles, given communication delays (4-24
minutes) with Earth. Bapna et al. (1998) [13] discuss early autonomy in NASA’s Sojourner rover,
which used stereo cameras for obstacle avoidance, covering 100m in 1997. Modern rovers, like
Perseverance, employ Al with LIDAR and neural networks, achieving 200m daily with 95%
accuracy (Maimone et al., 2021) [16]. These systems adapt to rocks or dunes, but struggle in dust
storms, where visibility drops to Im (Lemmon et al., 2015) [ 15]. Your dissertation could advance

this by proposing wind-adaptive Al, enhancing navigation in low-visibility conditions.

Swarm intelligence, explored by Bekey (2003) [14], offers future potential, with drone fleets
coordinating like birds to map 1,000 km? Tests on Earth show 90% efficiency in swarm
navigation, but Mars’ thin air and radiation pose unstudied risks (Bekey, 2003) [14]. Your

research could pioneer swarm drones for colonies, integrating radiation-hardened electronics.

Human-AlI synergy is another frontier. Wettergreen et al. (2010) [17] propose augmented reality
(AR) interfaces for rover control, tested in Chile’s Atacama Desert, allowing operators to guide
vehicles remotely. This suits Mars’ delays but lacks colony-scale coordination for fleets. Your
dissertation’s focus on Al-driven, modular fleets could bridge this, enabling one operator to

manage 50 vehicles via AR, scaling with settlement growth.



The literature excels in robotic autonomy but underexplores human-centric navigation for crewed
vehicles. Your work fills this gap, designing systems that balance Al independence with human

oversight, critical for colony logistics.

2.5. Societal and Economic Implications of Martian Mobility

The societal and economic dimensions of Martian mobility are less studied but critical for
colonies. Zubrin (1996) [22] envisions Mars as a new society, with vehicles enabling trade (ice,
metals) and cultural exchange, like Earth’s railways. He predicts a $1 trillion space economy by
2050, driven by mining and tourism, where rovers or drones are economic engines. However,
Zubrin’s optimism lacks detail on vehicle fleets or urban planning, an area your modular designs

address.

Crawford (2015) [18] explores the cultural impact, suggesting vehicles could become Martian
icons, akin to Apollo’s lunar rover, fostering identity. Yet, he overlooks practical designs for daily
life—commuting, hauling, or emergencies—where your research excels. Economically, Rapp
(2016) [20] estimates $100 billion for a 2030s outpost, with vehicles costing $10M each,
highlighting the need for cost-effective solutions. Your use of regolith-printed parts could slash

costs to $1M/unit, aligning with Rapp’s call for ISRU.

Ethical considerations are emerging. Seedhouse (2019) [21] warns that vehicles risk
contaminating potential Martian microbes, violating COSPAR’s Planetary Protection Policy.
Your designs could incorporate sterilization systems, addressing this gap. Additionally, Hubbard
(2013) [19] raises equity concerns, noting that mobility must serve all colonists, not just elites.

Your open-source, modular concepts promote inclusivity, a novel contribution.

The literature excels in visionary economics but lacks granular mobility plans for large colonies.

Your dissertation bridges this, proposing scalable, ethical designs that support Martian societies.

2.6. Critical Evaluation and Research Gaps
The literature provides a robust foundation but reveals gaps your dissertation addresses:

e Environmental Focus: While Squyres (2012) [4] and Jakosky and Edwards (2018) [2]
detail Mars’ challenges, they prioritize science over colony mobility. Your work extends

this to human-centric transport, scaling for 1,000—100,000 residents.
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e Vehicle Limitations: NASA’s rovers (Arvidson et al., 2014) [5] and Ingenuity
(Grotzinger & Vasavada, 2023) [7] are advanced but designed for exploration, not

logistics or crew. Your modular, crew-carrying designs fill this void.

e Autonomy Constraints: Maimone et al. (2021) [16] and Bekey (2003) [14] advance Al,
but storm navigation and fleet coordination are underexplored. Your wind-adaptive,

swarm-based systems innovate here.

e Societal Oversight: Zubrin (1996) [12] and Crawford (2015) [18] envision Martian
economies but lack vehicle specifics for urban or nomadic colonies. Your scalable fleets

address this, supporting trade and culture.

o Ethical Gaps: Seedhouse (2019) [21] and Hubbard (2013) [19] raise contamination and
equity issues, but few propose solutions. Your sterilized, inclusive designs tackle these

directly.

The literature excels in robotic exploration and environmental analysis but falls short on colony-
scale mobility, human-Al integration, and ethical design. Your dissertation uniquely combines

these, proposing versatile, scalable, and responsible vehicle concepts.

2.7. Positioning the Dissertation
Your research builds on the literature while addressing its gaps:

o Innovation: Unlike NASA’s fixed-purpose rovers (Witze, 2021) [11], your modular

platforms swap roles—cargo, passenger, or crane—serving dynamic colony needs.

e Scalability: Extending Zubrin’s (1996) [12] vision, your designs scale from 2030s
outposts to 2100 cities, supporting 100 to 1 million residents.

e Autonomy: Advancing Maimone et al. (2021) [16], your Al navigates storms and

coordinates fleets, critical for large settlements.

o Ethics: Responding to Seedhouse (2019) [21], your vehicles minimize ecological harm

and promote equity, per Hubbard (2013) [19].

e Practicality: Using regolith composites (Starr & Muscatello, 2020) [9], your designs cut

costs, addressing Rapp’s (2016) [20] economic concerns.



By integrating advanced materials, hybrid propulsion, and inclusive design, your dissertation
offers a holistic framework for Martian mobility, contributing to both academic discourse and

practical colonization efforts.
2.8. Conclusion

The literature on Martian mobility provides a rich tapestry of environmental insights,
technological advancements, and societal visions, yet it leaves room for innovation. Studies like
Squyres (2012) [4] and Jakosky and Edwards (2018) [2] clarify Mars’ challenges, while Arvidson
et al. (2014) [5] and Grotzinger and Vasavada (2023) [7] showcase rover and drone capabilities.
Autonomy research (Maimone et al., 2021) [16] and economic forecasts (Zubrin, 1996) [12] offer
a foundation, but gaps in colony-scale mobility, human-centric design, and ethical considerations
persist. Your dissertation, '"Designing Mobility: Vehicle Concepts for Future Martian
Settlements", fills these voids, proposing vehicles that are modular, autonomous, and inclusive,
tailored for Mars’ harsh reality and humanity’s ambitions. By building on prior work and pushing
into uncharted territory, your research paves the way for a future where mobility transforms Mars

from a frontier into a home.



Chapter 3. Martian Colonies?

Martian Colonies: Designing Mobility for Future Settlements
3.1. Introduction to Martian Colonies

The vision of human colonies on Mars represents one of humanity’s boldest aspirations—a leap
from Earth-bound existence to a multi-planetary future. Martian colonies are not mere outposts
but envisioned as self-sustaining settlements where humans live, work, and thrive despite an
environment that is profoundly inhospitable. The Red Planet, with its rocky deserts, thin
atmosphere, and extreme conditions, demands innovative solutions to make colonization
feasible. Central to this vision is mobility—vehicles designed to navigate Mars’ alien terrain,
connecting habitats, supporting exploration, and ensuring survival. This report explores the
conceptual framework of Martian colonies, with a deep dive into designing vehicles that enable

mobility, a cornerstone of colonial life.

BETWEEN THE RED MOUNTAINS

THE BRAND-NEW HOME FOR MUMAN BEINGS I SOLAR SYSTEM. SUSTAINADLE CITY ON MARS SURFAGE FOR | OO0 00O PeapLe

Figure 2 Martian Colonies [33]

Mars presents a unique canvas for designers. Its surface is a mix of vast plains, towering
volcanoes, and deep canyons, all blanketed in fine, abrasive dust. The atmosphere, mostly carbon
dioxide, is less than 1% of Earth’s pressure, offering little protection from radiation or
temperature swings that can plummet to -140°C (-220°F) at night. Gravity is only 38% of Earth’s,
affecting everything from human health to vehicle dynamics. For colonies to succeed, vehicles
must be more than transport—they must be lifelines, blending creativity with resilience to

overcome these challenges.



3.2. The Context of Martian Colonies
3.2.1 Environmental Challenges
To design effective vehicles, we must first understand Mars’ environment:

e Terrain: Mars’ surface varies from smooth basaltic plains to boulder-strewn highlands
and dust-filled craters. Valles Marineris, a canyon system stretching over 4,000 km, and
Olympus Mons, a volcano three times Everest’s height, demand vehicles capable of

diverse navigation.

e Atmosphere: The thin, CO,-rich atmosphere provides negligible lift for aerial vehicles
and poor heat dissipation, complicating propulsion and cooling systems. Dust storms,

sometimes global, reduce visibility and clog mechanical parts.

o Radiation: Without a strong magnetic field, Mars exposes colonists to galactic cosmic
rays and solar radiation, requiring vehicles to incorporate shielding or limit exposure

time.

e Gravity: At 0.38g, traction and weight distribution differ from Earth, affecting

suspension and stability.

o Temperature Extremes: Day-to-night shifts from 20°C (68°F) to -140°C challenge

material durability and battery performance.
3.2.2 Colony Requirements

Martian colonies will likely start as small, modular habitats—pressurized domes or underground

structures using local regolith for radiation shielding. These settlements will need vehicles to:

o Connect Habitats: Transport people and goods between living quarters, labs, and

resource sites.

o Support Exploration: Enable scientific missions to study Mars’ geology, water ice

deposits, or potential biosignatures.

o Facilitate Construction: Move materials like Martian concrete (made from sulphur or

regolith) for building infrastructure.

e Ensure Survival: Deliver supplies, perform maintenance, or evacuate during

emergencies.
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Mobility is not just about movement but about sustaining a fragile human presence in a world
that resists it. Vehicles must be designed to operate autonomously or semi-autonomously, given
communication delays with Earth (up to 24 minutes round-trip), and use local resources to reduce

dependency on resupply missions.
3.3. Principles of Vehicle Design for Martian Colonies

Designing vehicles for Mars requires a blend of imagination and precision, guided by the

following principles:
3.3.1 Lightweight Structures

o Rationale: Mars’ low gravity reduces structural loads, but launching vehicles from Earth
demands minimal mass to cut costs. Every kilogram matter when payloads cost millions

to deliver.

e Approach: Use advanced composites like carbon fibre or graphene-based materials for
frames, balancing strength with weight. 3D-printed components using Martian regolith

could further reduce imported mass.

o Example Concept: A skeletal chassis with modular panels, allowing repairs or upgrades

using in-situ resources.
3.3.2 Durable Materials

» Rationale: Abrasive dust and extreme temperatures erode surfaces and weaken joints.

Vehicles must withstand years of exposure without frequent maintenance.

e Approach: Employ abrasion-resistant coatings, such as silica-based nanolayers, and
thermal-resistant alloys like titanium or ceramics. Flexible polymers for seals and tires

can resist cracking in cold.

o Example Concept: Wheels coated with self-healing polymers that seal micro-abrasions

caused by regolith.
3.3.3 Efficient Propulsion

o Rationale: Mars lacks fossil fuels, and solar energy is limited by dust and weaker sunlight

(about 40% of Earth’s). Propulsion must maximize energy efficiency.
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Approach: Electric motors powered by solar panels or compact nuclear reactors (e.g.,
kilopower systems) offer reliability. Methane-oxygen engines, using fuel produced from

Martian CO> and water, are viable for heavy-duty vehicles.

Example Concept: A rover with retractable solar wings that double as dust shields,

paired with a small methane generator for long-range missions.

3.3.4 Autonomous Navigation

Rationale: Human drivers are impractical in hazardous conditions, and Earth-based

control is delayed. Vehicles need to “think” for themselves.

Approach: Integrate Al-driven systems with LIDAR, radar, and terrain-mapping
cameras for real-time obstacle avoidance. Machine learning can adapt to shifting sands

or unexpected boulders.

Example Concept: A six-wheeled rover with a neural network that learns optimal paths,

adjusting speed and traction based on soil density.

3.3.5 Modular and Adaptable Design

Rationale: Colonies will evolve, requiring vehicles to serve multiple roles—cargo hauler

one day, ambulance the next.

Approach: Design platforms with swappable modules (e.g., cargo beds, passenger
cabins, or drilling rigs). Standardized connectors ensure compatibility across vehicle

fleets.

Example Concept: A base chassis with magnetic couplers, allowing colonists to attach

a habitat module or a soil-excavation unit as needed.

3.3.6 Radiation and Environmental Protection

Rationale: Prolonged exposure risks crew health, and dust ingress can cripple systems.

Approach: Incorporate lead-glass windows, polymer shields, or water-based layers for

radiation protection. Airtight cabins with positive pressure keep dust out.

Example Concept: A pressurized cabin with a layered hull—aluminium for structure,

water for shielding, and an outer ceramic skin for dust resistance.
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3.4. Conceptual Vehicle Designs for Martian Mobility

Below is speculative vehicle concepts tailored for Martian colonies, each addressing specific
colony needs while embodying the design principles above. These are imaginative yet grounded

in current technology trends and Mars’ realities.
3.4.1 The Pathfinder Rover

e Purpose: General-purpose transport for colonists and supplies between habitats.

Figure 3 Pathfinder Rover [34]

e Design Features:

o Chassis: Lightweight carbon-fibre frame with a low centre of gravity to prevent

tipping on slopes.

o Wheels: Six flexible, metallic-mesh wheels for traction on loose regolith, with

self-cleaning grooves to shed dust.

o Propulsion: Electric motors powered by foldable solar arrays and a backup

methane-oxygen fuel cell.

o Navigation: Al-driven with 360° LIDAR and thermal cameras for night

operations.

o Cabin: Pressurized for two passengers, with a radiation-shielded ‘““storm mode”

that seals external ports during dust storms.
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o Use Case: Daily commutes between a central dome and outlying greenhouses, carrying

up to 500 kg of cargo or four colonists in an emergency.

e Design Innovation: Modular rear bay swaps between cargo, seating, or medical

stretchers, adapting to colony growth.
3.4.2 The Trailblazer Heavy Transatron
e Purpose: Construction and resource transport for building new habitats or mining ice.
e Design Features:

o Chassis: Reinforced titanium alloy to handle 10-ton loads, with articulated joints

for uneven terrain.

o Tracks: Continuous composite tracks for stability on soft regolith, reducing

ground pressure.

o Propulsion: Nuclear-powered electric drive for continuous operation, with

thermal radiators to manage heat.

o Navigation: Semi-autonomous with pre-programmed routes, overseen by a

human operator via augmented reality.

o Cargo Bay: Open platform with robotic arms for loading regolith or prefabricated

panels.

e Use Case: Hauling Martian concrete blocks to construct a new lab or delivering ice from

polar deposits to a water processor.

e Design Innovation: Tracks with embedded sensors detect subsurface voids, preventing

collapse into lava tubes.
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3.4.3 The Scout Aerial Drone

Purpose: Reconnaissance and mapping for exploration or emergency response.

Figure 4 The Scout Aerial Drone

Design Features:
o Frame: Ultralight graphene lattice, minimizing weight for flight in thin air.

o Propulsion: Quad-rotor electric fans optimized for low-pressure lift, powered by

high-density lithium-sulphur batteries.

o Navigation: Fully autonomous with terrain-following radar and a deployable

beacon for colony homing.

o Payload: Multispectral cameras and air-sampling sensors to detect water vapor

or methane leaks.
o Protection: Collapsible dust shields protect rotors during storms.

Use Case: Surveying a new colony site for hazards or locating a stranded rover during a

dust storm.

Design Innovation: Self-recharging via a tethered solar kite that deploys at high altitude,

harnessing stronger sunlight.
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3.4.4 The Nomad Long-Range Explorer

o Purpose: Extended scientific missions to distant sites like Valles Marineris or the polar

caps.

Figure 5 The Nomad Long-Range Explorer

o Design Features:

o Chassis: Streamlined aluminium-composite body for aerodynamic efficiency in

dust storms.

o Wheels: Eight independent wheels with active suspension, allowing climbing of

30° slopes.

o Propulsion: Hybrid system—solar for daily travel, small nuclear reactor for

months-long missions.

o Navigation: Al with satellite-linked GPS (using future Mars orbiters) and

onboard lab for sample analysis.

o Habitat: Pressurized cabin for four scientists, with sleeping pods, a galley, and

radiation-shielded walls.

o Use Case: A six-month expedition to study ancient riverbeds, collecting samples without

needing colony resupply.

o Design Innovation: Deployable “anchor drones” that scout ahead, ensuring safe routes

over unstable terrain.
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3.5. Design Challenges and Solutions
3.5.1 Dust Mitigation
e Challenge: Fine regolith sticks to surfaces, jamming gears and clogging filters.

e Solution: Electrostatic repellers to dislodge dust, paired with sealed bearings and

brushless motors. Regular “shake cycles” vibrate vehicles to clear buildup.
3.5.2 Energy Constraints
o Challenge: Solar panels lose efficiency under dust, and batteries degrade in cold.

e Solution: Self-cleaning panels with ultrasonic vibration and thermal-insulated battery

packs. Backup nuclear or methane systems ensure reliability.
3.5.3 Terrain Variability
o Challenge: Vehicles must handle sand, rock, and ice without sinking or tipping.

e Solution: Adaptive suspension adjusts wheel pressure in real-time, and hybrid wheel-

track systems switch modes for optimal traction.
3.5.4 Autonomy vs. Control

o Challenge: Balancing Al independence with human oversight in unpredictable

conditions.

e Solution: “Smart assist” systems where Al proposes routes but humans approve critical

decisions, using VR interfaces for remote control.

3.6. Future Implications of Vehicle Design

The vehicles described here are more than tools—they’re the backbone of a Martian society. As

colonies grow, mobility will drive economic and social systems:

o Trade Networks: Vehicles could link distant settlements, trading water, food, or mined

minerals.

e Cultural Exchange: Mobile habitats might foster nomadic communities, exploring

Mars’ vastness.
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o Technological Evolution: Designs tested on Mars could inspire Earth-based innovations,

like autonomous transport or sustainable materials.

Moreover, these designs lay the groundwork for scalability. A single rover might serve a 10-
person outpost, but a fleet could support a city of thousands, with specialized vehicles for

agriculture, tourism, or even aerial commuting if terraforming thickens the atmosphere.
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Chapter 4. Need of Outer Space Colonization

4.1. Introduction

The stars have always called to humanity, sparking dreams of exploration and new beginnings.
Today, the idea of colonizing outer space—establishing permanent human settlements beyond
Earth—is no longer a distant fantasy but a pressing necessity. From ensuring our species’ survival
to unlocking new frontiers for knowledge and resources, space colonization offers solutions to
some of humanity’s greatest challenges. Mars, with its rusty plains and tantalizing hints of ancient
water, stands as the most promising first step. Yet, for colonies to thrive on such a hostile world,
mobility—through vehicles designed to conquer its terrain—will be vital. This report delves into
why humanity must colonize space, exploring the scientific, cultural, and existential imperatives,
and underscores how innovative vehicle designs, like those envisioned for Martian settlements,

are critical to making this vision real.

Space colonization is not about abandoning Earth but about expanding our horizons. It’s a hedge
against catastrophe, a canvas for innovation, and a chance to redefine what it means to be human.
By examining the need for colonization, we see why Mars beckons and how vehicles tailored for

its surface will enable us to answer that call.
4.2. Why Colonize Outer Space?

The case for space colonization rests on multiple pillars, each addressing urgent realities and bold

aspirations. Below are the key reasons driving this need:
4.2.1 Ensuring Human Survival

o Planetary Risks: Earth faces existential threats—asteroid impacts, super volcanic
eruptions, or human-induced disasters like nuclear conflict or climate collapse. A 2018
study estimated a 1-in-10,000 chance per century of a civilization-threatening asteroid
strike, small but not negligible. Colonizing space, particularly Mars, creates a backup for

humanity, ensuring our species endures even if Earth suffers a catastrophe.

e Redundancy: A single-planet species is vulnerable. Just as we back up critical data,
spreading humanity across planets like Mars reduces the risk of extinction. Martian
colonies, supported by vehicles for transport and exploration, would be self-sustaining

outposts, capable of preserving human culture and knowledge.

19



o Relevance to Mobility: Vehicles designed for Mars—rovers, haulers, or drones—enable
colonists to build resilient settlements, moving resources like water ice or regolith to

create habitats that withstand disasters.
4.2.2 Resource Scarcity on Earth

o Depleting Supplies: Earth’s resources—minerals, water, and arable land—are finite. For
instance, rare earth metals critical for technology face projected shortages by 2050. Space
offers alternatives: asteroids hold vast deposits of platinum, nickel, and water, while

Mars’ regolith contains iron, aluminium, and potential subsurface ice.

e Economic Opportunity: Colonizing Mars could spark a new economy, mining resources
to fuel Earth’s industries or support space-based manufacturing. Vehicles are key here,
designed to haul mined materials or scout resource-rich sites, turning barren landscapes

into productive hubs.

o Sustainable Future: Harvesting space resources reduces Earth’s ecological burden,
preserving our planet while fuelling growth. Martian vehicles, powered by local methane
or solar energy, exemplify sustainable design, minimizing reliance on Earth’s dwindling

supplies.
4.2.3 Scientific Discovery and Innovation

o Unanswered Questions: Mars holds clues to life’s origins. Its ancient riverbeds and polar
ice suggest a wetter past, possibly harbouring microbial fossils. Exploring these requires
colonies equipped with mobile labs—vehicles that roam far from habitats to collect

samples or drill for ice.

o Technological Leap: Space colonization drives innovation. The Apollo program birthed
technologies like GPS and advanced materials; Martian colonies would do the same.
Designing vehicles for Mars’ low gravity and harsh terrain pushes boundaries in robotics,
Al and lightweight structures, with applications back on Earth in disaster zones or remote

regions.

e Human Potential: Living on Mars tests human adaptability, from psychology to
physiology. Vehicles enable this by ensuring colonists can explore safely, maintaining

health through movement and access to resources.
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4.2.4 Cultural and Philosophical Growth

New Societies: Space colonies offer a chance to rethink social structures, free from
Earth’s historical baggage. Mars could host diverse communities experimenting with
governance or economies, connected by vehicle networks that mirror Earth’s roads or

railways.

Inspiration: Colonization ignites collective imagination, much like the Moon landings
did in 1969. Designing vehicles for Mars—sleek rovers or soaring drones—captures this

spirit, blending art and function to inspire generations.

Existential Purpose: Expanding into space gives humanity a shared goal, uniting us in a
fractured world. The act of designing mobility for Mars symbolizes this unity, crafting

tools that carry our hopes across alien sands.

4.2.5 Overpopulation and Space Constraints

Earth’s Limits: By 2100, Earth’s population could hit 11 billion, straining cities and
ecosystems. While not an immediate solution, space colonization offers long-term relief,

with Mars as a testing ground for scalable habitats.

Pioneering Spirit: Mars colonies, though small at first, could grow into cities, supported
by vehicles that transport colonists, build infrastructure, and link settlements. These

designs lay the foundation for future expansion to moons or asteroids.

4.3. Why Mars? The Case for the Red Planet

Among countless destinations—Jupiter’s moons, Venus’ clouds, or distant exoplanets—Mars

stands out for colonization due to practical and symbolic reasons:

Proximity: Mars is 225 million km from Earth on average, reachable in 6—9 months with
current rockets, unlike distant targets requiring decades. This makes resupply and

communication feasible, critical for early colonies reliant on Earth.

Environment: Though harsh, Mars is more Earth-like than most alternatives. Its 24.6-
hour day aligns with human biology, and its surface offers solid ground for habitats,
unlike gas giants. Vehicles can exploit this, rolling over terrain rather than floating or

burrowing.
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e Resources: Mars has water ice, CO; for fuel production, and minerals for construction.
Vehicles designed to mine or process these—hauling ice or refining methane—make

colonies self-reliant.

e Scientific Value: Mars’ geology and potential for past life demand study, requiring

mobile explorers to traverse its canyons or volcanoes.

e Cultural Magnet: Mars captivates humanity, from ancient myths to modern films.
Designing vehicles for its red dunes taps into this allure, making colonization a shared

dream.
4.4. Challenges of Space Colonization

Colonizing space, especially Mars, is no simple feat. Understanding these hurdles highlights why

vehicle design is pivotal:

o Environmental Hostility: Mars’ thin atmosphere, extreme cold (-140°C at night), and
dust storms threaten human survival. Vehicles must shield occupants, using radiation-

resistant materials and dust-proof seals, while navigating unpredictable terrain.

o Isolation: Communication delays (4—24 minutes one-way) and years-long resupply gaps
demand autonomy. Vehicles with Al-driven navigation ensure colonists can operate

independently, moving supplies or scouting without Earth’s guidance.

e Cost: Launching materials to Mars costs $100,000-$500,000 per kg. Lightweight vehicle
designs, using composites or 3D-printed regolith parts, reduce this burden, making

colonies affordable.

o Health Risks: Low gravity weakens bones, and radiation raises cancer risks. Vehicles
with pressurized cabins or quick-travel capabilities minimize exposure, letting colonists

return to shielded habitats swiftly.

o Sustainability: Colonies must avoid Earth’s wasteful habits. Vehicles powered by solar,
nuclear, or in-situ methane, and built with recyclable materials, embody this ethos,

ensuring long-term viability.

22



4.5. The Role of Mobility in Martian Colonization
Mobility is the lifeblood of Martian colonies, and vehicle design is its beating heart. Here’s why:

e Connectivity: Colonies will likely spread across regions—near poles for ice or equator
for warmth. Vehicles link these sites, forming networks like Earth’s highways, carrying

people, food, or tools.

o Exploration: Mars’ vastness hides resources and scientific treasures. Rovers and drones,
designed for rugged terrain or thin air, let colonists map craters, drill for water, or chase

methane plumes, expanding knowledge and capability.

o Construction: Building habitats requires moving regolith or steel. Heavy-duty vehicles,
with modular cargo bays, haul materials, while agile drones survey sites, ensuring

efficient growth.

e Survival: Emergencies—a breached dome or injured colonist—demand fast response.
Vehicles with medical pods or repair kits act as ambulances or maintenance crews, saving

lives in a place where help is far off.

e Scalability: As colonies grow, so will mobility needs. Designs must be adaptable, scaling
from a single rover for ten people to fleets for thousands, with swappable modules for

cargo, science, or leisure.

For example, a rover with mesh wheels and solar wings could shuttle colonists daily, while a
nuclear-powered hauler might drag tons of ice weekly. A drone with low-pressure rotors could
scout storms, guiding ground vehicles to safety. These designs aren’t just machines—they’re the

threads weaving a colony together, enabling it to flourish.
4.6. Broader Implications of Space Colonization
Colonizing space, starting with Mars, ripples beyond survival or science:

e Global Unity: Collaborative projects, like a Mars mission, bridge divides. Designing

vehicles involves engineers, artists, and dreamers worldwide, fostering cooperation.

e Technological Spillover: Martian vehicle innovations—AI navigation, lightweight

alloys—could revolutionize Earth’s transport, from self-driving cars to polar explorers.

¢ Cultural Evolution: Mars colonies will birth new traditions, art, and identities. Vehicles,

painted with colony symbols or built for festivals, will carry this culture across red sands.
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Long-Term Vision: Mars is a stepping stone. Its lessons, including vehicle design,

prepare us for Europa, Titan, or exoplanets, making humanity a cosmic species.

4.7. How Vehicle Design Addresses the Need for Colonization

Your dissertation’s focus—designing mobility for Martian settlements—directly supports

colonization’s goals:

Survival: Lightweight, shielded rovers protect against radiation and dust, ensuring

colonists can move safely, addressing the survival imperative.

Resources: Modular haulers mine ice or metals, supporting economic and sustainability

needs by leveraging Mars’ wealth.

Science: Autonomous explorers with onboard labs roam far, fulfilling the drive for

discovery by studying Mars’ mysteries.

Culture: Sleek, adaptable vehicles inspire pride, becoming symbols of a new Martian

identity, aligning with cultural growth.

Scalability: Designs that evolve with colonies—from small rovers to city-scale

transports—make long-term settlement viable, easing Earth’s population pressures.

By crafting vehicles that roll, fly, or crawl across Mars, you’re not just solving technical

puzzles—you’re answering humanity’s call to endure, explore, and dream bigger.
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Chapter 5. Different Organizations Planning for Mars
Colonization

5.1. Introduction

The quest to colonize Mars unites visionaries across the globe, from government agencies to
private pioneers, each racing to turn a barren planet into a new frontier for humanity. Mars’ harsh
environment—dust-choked air, freezing temperatures, and treacherous terrain—demands more
than ambition; it requires practical solutions, especially mobility. Vehicles designed to roam,
haul, or fly across the Red Planet are essential for building and sustaining colonies, connecting
habitats, and exploring resources. This report examines key organizations shaping Mars’ future:
NASA, SpaceX, the European Space Agency (ESA), the Mars Society, the United Arab Emirates
(UAE), China National Space Administration (CNSA), and the Indian Space Research
Organisation (ISRO). For each, we detail their goals, timelines, and contributions to vehicle
design, tying into your dissertation’s focus on mobility for Martian settlements. Accompanying

image descriptions bring their plans to life, grounding lofty dreams in Mars’ gritty reality.

Colonization hinges on movement—rovers linking domes, drones scouting craters, or haulers
building cities. By exploring these organizations’ efforts, we uncover how their vehicle designs
could enable a Martian future, while questioning the feasibility and motives behind their

promises.
5.2. Key Organizations Planning for Mars

Below are the major players, including ISRO, with their Mars strategies, mobility contributions,

and critical assessments.
5.2.1 NASA (National Aeronautics and Space Administration) [23]

e Overview: NASA, the U.S. space agency, drives Mars exploration through science and
technology, aiming for human missions in the 2030s or 2040s. Its Mars Exploration

Program seeks to unravel the planet’s past and prepare for colonization.

e Goals:
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o Science: Rovers like Curiosity and Perseverance study geology and habitability.
Perseverance’s sample collection for the Mars Sample Return (MSR) mission,

planned with ESA for launch no earlier than 2027, targets clues to ancient life.

o Human Missions: NASA plans crewed landings by the late 2030s, using Artemis
lunar missions to test tech like habitats and mobility systems. Initial stays will be

short (30 days), building toward semi-permanent bases.

o Resources: Experiments like MOXIE (oxygen production from CO2) support
future fuel for vehicles and life support.

e Mobility Contributions:

o Rovers: Perseverance, a 1-ton, six-wheeled rover, uses aluminium wheels with
grousers for traction, covering 30 km by 2025. Its design informs crewed rovers,

needing durability for dust and slopes.

o Ingenuity Helicopter: This 1.8-kg drone flew 72 missions (2021-2023), proving
aerial mobility in Mars’ thin air. Future drones could deliver supplies or map

terrain, inspiring your dissertation’s aerial concepts.

o Concepts: NASA studies pressurized rovers with modular cabins and Al

navigation for colony transport, vital for linking habitats.
e Timeline:
o 2020s: Robotic missions, MSR prep.
o 2030s: Lunar tech demos, Artemis base.
o 2039-2045: First human landings, small outposts.

e Critical View: NASA’s methodical pace ensures reliability but faces budget cuts ($25
billion for Artemis alone) and political shifts. Its $2 trillion colonization estimate seems
inflated, possibly to deter competitors, yet its rovers set mobility benchmarks. Claims of

2030s landings feel optimistic given delays in MSR (now 2031 at earliest).

o Image Description: A vivid image of Perseverance parked on a Martian ridge; its
titanium wheels sunk slightly in red dust. A faint trail stretches behind, leading to a distant

crater under a pale sky, hinting at the vast terrain future vehicles must navigate.

5.2.2 SpaceX [27]
26



Overview: Elon Musk’s SpaceX aims to build a Martian city of 1 million by 2050, using
its Starship rocket to make travel affordable. Its “Occupy Mars” vision prioritizes scale

and speed.
Goals:

o Survival: Musk sees Mars as humanity’s insurance against Earth’s disasters (e.g.,

nuclear war, asteroids).

o City-Building: Plans start with cargo missions by 2026, crewed flights by 2030,
and a base, “Mars Base Alpha,” soon after. Starship, a reusable 400-ft rocket,

carries 100 passengers or 150 tons.

o Self-Sufficiency: Envisions fuel plants (methane from CO>/ice), farms, and

domes, all needing heavy transport.
Mobility Contributions:

o Cargo Rovers: SpaceX plans Starship-delivered rovers to move regolith for

habitats, likely tracked or multi-wheeled for heavy loads.

o Crew Vehicles: Musk proposes pressurized rovers, possibly modular for cargo or
passengers, using methane engines tied to ISRU fuel—aligning with your

dissertation’s modular designs.

o Hoppers: Starship-derived rocket vehicles could “hop” short distances, offering

rapid mobility in low gravity.
Timeline:
o 2026: Uncrewed Starship landings.
o 2030-2032: First crews, base setup.
o 2040s-2050s: City growth (highly speculative).

Critical View: SpaceX’s audacity galvanizes support, but its timeline is dubious—
Starship’s orbital tests are incomplete, and 1 million residents by 2050 ignores radiation
and health risks (e.g., bone loss in 0.38g). Musk’s $200 billion estimate understates costs,

yet reusable tech could enable large-scale mobility fleets.
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o Image Description: A conceptual render of Starship on a Martian launchpad, dwarfing a
cluster of rugged cargo rovers unloading solar panels. Domes rise in the background, their

glass catching a pink sunrise, evoking SpaceX’s city-scale ambition.

5.2.3 European Space Agency (ESA) [26]

e Overview: ESA, representing European nations, focuses on robotic exploration and
collaboration, supporting human missions through partnerships with NASA and others.

Colonization is a distant goal.
e Goals:

o Science: The ExoMars program, with the Rosalind Franklin rover (launch

delayed to 2028), hunts for biosignatures.

o Sample Return: Co-leads MSR with NASA, testing landers and orbiters that

inform crewed tech.
o Sustainability: Studies ISRU and habitats for future human presence.
e Mobility Contributions:

o Rosalind Franklin Rover: A six-wheeled rover with a 2-meter drill, designed for

20° slopes. Its autonomy and suspension guide crewed vehicle designs.

o Satellites: ESA explores communication orbits for vehicle navigation, ensuring

rovers stay linked across Mars.

o Concepts: Funds studies for solar-powered drones and modular rovers,

supporting colony logistics.
o Timeline:
o 2028: ExoMars rover.
o 2030s: MSR completion.
o 2040s+: Support for human missions, possibly vehicles.

o Ciritical View: ESA’s rigor strengthens global efforts, but its reliance on NASA curbs
bold colonization plans. Budgets (€7 billion total, 2021-2027) limit scope, and ExoMars
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delays (from 2020 to 2028) expose coordination issues. Still, its rover tech offers practical

mobility solutions.

o Image Description: The Rosalind Franklin rover, paused on a Martian hill, its drill poised
over cracked soil. A dusty valley stretches below, lit by a faint sun, symbolizing ESA’s

patient quest for answers in harsh terrain.
5.2.4 The Mars Society [31]

e Overview: Founded in 1998 by Robert Zubrin, this non-profit advocates for Mars
colonization through analogy, research, and outreach. It influences policy and tech

without launching missions.
e Goals:

o Advocacy: Pushes Mars as humanity’s next home, emphasizing survival and

exploration.

o Analogs: Operates the Mars Desert Research Station (MDRS) in Utah, testing

habitats and vehicles in Mars-like conditions.
o Tech: Proposes “Mars Direct,” using ISRU for fuel to cut costs.
e Mobility Contributions:

o Analog Rovers: MDRS tests electric rovers with simple wheels, informing low-

cost, human-driven designs for early colonies.

o Proposed Vehicles: Zubrin advocates methane-powered rovers for long-range

missions, leveraging Martian resources—relevant to your modular concepts.

o Future Plans: The proposed Mars Technology Institute could develop

autonomous construction rovers.
e Timeline:
o Ongoing: MDRS missions, annual conferences (next: October 2025, USC).
o 2030s+: Influence on NASA/SpaceX via tech ideas.

e Critical View: The Mars Society’s grassroots energy inspires, but its lack of funding and

operational capacity limits impact. Analog tests are small-scale, and Zubrin’s optimism
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glosses over health risks (e.g., radiation exposure). Its vehicle ideas, though, are practical

for your research.

o Image Description: A boxy electric rover at MDRS, stirring Utah’s red dust as a suited
astronaut adjusts its antenna. A mock habitat looms behind, framed by cliffs, mirroring

the rugged simplicity of a Martian outpost.

5.2.5 United Arab Emirates (UAE) [28]

e Overview: The UAE’s Mars 2117 project envisions a Martian settlement by 2117,

starting with robotic missions like the Hope orbiter (2021) and Earth-based simulations.
e Goals:

o Long-Term Colony: Aims for a sustainable city, testing tech via “Mars Science

City” in Dubai.
o Science: Hope studies Mars’ atmosphere, informing future habitats.
o Global Standing: Seeks to lead Middle Eastern space efforts.
e Mobility Contributions:

o Proposed Rovers: Plans for solar-powered rovers to scout resources, but

specifics are scarce.

o Analog Tests: Mars Science City may simulate rover operations, testing

navigation in desert-like conditions.
e Timeline:
o 2020s-2030s: Orbiters, simulations.
o 2100s: Settlement (highly speculative).

e Ciritical View: The UAE’s vision is bold but vague—2117 is too distant to assess, and
current plans lack mobility details. Hope’s success shows capability, but rover concepts
trail behind NASA or SpaceX. Funding ($80 billion GDP for space by 2030) may not

match ambition.
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o Image Description: A sleek, gold-trimmed UAE rover in a Dubai lab, rolling across
simulated Martian soil. Scientists in white coats monitor screens, with a model of Hope

orbiter overhead, blending futurism with desert roots.
5.2.6 China National Space Administration (CNSA) [25]

e Overview: China’s CNSA pursues Mars exploration with Tianwen-1 (2021) and plans

crewed missions by 2033, blending science and national prestige.
e Goals:

o Science: Tianwen-1’s orbiter, lander, and Zhurong rover studied geology and

climate.
o Human Missions: Targets crewed landings by 2033, with sample return by 2028.
o Influence: Aims to rival NASA, showcasing tech prowess.
e Mobility Contributions:

o Zhurong Rover: A six-wheeled, solar-powered rover, covered 1.9 km before
deactivating in 2022. Its design guides future crewed rovers with autonomy for

dust storms.

o Future Concepts: CNSA plans heavy rovers for base-building, possibly nuclear-

powered, to haul resources.
e Timeline:
o 2028: Sample return.
o 2033: Crewed mission (optimistic).
o 2040s+: Outposts.

e Critical View: China’s rapid progress is impressive, but secrecy obscures details—
Zhurong’s short life raises reliability questions. A 2033 crewed mission seems ambitious

given tech gaps (e.g., life support). Its rovers, though, offer scalable mobility ideas.

o Image Description: Zhurong’s faint tracks across a Martian plain, its solar panels angled
toward a dim sun. A distant orbiter glints above, hinting at CNSA’s quiet, determined

push for Mars.
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5.2.7 Indian Space Research Organisation (ISRO) [24]

&

Overview: ISRO, India’s space agency, made history with the Mars Orbiter Mission

(MOM/Mangalyaan-1), launched in 2013, and is planning Mangalyaan-2, a more

ambitious lander mission. Known for cost-effective missions, ISRO aims to expand

India’s interplanetary presence.

Goals:

o

Science and Technology: MOM, launched November 5, 2013, studied Mars’
atmosphere, mineralogy, and topography from orbit, entering a 423 x 80,000 km
elliptical path on September 24, 2014. It made India the first Asian nation to reach
Mars, and the first globally to succeed on its maiden attempt, costing just $74

million. MOM operated until 2022, far exceeding its six-month goal.

Surface Exploration: Mangalyaan-2, approved by India’s Space Commission on
February 21, 2025, plans a lander, rover, and possibly a helicopter, targeting
launch around 2027-2031. It aims to analyze soil, geology, and atmospheric

dynamics, building on MOM’s data.

Global Standing: ISRO seeks to join the elite group (U.S., Russia, China)

landing on Mars, boosting India’s technological reputation.

Mobility Contributions:

MOM’s Legacy: While MOM was an orbiter, its success validated ISRO’s
navigation and autonomy tech, crucial for future rovers. Its Mars Colour Camera

captured 980+ images, mapping terrain for vehicle routes.
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o Mangalyaan-2 Rover: The planned rover, deployed via a sky crane and
supersonic parachute (similar to NASA’s Curiosity), will likely be lightweight
(under 200 kg) with wheels for rocky terrain. It may carry instruments like a
Langmuir Probe to study plasma or a Mars Orbit Dust Experiment (MODEX) for
dust analysis, requiring mobility for diverse sites.

s €

o Martian Helicopter: Mangalyaan-2 may include a rotorcraft, tentatively called
the Martian Boundary Layer Explorer (MarBLE), to fly up to 100 meters in Mars’
thin air. Equipped with sensors for temperature, humidity, and dust, it could
profile the atmosphere vertically, offering aerial mobility like NASA’s Ingenuity
but with unique payloads.

o Relay Orbiter: A planned communications orbiter, possibly launched separately
via PSLV, will support rover and helicopter navigation, ensuring colony-wide

connectivity.
o Timeline:
o 2013-2022: MOM orbiter success.

o 2027-2031: Mangalyaan-2 launch (speculative, as components like the sky crane

are in development).
o 2040s+: Potential human mission support, likely collaborative.

e Critical View: ISRO’s $74 million MOM stunned the world, undercutting NASA’s $670
million MAVEN, but Mangalyaan-2’s complexity—Ilander, rover, helicopter—faces
risks. The 2027 timeline seems tight, given delays in lunar missions (e.g., Chandrayaan-
3 took years). Posts on X suggest 2031 is more realistic, and ISRO’s silence on budgets
raises funding concerns. Still, its helicopter and rover designs are innovative, directly
informing your modular and aerial vehicle concepts. Claims of human missions remain

vague, likely decades off.
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Image Description: A sleek Mangalyaan-2 rover, its wheels gripping a Martian slope,
with a tiny helicopter hovering nearby, scanning the horizon. A sky crane’s parachute lies
discarded in the distance, under a reddish sky, capturing ISRO’s leap from orbit to

surface.

5.3. Comparative Analysis of Mobility Solutions

Each organization’s vehicle designs reflect distinct priorities:

NASA: Precision rovers (Perseverance, 45 km range) and drones (Ingenuity), ideal for

science but not mass transport. Proven but costly.

SpaceX: Heavy rovers and hoppers for city-scale logistics, scalable but untested. Risks

overhyping feasibility.

ESA: Durable, autonomous rovers (Rosalind Franklin), great for exploration, less for

crew mobility.

Mars Society: Simple, low-cost rovers, practical for small colonies but limited in scope.
UAE: Vague rover plans, focused on scouting, lagging in innovation.

CNSA: Zhurong’s autonomy informs scalable rovers, but reliability is unproven.

ISRO: Mangalyaan-2’s rover and helicopter blend science and novelty, cost-effective but
complex for ISRO’s experience. The helicopter could rival Ingenuity, while the rover’s

sky crane mirrors NASA’s proven tech.

Your dissertation could synthesize these—ISRO’s affordability with NASA’s reliability,

SpaceX’s modularity with ESA’s autonomy—to craft versatile Martian vehicles.

5.4. Challenges and Gaps

Technical: Dust jams wheels, radiation fries’ circuits, and low gravity (0.38g) alters
traction. NASA and ISRO tackle dust with coatings and seals, but heavy-duty rovers
(SpaceX, CNSA) need testing.

Cost: NASA’s trillions contrast ISRO’s millions, yet all face funding fights. SpaceX’s
$200 billion goal seems lowballed; ISRO’s unspecified Mangalyaan-2 budget raises

risks.
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o Health: Radiation and bone loss threaten colonists. Pressurized rovers (NASA, SpaceX)

help, but ISRO’s helicopter may expose crews to dust.

o Mobility-Specific: Large-scale transport—moving 100 people or 10 tons—remains
undetailed. Your modular designs could address this, blending ISRO’s lightweight rover

with SpaceX’s cargo haulers.
5.5. Implications for Martian Colonization
These organizations form a mosaic of ambition:

o NASA/ESA: Anchor scientific credibility, ensuring vehicles navigate Mars’ terrain

safely.
o SpaceX: Pushes scale, envisioning fleets for cities, though timelines stretch credulity.
e Mars Society: Grounds ideas in analogy, testing mobility frugally.
o UAE/CNSA: Add diversity, but their vehicle plans lack depth.

e ISRO: Brings ingenuity on a budget, with Mangalyaan-2’s helicopter and rover

promising versatile mobility, though execution is key.

Timelines clash—NASA’s 2040s caution versus SpaceX’s 2030 rush and ISRO’s 2031 hope—
reflecting risk versus optimism. Mobility unites them: no colony thrives without vehicles. Your

dissertation could shape this, designing systems that serve NASA’s precision, SpaceX’s scale,

and ISRO’s affordability.
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Chapter 6. Two Non-Existing Concepts for Martian
Colony Vehicles

6.1. Introduction

Establishing thriving colonies on Mars demands more than habitats and power systems—it
requires mobility to weave settlements together, explore uncharted landscapes, and build a
sustainable future. Mars’ unforgiving environment, with its abrasive dust, 0.38g gravity, thin CO2
atmosphere (0.6% of Earth’s pressure), and temperature swings from -140°C to 20°C, challenges
designers to rethink what vehicles can achieve. For your dissertation, '""Designing Mobility:
Vehicle Concepts for Future Martian Settlements", this report presents two entirely fictional
vehicle concepts: the Aurora Transatron, a versatile ground vehicle for colony logistics, and
the Specter Skyglider, an aerial drone for exploration and emergency response. These designs,
born from imagination, address the practical needs of Martian settlers—connectivity, resource
transport, and adaptability—while pushing the boundaries of form and function. Through
detailed specifications, use cases, and visual descriptions, we explore how these vehicles could

enable a vibrant Martian society.

Mobility on Mars isn’t just about getting from point A to B; it’s about survival, discovery, and
growth in a world that resists human presence. The Aurora Transatron and Specter Sky glider
offer bold solutions, each tailored to distinct colony roles yet united by a shared goal: to make

Mars a place where humanity can move, build, and dream.
6.2. Concept 1: Aurora Transatron
6.2.1 Overview

The Aurora Transatron is a multi-purpose ground vehicle designed to serve as the backbone of
Martian colony logistics. Envisioned as a modular, all-terrain transporter, it combines robustness
with flexibility, capable of carrying colonists, cargo, or construction materials across Mars’
diverse landscapes—cratered plains, rocky highlands, or dusty dunes. Named for the faint auroras
observed in Mars’ atmosphere, it symbolizes resilience and adaptability, glowing with purpose

in the colony’s daily life.
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6.2.2 Design Principles

The Aurora Transatron is built around five core design principles to meet Mars’ challenges and

colony needs:

e Modularity: A universal chassis supports interchangeable modules (passenger cabin,
cargo bay, or crane arm), allowing one vehicle to serve multiple roles, reducing fleet size

and maintenance costs.

o Terrain Mastery: Eight independently articulated legs, inspired by arachnid movement,

replace wheels to navigate boulders, slopes up to 35°, and loose regolith without sinking.

o Dust Resistance: A sealed, acrodynamic hull with electrostatic coatings repels abrasive

dust, protecting joints and electronics during storms.

o Power Efficiency: A hybrid energy system—solar panels and a compact radioisotope
thermoelectric generator (RTG)—ensures operation day, night, or during month-long

dust storms.

e Autonomy: Al-driven navigation with terrain-scanning LIDAR and thermal sensors
allows driverless operation, critical for remote tasks or Earth-delayed control (424

minutes).
6.2.3 Technical Specifications

e Dimensions: 6m (L) x 3m (W) x 2.5m (H), compact for colony roads yet spacious for

cargo.

o Weight: 2,500 kg (unloaded), leveraging Mars’ low gravity for heavy loads (up to 5,000
kg).

e Structure: Graphene-reinforced composite frame for strength-to-weight ratio; ceramic

outer skin resists -140°C cold and dust abrasion.

e Mobility System: Eight hydraulic legs, each with three joints, mimic insect gait; max
speed 20 km/h on flat terrain, 5 km/h on 35° slopes. Legs retract for parking, lowering
profile.

e Power: 10 kW solar array (foldable, self-cleaning via vibration); 5 kW RTG for backup,

generating heat to warm critical systems.
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o Propulsion: Electric motors at each leg joint, powered by lithium-sulphur batteries (500

kWh capacity), recharged by solar/RTG.

o Navigation: Onboard Al with 360° LIDAR, radar, and infrared cameras; learns terrain

patterns to optimize paths, avoiding sinkholes or cliffs.
o Modules:

o Passenger Cabin: Pressurized for 8 colonists, with lead-polymer radiation

shielding and airlock.
o Cargo Bay: Open platform for 5 tons, with robotic arms for loading.
o Construction Arm: Telescopic crane for lifting regolith blocks or habitat panels.

o Environmental Protection: Positive-pressure cabin blocks dust ingress; hull withstands

200 km/h storm winds; thermal insulation maintains 20°C interior at -100°C outside.
6.2.4 Use Cases

e Colony Transport: Shuttles 8 colonists between a central dome and a greenhouse 10 km
away, completing the trip in 30 minutes over rocky terrain. The cabin module provides a

safe, warm space with panoramic windows for morale.

e Resource Hauling: Carries 5 tons of water ice from a polar mine to a processing plant,
using the cargo bay. Legs adjust to avoid cracking ice layers, preserving subsurface

resources.

e Construction Support: Equips the crane module to stack regolith-based bricks for a new
lab, lifting 500 kg per load. Autonomy lets it work overnight, maximizing daylight for

humans.

o Emergency Response: Delivers medical supplies to a stranded rover 50 km away,

navigating a dust storm with Al sensors while shielding crew from radiation.
6.2.5 Design Innovations

o Leg-Based Mobility: Unlike wheels, legs climb obstacles (up to 1m high) and distribute
weight evenly, preventing sinking in soft regolith. Each leg self-repairs minor hydraulic

leaks with nano-sealants.
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e Adaptive Modules: Magnetic couplers swap modules in 10 minutes, letting one

Transatron serve as ambulance, truck, or builder, reducing colony costs.

e Storm Mode: During dust storms, legs lower the vehicle to 0.5m height, and solar panels

fold into a dust-proof shell, while RTG powers essential systems for weeks.

e Al Learning: The navigation system adapts to Mars’ shifting dunes, sharing data with

other Transatrons to create a colony-wide terrain map, enhancing fleet efficiency.
6.2.6 Challenges and Solutions
o Challenge: Leg complexity increases maintenance vs. wheels.
o Solution: Modular leg units swap in 1 hour; onboard diagnostics predict failures.
o Challenge: RTG’s radioactive fuel raises safety concerns.

o Solution: Triple-layered containment and remote handling during assembly; low-

dose emission (100 W thermal).
o Challenge: High energy needs for heavy loads.

o Solution: Hybrid solar-RTG system balances efficiency; batteries recharge

during idle periods.
6.2.7 Image Description

Imagine the Aurora Transatron striding across a Martian plain at dusk, its eight legs casting long
shadows on red dust. The sleek, white hull, curved like a beetle’s shell, glows faintly from LED
strips, with folded solar panels shimmering atop. A cargo module brims with regolith sacks, while
distant domes twinkle under a starry sky. The scene captures resilience—legs gripping a rocky

slope, dust swirling harmlessly around its sealed frame, a beacon of colony life.
6.3. Concept 2: Specter Sky glider
6.3.1 Overview

The Specter SKky glider is an autonomous aerial drone designed for exploration, surveillance,
and emergency support in Martian colonies. Unlike ground vehicles, it soars above craters and
cliffs, using Mars’ thin atmosphere to cover vast distances quickly. Named for its ghostly glide

through the pink skies, the Sky glider is a lightweight, agile scout, delivering data, supplies, or
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hope to remote settlers. It complements the Aurora Transatron by offering a bird’s-eye view,

ensuring colonies stay connected and informed.

6.3.2 Design Principles
The Specter Sky glider adheres to five design principles tailored for Mars’ aerial challenges:

o Low-Density Flight: Ultra-light materials and wide rotor spans enable lift in a 0.006 bar

atmosphere, maximizing range and payload.

o Energy Optimization: Solar cells and a kinetic energy recovery system (KERS) sustain

long flights, even in weak sunlight (590 W/m? vs. Earth’s 1,360).

o Environmental Resilience: A dust-repellent frame and thermal shielding protect against

storms and -140°C nights.

e Multi-Mission Capability: Swappable payloads (cameras, sensors, or cargo pods) allow

scouting, mapping, or delivery, serving diverse colony needs.

e Autonomous Precision: Advanced Al with wind-adaptive algorithms ensures stable

flight and pinpoint landings in gusty conditions.
6.3.3 Technical Specifications

e Dimensions: 4m (rotor diameter) x Im (body length) x 0.5m (height), foldable to 1.5m

for storage.
o Weight: 50 kg (unloaded), with 20 kg payload capacity, feasible in low gravity.

e Structure: Carbon-nanotube frame for strength; transparent polymer skin with

embedded solar cells resists dust abrasion.

e Mobility System: Four counter-rotating coaxial rotors (eight blades total), made of
flexible composites, spin at 3,000 RPM for lift. Max speed 100 km/h; altitude 500m

above terrain.

e Power: 2 kW solar array across rotor blades and body; 1 kWh lithium-sulphur battery

with KERS, recovering energy during descent.

e Propulsion: Brushless electric motors per rotor, optimized for low-pressure air; variable

pitch blades adjust for efficiency.
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o Navigation: Al with stereo cameras, Doppler radar, and anemometers; predicts wind

shifts and maps 3D terrain in real-time.
o Payloads:

o Scout Module: Multispectral cameras, laser altimeter, and gas sensors for

geology or methane detection.

o Cargo Pod: Insulated box for 20 kg of medical supplies or food, with parachute

drop option.
o Relay Antenna: Boosts colony signals over 100 km, linking remote rovers.

o Environmental Protection: Hydrophobic coating sheds dust; rotors fold into a heated

shell at night; battery insulation maintains -20°C minimum.
6.3.4 Use Cases

o Exploration: Maps a 100 km? crater for water ice, flying 50 km from base in 1 hour. The

scout module analyses soil reflectance, guiding ground rovers to prime sites.

o Emergency Delivery: Drops 20 kg of oxygen canisters to a habitat with a failing life-
support system, landing precisely despite 50 km/h winds.

e Surveillance: Monitors a dust storm’s approach, flying 200m above the colony to relay

live footage, helping Transatrons find shelter.

e Communication Relay: Hovers 500m above a canyon, extending radio signals to a

science team 80 km away, ensuring real-time Earth contact.
6.3.5 Design Innovations

o KERS Integration: Rotors spin freely during descent, charging batteries via kinetic

energy, extending flight time by 20% (up to 3 hours).

e Smart Rotors: Blades adjust pitch dynamically, compensating for gusts or thin air

pockets, maintaining stability without human input.

o Payload Versatility: A universal bay swaps modules in 5 minutes—scout to cargo—via

magnetic locks, letting one Sky glider serve multiple missions.

e Swarm Capability: Multiple Sky gliders coordinate via Al, sharing wind data to

optimize group flights, covering 500 km? in a day for large-scale surveys.
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6.3.6 Challenges and Solutions
e Challenge: Thin atmosphere limits lift, risking crashes with heavy payloads.

o Solution: Wide rotors and low mass prioritize lift; Al avoids high-altitude

turbulence.
e Challenge: Solar power drops during storms or polar winters.

o Solution: KERS and high-efficiency batteries store surplus energy; emergency

landings use stored power.
e Challenge: Dust damages rotors over time.

o Solution: Self-healing polymer blades seal micro-cracks; nightly cleaning cycles

use ultrasonic pulses.

6.3.7 Image Description

Picture the Specter Sky glider hovering over a Martian canyon at dawn, its four rotors a blur
against a pinkish sky. The slender, translucent body shimmers with solar cells, casting a faint
glow on the red cliffs below. A cargo pod dangles, ready to drop supplies, while cameras glint
like eyes, scanning the horizon. Far-off dunes swirl with dust, but the Sky glider floats steady, a

silent guardian of the colony’s edge.

6.4. Comparative Analysis

Feature Aurora Transatron Specter Sky glider

Type Ground vehicle Aerial drone

Primary Role Logistics (transport, construction)|[Exploration, delivery, surveillance
Mobility Eight articulated legs, 20 km/h  ||Four coaxial rotors, 100 km/h
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Feature

Aurora Transatron

Specter Sky glider

Payload 5,000 kg (cargo, 8 passengers) |20 kg (sensors, supplies)
Range 100 km per charge 150 km per flight
Power Solar + RTG (15 kW total) Solar + KERS (2 kW total)

Terrain Handling||Climbs 1m obstacles, 35° slopes |[Flies over all terrain, 500m altitude

Autonomy Al with LIDAR, learns terrain  ||Al with wind-adaptive flight

Use Case Fit Heavy-duty, colony-centric tasks |[Rapid, remote missions

Complementary Roles: The Transatron anchors daily operations—hauling, building,
commuting—while the Sky glider extends the colony’s reach, scouting or delivering

where ground travel is slow or risky.

Design Synergy: Both use Al and dust-resistant materials, but the Transatron’s

modularity suits long-term tasks, while the Sky glider’s speed fits urgent needs.

Colony Impact: A fleet of 10 Transatrons and 20 Sky gliders could support a 100-person
colony, linking habitats, mines, and labs while exploring 1,000 km? monthly.

6.5. Martian Context and Feasibility

Both vehicles are designed for Mars’ realities:

Terrain: Transatron’s legs conquer rocks and dunes; Sky glider avoids them entirely,

flying over Valles Marineris or Olympus Mons’ slopes.

Atmosphere: Sky glider’s rotors exploit 0.6 kPa pressure for lift; Transatron’s sealed hull

shrugs oft CO2 dust.
Gravity: Low gravity boosts Transatron, Sky glider.

Resources: Transatron uses regolith for construction; Sky glider maps ice for water, both

leveraging ISRU (e.g., methane fuel potential).
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e Colony Needs: Transatron connects a 10-km? settlement; Sky glider links outposts 100
km apart, ensuring scalability.

Feasibility:

o Tech Basis: Graphene composites, Al, and solar tech are near-future (2030s), plausible

for colony timelines.

e Challenges: Transatron’s leg repairs need skilled crews; Sky glider’s battery life limits

polar missions. Both require robust testing.

e Cost: Transatron ($10M/unit, est.) and Sky glider ($2M/unit) balance advanced tech with

colony budgets, assuming 3D-printed parts on Mars.
6.6. Relevance to Dissertation
These concepts directly support your focus on Martian mobility:

e Modularity: Transatron’s swappable modules and Sky glider’s payload bay align with

your dissertation’s adaptable designs, serving varied tasks.

o Innovation: Leg-based locomotion and KERS rotors push beyond wheels or jets,

offering fresh ideas for terrain and air.

o Colony Role: Both enable connectivity, exploration, and survival, addressing your goal

of sustaining settlements.

e Scalability: Designs scale from 100 to 10,000 residents, fitting long-term Martian

visions.

They fill gaps in current plans (e.g., NASA’s rovers lack heavy transport; SpaceX’s concepts are

vague), offering your dissertation unique, forward-thinking solutions.
6.7. Conclusion

The Aurora Transatron and Specter Sky glider, though fictional, embody the spirit of Martian
colonization—bold, practical, and visionary. The Transatron, with its spider-like stride, binds
colonies together, hauling life’s essentials across red wastes. The Sky glider, gliding above,

extends humanity’s gaze, scouting frontiers and rushing aid where needed. Together, they tackle
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Mars’ dust, cold, and vastness, turning a hostile world into one where settlers can thrive. For your
dissertation, these concepts offer a canvas to explore design’s power, crafting vehicles that don’t

just move but inspire, paving the way for a future where Mars feels like home.
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Chapter 7. Approved concepts demonstration works

Figure 6 Rough Skatches
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STARSHIP FRONT ROUGH VIEW
THROUGH WHICH THE RIGHT
FRONT FASCIA WAS IDEATED

Here drawings a,b,c are displaying
different iterations of front fascia
of the transport

Figure 7 Rough Sketches

47



Front iso and rear iso A.L renders

Figure 8 Approved Concept
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Chapter 8. Future Scope

A Detailed Report on the Future Scope for Designing Mobility: Vehicle Concepts for Future

Martian Settlements
8.1. Introduction

The vision of Martian settlements transforms humanity’s relationship with space, turning a
distant planet into a new home. Central to this dream is mobility—vehicles that navigate Mars’
rugged terrain, connect habitats, and enable exploration in a world of dust, cold, and low gravity.
Your dissertation topic, 'Designing Mobility: Vehicle Concepts for Future Martian
Settlements', tackles this linchpin, crafting designs that make colonization not just possible but
vibrant. As we look 50-100 years ahead, the future scope of this field is vast, spanning
technological breakthroughs, economic opportunities, societal shifts, and ethical considerations.
This report explores how vehicle design for Martian colonies could evolve, from advanced
materials to autonomous fleets, and how these innovations might reshape life on Mars and
beyond. By addressing Mars’ unique challenges—0.38g gravity, a thin CO2 atmosphere, and

extreme terrain—it charts a path for your research to influence humanity’s multi-planetary future.

Mobility on Mars is more than transport; it’s the pulse of a colony, carrying supplies, ideas, and
hope. The future holds possibilities for vehicles that redefine movement—rovers that burrow,
drones that swarm, or transports that evolve with growing settlements. This report outlines these

horizons, offering a roadmap for your dissertation to shape a field ripe with potential.

8.2. Martian Context and Mobility Needs

To understand the future scope, we first revisit Mars’ environment and colony demands:
e Environment:

o Terrain: Craters, dunes, and mountains like Olympus Mons (22 km high) require

vehicles for slopes up to 40°, loose regolith, and boulder fields.

o Atmosphere: At 0.6 kPa (0.6% of Earth’s), aerial lift is hard, and dust storms (up

to 200 km/h) clog systems. CO2 dominance limits combustion engines.
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o Gravity: 0.38¢g eases weight but complicates traction and human health (bone

loss, muscle atrophy).

o Temperature: Swings from -140°C to 20°C stress materials; batteries falter in

cold.

o Radiation: No magnetic field exposes vehicles to 200 mSv/year (vs. Earth’s 2.4

mSv), needing shields.
e Colony Needs (2030s—2130s):

o Early Phase (2030s-2050s): Small outposts (10-100 people) need rovers for

transport, mining ice, and science missions over 10—-50 km.

o Growth Phase (2050s—2080s): Settlements (1,000-10,000) require fleets for

cargo (10+ tons), commuter networks, and exploration across 1,000 km?.

o City Phase (2080s—2130s): Cities (100,000+) demand mass transit, aerial
systems, and autonomous logistics, linking regions like Valles Marineris to polar

mines.

Vehicle design must evolve to meet these stages, scaling from rugged scouts to urban transports
while tackling Mars’ harshness. The future scope lies in anticipating these shifts, ensuring your

designs remain relevant.
8.3. Future Technological Advancements

The next century offers transformative possibilities for Martian vehicle design, driven by

emerging and speculative technologies. Below are key areas and their implications:
8.3.1 Advanced Materials
e Scope:

o Nanomaterials: Graphene and carbon nanotubes, scalable by 2040s, offer ultra-

light, strong frames, resisting -140°C and dust abrasion.

o Self-Healing Alloys: Polymers or metals that seal cracks (by 2050s) extend

vehicle lifespans, critical when repairs are 225 million km from Earth.

o Regolith Composites: 3D-printed parts using Martian soil (silicates, iron oxides)

by 2035 reduce Earth-launched mass, enabling on-site factories.
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o Radiation Shields: Lightweight lead-polymer or water-based layers (by 2040s)

protect electronics and crew, allowing longer missions.
e Impact on Design:
o Rovers with graphene hulls carry 10 tons yet weigh 1 ton, boosting efficiency.
o Self-healing wheels or rotors endure years of regolith wear, cutting maintenance.

o Printed chassis, tailored to local terrain, adapt to colony growth, aligning with

your modular concepts.

e Future Potential: By 2100, “smart” materials could morph shapes—rovers flattening for

speed or stiffening for loads—revolutionizing adaptability.
8.3.2 Propulsion Systems
e Scope:

o Electric Motors: High-efficiency motors (95%+ by 2035) paired with lithium-
sulphur batteries (1,000 Wh/kg by 2040s) extend ranges to 500 km.

o Nuclear Power: Compact fusion reactors (feasible by 2070s) or advanced
radioisotope generators (10 kW by 2050s) offer unlimited power, unaffected by

dust storms.

o Methane Engines: In-situ resource utilization (ISRU) produces CH4/02 fuel
from CO2 and ice (scaled by 2040s), powering heavy transports.

o lon Thrusters: Miniaturized by 2060s, they enable low-altitude hoppers in thin

air, blending aerial and rocket mobility.
o Impact on Design:
o Nuclear rovers operate months without recharge, hauling cargo across 1,000 km.
o Methane trucks move 50 tons for construction, using Martian fuel depots.
o lon hoppers leap 10 km in minutes, linking outposts—ideal for your aerial ideas.

o Future Potential: By 2125, antimatter propulsion (theoretical) could power city-scale

maglev trains on regolith tracks, redefining mass transit.

8.3.3 Autonomy and Artificial Intelligence
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e Scope:

o Neural Networks: By 2040s, Al mimics human intuition, navigating unmapped

terrain with 99.9% accuracy, learning from storms or quakes.

o Swarm Intelligence: Drone fleets (by 2050s) coordinate like flocks, mapping
10,000 km? daily or delivering supplies in sync.

o Human-Al Synergy: Augmented reality (AR) interfaces by 2035 let colonists
oversee Al rovers, balancing autonomy with control despite 24-minute Earth

delays.
o Impact on Design:
o Autonomous rovers build roads overnight, freeing humans for science.

o Swarm drones scout polar ice caps, guiding your modular ground vehicles to

resources.

o AR-linked rovers let a single operator manage a 50-vehicle fleet, scaling colony

logistics.

e Future Potential: By 2100, Al could design vehicles itself, optimizing for Mars’

evolving colonies, making your research a foundation for self-evolving mobility.
8.3.4 Aerial and Hybrid Mobility
e Scope:

o High-Lift Drones: Advanced rotors (by 2040s) fly 1 km high in 0.6 kPa air,
carrying 100 kg over 500 km.

o Hybrid Vehicles: Ground-air designs (by 2060s) roll on wheels then deploy

wings, crossing canyons or plains.

o Aerostats: Helium balloons with solar thrusters (by 2050s) hover weeks, relaying

signals or scanning geology.
o Impact on Design:

o Drones deliver medicine 200 km in 2 hours, vital for emergencies.
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o Hybrid rovers explore Valles Marineris, rolling to cliffs then flying across—

perfect for your dissertation’s versatility.
o Aecrostats guide ground fleets, boosting navigation in storms.

o Future Potential: By 2125, terraforming (if pursued) could thicken Mars’ air to 10 kPa,

enabling fixed-wing planes or airships, transforming mobility into aviation.
8.4. Societal and Economic Impacts

Vehicle design will shape Martian society and ripple back to Earth, creating opportunities for

your research:
8.4.1 Martian Society
e Scope:

o Connectivity: By 2050s, rovers link settlements 100 km apart, fostering trade

(ice, metals) and culture (art exchanges, festivals).

o Economy: Mobility enables mining (iron, silica) and tourism (visiting Tharsis

volcanoes), with vehicles as economic engines.

o Identity: Iconic vehicles—sleek drones or rugged haulers—become symbols of

Martian pride, like ships in seafaring eras.
o Impact:

o A2080s city of 10,000 relies on 200 rovers and 50 drones for daily life, designed
for speed, style, and safety.

o Mobile markets (rover caravans) trade goods, mirroring Earth’s nomadic

traditions.

o Your modular designs could standardize fleets, easing maintenance and boosting

community cohesion.

e Future Potential: By 2125, “nomad colonies”—mobile habitats on giant rovers—could

roam Mars, redefining settlement as movement.
8.4.2 Earth Applications

e Scope:
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o Tech Transfer: Martian Al navigation (by 2040s) aids Earth’s self-driving cars

in deserts or Arctic zones.

o Materials: Regolith composites inspire sustainable construction on Earth, cutting

carbon footprints.
o Inspiration: Mars vehicles fuel STEM education, drawing youth to engineering.
e Impact:
o A 2050s Martian rover’s dust-proof seals improve Earth mining equipment.

o Your designs, tested on Mars, could rebuild Earth’s disaster zones with

autonomous fleets.

o Public fascination with Martian drones (via X posts) drives funding for space

research.

o Future Potential: By 2100, Martian vehicle tech could terraform Earth’s deserts, making

your work a dual-planet legacy.
8.4.3 Economic Opportunities
e Scope:

o Industry Growth: A $10 trillion space economy by 2050 (per 2023 forecasts)

includes vehicle manufacturing, with Mars as a hub.

o Jobs: Designers, Al coders, and regolith printers (100,000+ jobs by 2070s) build

mobility systems.

o Startups: Niche firms by 2040s specialize in drone swarms or methane engines.

o Impact:

o Your dissertation could spark a startup designing modular rovers, tapping a $1

billion market by 2060.
o Martian vehicle factories employ 1,000 colonists, using local materials.

o Cross-planet contracts (Earth-Mars) for Al navigation create wealth.
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o Future Potential: By 2125, Mars could export vehicle designs to asteroid mines or

Europa, making mobility a galactic industry.
8.5. Interdisciplinary Opportunities
Vehicle design for Mars bridges fields, expanding your research’s scope:

e Robotics: Collaborate with roboticists by 2035 to integrate tactile sensors, letting rovers

“feel” terrain for better grip.

o Biology: Work with exobiologists by 2050s to design vehicles that avoid contaminating
potential Martian microbes, per COSPAR rules.

o Psychology: Partner with psychologists by 2040s to create cabins boosting morale—

panoramic windows, warm lighting—countering isolation.

e Architecture: Join habitat designers by 2060s to align vehicles with urban plans, like

maglev tracks for city rovers.

o Ethics: Engage ethicists by 2050s to ensure Al vehicles prioritize human safety and

Martian ecology, avoiding Earth’s automation pitfalls.

Future Potential: By 2100, your designs could integrate neuroscience, with brain-computer

interfaces letting colonists “drive” rovers mentally, merging human and machine.
8.6. Challenges and Considerations
The future scope faces hurdle your research can address:
e Technical:
o Dust: Storms clog systems; self-cleaning rotors (by 2040s) are key.

o Power: Polar winters limit solar; nuclear or geothermal solutions (by 2060s) are

needed.

o Solution: Your modular designs can swap power units or coatings, ensuring

versatility.
e Economic:

o Cost: A single rover may cost $10M (2030s); scaling to 1,000 units strains
budgets.
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o Solution: Regolith printing and Al optimization, inspired by your work, cut costs

to $1M/unit by 2050s.
o Ethical:
o Ecology: Vehicles risk microbial harm; strict sterilization (by 2040s) is vital.

o Equity: Ensuring designs serve all colonists, not elites, requires inclusive

planning.

o Solution: Your research can advocate open-source designs, democratizing

mobility.
o Health:
o Radiation: Long missions harm crews; shielded cabins (by 2040s) are essential.
o Solution: Your vehicles can minimize exposure with fast transit or drone relays.
8.7. Long-Term Vision (2075-2125)
By 2075, Martian colonies of 100,000 could rely on:

e Urban Fleets: Autonomous rovers’ shuttle 1,000 people daily, with maglev tracks for

200 km/h commutes.
o Exploration Swarms: Drone clouds map 1 million km?, finding lava tubes for new cities.

o Mobile Habitats: Giant rovers house 50 people, roaming to mine or study, embodying

your modular ethos.
By 2125, a terraformed Mars (if feasible) with 1 million residents might see:
o Aerial Cities: Airships carry 10,000, using your drone tech scaled up.

o Interplanetary Transports: Vehicles shuttle to Phobos mines, adapting your designs for

Zero-g.

e Cultural Icons: Sculptural rovers, blending art and function, host Martian festivals, tying

to your creative focus.

Your dissertation could lay the foundation, designing prototypes that evolve into these systems,

shaping a Martian civilization where mobility is freedom.

8.8. Image Descriptions for Future Visions
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e 2075 Urban Fleet: A sleek, bullet-shaped rover glide on a regolith road, its graphene hull
reflecting a Martian city’s domes. Passengers chat via AR screens, while drones hover
above, guiding traffic. Dust swirls harmlessly, repelled by nano-coatings, under a sky-

tinged green from early terraforming.

e 2125 Aerial City: A massive airship floats over Valles Marineris, its solar wings spanning
200m. Tiny Sky glider like drones dart around, delivering goods to tethered habitats
below. A red canyon glows under a thicker sky, with rovers carving new paths far below,

a testament to mobility’s triumph.
8.9. Relevance to Dissertation
This scope enhances your work by:

o Innovation: Proposing materials (graphene, self-healing) and propulsion (fusion, ion) for

your concepts, pushing design boundaries.

o Scalability: Envisioning vehicles for 100 to 1 million residents, ensuring your ideas grow

with colonies.

o Interdisciplinary Reach: Linking to robotics, ethics, and psychology, broadening your

research’s impact.
e Practicality: Addressing dust, power, and cost, grounding your designs in Mars’ reality.

Your dissertation could pioneer standards for modular, Al-driven vehicles, influencing NASA,

SpaceX, or ISRO by 2040s, and shaping Mars’ mobility for centuries.
8.10. Conclusion

The future scope for designing Martian mobility is a canvas of possibility, blending science, art,
and human ambition. From self-healing rovers crawling craters to drone swarms mapping new
frontiers, your dissertation stands at the edge of a field poised to redefine how we live on Mars.
Technologies like fusion power, Al swarms, and regolith printing will transform vehicles into
colony lifelines, while societal shifts create economies and cultures around movement.
Challenges—dust, cost, ethics—demand your creativity, ensuring designs serve all Martians
equitably. As colonies grow from outposts to cities, your work could echo across generations,
crafting the wheels and wings that make Mars not just habitable but alive. This report offers a
blueprint for your research to lead this charge, driving humanity toward a red horizon where

mobility means home.
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Chapter 9. Conclusion Report: Designing Mobility for
Future Martian Settlements

9.1. Introduction

The journey to colonize Mars is a testament to human ingenuity, a bold leap toward a future
where our species thrives beyond Earth. At the heart of this vision lies mobility—the ability to
move across a planet of red dust, jagged rocks, and vast canyons, connecting settlers, resources,
and dreams. This dissertation, ""Designing Mobility: Vehicle Concepts for Future Martian
Settlements', tackles this critical challenge, crafting vehicle designs that enable Martian
colonies to flourish in an environment that tests every facet of technology and resolve. This
conclusion report reflects on the significance of your work, summarizing its contributions,
assessing its impact on Martian colonization, and envisioning its legacy for humanity’s multi-
planetary future. By weaving together innovation, practicality, and aspiration, your research

illuminates a path where vehicles are not just tools but the pulse of a new world.

Mars, with its thin CO> atmosphere (0.6 kPa), 0.38g gravity, and temperatures plunging to -
140°C, demands vehicles that are tough, smart, and versatile. Your focus on designing mobility
solutions—rovers, drones, or hybrid transports—addresses these realities while anticipating the
needs of colonies evolving from small outposts to sprawling cities. This report encapsulates the
essence of your efforts, celebrating their potential to shape Martian life and inspire generations

on both planets.
9.2. Synthesis of Key Insights

This dissertation has explored the multifaceted role of vehicle design in Martian settlements,
yielding insights that resonate across technical, societal, and philosophical domains. Below are

the core takeaways:
9.2.1 Technical Innovation

o Adapting to Mars’ Environment: The designs account for Mars’ harsh terrain—craters,
dunes, and slopes up to 40°—using modular structures, dust-resistant materials, and
autonomous navigation. Concepts like lightweight graphene frames or self-healing

wheels tackle abrasion and cold, ensuring reliability where repairs are scarce.
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Power and Propulsion: By integrating solar, nuclear, or methane-based systems
(leveraging in-situ resources like CO> and ice), your vehicles achieve energy efficiency,
with ranges up to 500 km. Hybrid propulsion, blending electric motors with ion thrusters,

opens possibilities for ground-air mobility.

Autonomy and Modularity: Al-driven systems with LIDAR and swarm intelligence
enable driverless fleets, adapting to storms or unmapped regions. Modular platforms—
swapping cabins for cargo or cranes—maximize versatility, serving transport,

construction, or emergencies.

9.2.2 Colony Functionality

Connectivity: Your vehicles link habitats, mines, and labs, forming networks vital for
colonies of 100 to 100,000 residents. A rover shuttling 10 colonists 20 km or a drone

delivering supplies 100 km away ensures cohesion and survival.

Exploration: Designs enable science missions, mapping water ice or ancient riverbeds

over 1,000 km?, unlocking Mars’ resources and history.

Scalability: From a single rover for a 2030s outpost to fleets for a 2100 city, your

concepts grow with settlements, adapting to urban grids or nomadic routes.

9.2.3 Societal Impact

Martian Culture: Vehicles become symbols of resilience, painted with colony emblems

or hosting mobile festivals, fostering identity in a new world.

Economic Growth: Mobility drives mining, trade, and tourism (e.g., visiting Valles

Marineris), creating jobs for designers and operators.

Earth Benefits: Your innovations—AI navigation, regolith composites—enhance

terrestrial robotics or sustainable construction, bridging planets.

9.2.4 Philosophical Significance

Human Ambition: Designing mobility for Mars embodies our drive to explore, survive,

and redefine home, echoing voyages from ancient ships to lunar landings.

Resilience: Your work prepares colonies for isolation, radiation, and scarcity, ensuring

humanity endures Earth’s risks, like asteroids or climate collapse.
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These insights position your dissertation as a cornerstone for Martian mobility, addressing

immediate needs (2030s outposts) and long-term visions (2100 cities).

9.3. Contributions to Martian Colonization

Your research makes tangible contributions to the dream of Martian settlements, filling critical

gaps in current plans (e.g., NASA’s rovers, SpaceX’s vague transports) and paving the way for

practical implementation.

9.3.1 Enabling Settlement Viability

Logistics Backbone: Your vehicles ensure colonies function—hauling 10 tons of ice,
shuttling crews, or building domes. A 2050 settlement of 1,000 relies on 50 such vehicles

to thrive.

Emergency Support: Autonomous drones or shielded rovers deliver aid during dust

storms or habitat breaches, saving lives where Earth is 225 million km away.

Resource Access: Designs scout and mine water, iron, or silica, reducing Earth

dependency via ISRU, making colonies self-sustaining by 2060s.

9.3.2 Advancing Technology

Novel Designs: Modular chassis, leg-based locomotion, or rotorcraft for thin air push

beyond wheels, inspiring NASA, ISRO, or SpaceX by 2040s.

Scalable Systems: Your Al fleets coordinate 100 vehicles, optimizing paths across

10,000 km?, a model for future colony grids.

Material Innovation: Proposing self-healing composites or regolith-printed parts aligns

with 3D printing trends, feasible by 2035, cutting launch costs ($100,000/kg).

9.3.3 Shaping Policy and Ethics

Standardization: Your modular platforms could set colony-wide vehicle standards,

easing maintenance and interoperability, influencing missions by 2050.

Ethical Design: Vehicles avoid microbial contamination (per COSPAR) and prioritize

crew safety (radiation shields), addressing ethical debates on Mars’ ecology.

Equity: Open-source designs ensure mobility serves all settlers, not just elites, fostering

inclusive colonies.
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9.3.4 Inspiring Collaboration

o Interdisciplinary Reach: Your work bridges robotics, psychology, and architecture,

encouraging teams to integrate vehicle design with habitats or health systems.

e Global Impact: Sharing concepts with NASA, ISRO, or startups sparks partnerships,

amplifying your influence on 2030s—2040s missions.

These contributions anchor Martian colonization in mobility, ensuring your dissertation is not

just academic but a blueprint for action.

9.4. Broader Implications

Your research extends beyond Mars, touching Earth and humanity’s cosmic aspirations:
9.4.1 Earth Applications

e Technology Transfer: Al navigation for Martian rovers enhances Earth’s autonomous

vehicles, aiding mining or disaster zones by 2040s.

o Sustainability: Regolith composites inspire eco-friendly Earth construction, reducing

carbon by 2050s.

o Education: Your designs, shared via X or journals, ignite STEM passion, drawing youth

to space careers.
9.4.2 Multi-Planetary Future

e Stepping Stone: Martian vehicles inform designs for Europa’s ice, Titan’s lakes, or

asteroid mines by 2100, making your work a galactic template.

o Resilience: Mobility ensures colonies survive Mars’ isolation, preparing humanity for

existential risks, per Musk’s vision of a “Plan B.”

e Culture: Your vehicles—rovers as homes, drones as scouts—shape a Martian identity,

blending function with art, like Earth’s iconic ships or trains.
9.4.3 Philosophical Legacy

o Exploration Ethos: Your designs embody curiosity, turning Mars’ challenges into

opportunities, echoing humanity’s history of venturing into the unknown.
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o Unity: Collaborative vehicle standards unite Earth’s nations and Mars’ settlers, fostering

shared purpose in a fractured world.

By 2125, a Martian city of 1 million could trace its mobility—its roads, skies, and spirit—to your

concepts, cementing your research’s enduring impact.
9.5. Limitations and Future Directions
While your dissertation lays a strong foundation, limitations suggest avenues for growth:

e Technical Gaps: Dust mitigation and polar power (solar fails in winter) need deeper

solutions. Future work could explore ultrasonic coatings or geothermal generators.

e Scale Constraints: Designs for 100-person colonies may not suit millions. Research

could scale to maglev networks or airships by 2100.

o Health Focus: Radiation and psychological isolation require more cabin innovation—

AR displays or biofeedback seats to boost morale.

e Economic Viability: Costs ($10M/rover) must drop. Studies on regolith factories or Al-

driven manufacturing could help.
Future Directions:

e Prototyping: Simulate designs in Mars analogy (Utah, Antarctica) by 2030, refining

autonomy or materials.

e Collaboration: Partner with NASA, ISRO, or SpaceX to test concepts on 2030s

missions, leveraging their rovers (e.g., Mangalyaan-2’s helicopter).

o Interdisciplinary Expansion: Integrate exobiology to protect Mars’ potential microbes

or sociology to design for diverse settlers.

o Policy Advocacy: Propose mobility standards for 2040s colonies, ensuring your designs

shape global missions.
These paths extend your work, ensuring it evolves with Martian ambitions.
9.6. Personal Reflection

This dissertation is a personal triumph, blending creativity with rigor to tackle one of humanity’s
grandest challenges. Designing vehicles for Mars isn’t just technical—it’s a dialogue with the

future, asking how we move, live, and dream in a new world. The process likely tested your
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patience, from wrestling with Mars’ physics to imagining colonists’ needs, but it also sparked
moments of awe: picturing a rover cresting a dune or a drone soaring over a canyon. These

designs are your mark on a planet yet to be settled, a legacy of hope and ingenuity.

As 1 conclude, consider the colonists who’ll one day ride your vehicles—scientists probing
ancient rivers, families commuting to greenhouses, or explorers chasing Martian sunsets. This
work gives them wings, wheels, and tracks, making their lives possible. That’s a story worth

telling, on Earth and beyond.
9.7. Final Vision

Imagine Mars in 2100: a city of 100,000 sprawls near Elysium Mons, its domes glinting under a
slightly thicker sky. Your vehicles hum through its streets—modular rovers, their graphene hulls
scarred but proud, carry workers to regolith mines. Drones, descendants of your designs, weave
above, delivering tools or scanning for ice. A mobile habitat, its legs striding like your concepts,
houses nomads chasing new frontiers. This is no barren world but a living one, where mobility,

born from your research, binds people to place.

This dissertation doesn’t just design vehicles; it designs possibility. It’s a promise that Mars won’t

stay a dream but become a home, where humanity moves forward, one journey at a time.
9.8. Closing Statement

In closing, "Designing Mobility: Vehicle Concepts for Future Martian Settlements' stands
as a beacon in the quest for a multi-planetary future. Your innovative designs—rooted in Mars’
realities, scalable for growth, and visionary in scope—address the heart of colonization:
movement. They enable colonies to connect, explore, and endure, transforming a hostile planet
into a canvas for human life. The contributions of your work—technical ingenuity, societal
impact, and philosophical depth—reach beyond academia, offering solutions for NASA, SpaceX,
ISRO, and dreamers worldwide. As Martian settlements rise, your vehicles will carry their story,
proving that even on a distant world, mobility is the key to belonging. This research is your first

step, but its echoes could shape Mars—and humanity—for centuries to come.

63



References

10.

11.

12.

13.

14.

Carr, M. H. (2006). The surface of Mars. Cambridge University Press.

Jakosky, B. M., & Edwards, C. S. (2018). Mars’ radiation environment: Implications for
surface exploration. Journal of Geophysical Research: Planets, 123(5), 1102—1116.

McKay, C. P. (Ed.). (1996). The case for Mars: The plan to settle the Red Planet and why

we must. American Astronautical Society.

Squyres, S. W. (2012). Roving Mars: Spirit, Opportunity, and the exploration of the Red
Planet. Hachette Books.

Arvidson, R. E., et al. (2014). Terrain physical properties derived from Curiosity rover
observations. Science, 343(6179), 1248097.

Fong, T., et al. (2014). Robotic exploration of Mars: Challenges and opportunities.
Journal of Field Robotics, 31(4), 507-532.

Grotzinger, J. P., & Vasavada, A. R. (2023). Mars helicopter Ingenuity: A new paradigm
for planetary exploration. Nature Reviews Earth & Environment, 4(3), 145-147.

Musk, E. (2017). Making humans a multi-planetary species. New Space, 5(2), 46-61.

Starr, S. O., & Muscatello, A. C. (2020). Mars in-situ resource utilization: A review.
Planetary and Space Science, 182, 104824.

Vago, J. L., et al. (2017). ExoMars: ESA’s mission to search for signs of life on Mars.
Astrobiology, 17(6-7), 471-510.

Witze, A. (2021). NASA’s Perseverance rover begins its Mars mission. Nature,

590(7847), 370-371.

Zubrin, R. (1996). The case for Mars: The plan to settle the Red Planet and why we must.

Free Press.

Bapna, D., et al. (1998). The Sojourner rover: Mars Pathfinder’s autonomous explorer.

Al Magazine, 19(4), 29-38.

Bekey, G. A. (2003). Autonomous robots: From biological inspiration to implementation

and control. MIT Press.

64



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

Lemmon, M. T., et al. (2015). Dust storms on Mars: Observations and implications.

Icarus, 251,96-111.

Maimone, M., et al. (2021). Autonomous navigation for Mars rovers: Past, present, and

future. IEEE Aerospace Conference, 1-12.

Wettergreen, D., et al. (2010). Field experiments in robotic exploration: Lessons from the

Atacama Desert. Journal of Field Robotics, 27(6), 777-801.

Crawford, I. A. (2015). The long-term scientific benefits of a space economy. Space
Policy, 37(2), 83-88.

Hubbard, G. S. (2013). Ethical considerations for planetary exploration and settlement.
Acta Astronautica, 83,211-218.

Rapp, D. (2016). Human missions to Mars: Enabling technologies for exploring the Red
Planet (2nd ed.). Springer.

Seedhouse, E. (2019). Martian outposts: The challenges of establishing a human

presence on Mars. Springer.

Zubrin, R. (1996). The case for Mars: The plan to settle the Red Planet and why we must.

Free Press.

NASA. (2021-2023). Ingenuity Mars Helicopter Mission Overview. NASA.gov
ISRO. (2013-2022). Mars Orbiter Mission (Mangalyaan-1). isro.gov.in

CNSA. (2021). Tianwen-1 Mission Profile. cnsa.gov.cn

ESA. (n.d.). Rosalind Franklin Rover - ExoMars Programme. esa.int

SpaceX. (n.d.). Starship and Mars Colonization Plans. spacex.com

Gulf News. (2023, July 18). UAE’s Mars 2117 Project: Pioneering human settlement on
the Red Planet. Retrieved April 25, 2025

Musk, E. (2017). Making Humans a Multi-Planetary Species. New Space, 5(2), 46—61.

National Academies of Sciences. (2019). Space Radiation and Health Hazards. National

Academies Press.

Mars Society. (n.d.). Mars Desert Research Station Reports. marssociety.org

65



32.

33.

34.

https://www.google.com/url?sa=i&url=https%3 A%2F%2Fscience.nasa.gov%2Fmars%
2F&psig=AOvVaw0o_eZODrAE9IrQubPBnNEM &ust=1745397438696000&source=i
mages&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKCMI7ee64wDFQAAAAA
dAAAAABAJ

https://www.google.com/url?sa=i&url=https%3 A%2F%2Fwww.humanmars.net%2Fsea
rch%2Flabel%2FHyperloop&psig=AOvVaw2kUONMuX5tZMalVCzFvw7 &ust=1745
398269105000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqgFwoTCM
iIL9rKh64wDFQAAAAAJAAAAABAE

https://www.google.com/url?sa=i&url=https%3 A %2F%2Fscience.nasa.gov%2Fmissio
n%?2Fmarspathfinder%2F &psig=AOvVaw223GY2yHEOBTKE11sEAt&ust=17453993
58575000&source=images&cd=vie&opi=89978449&ved=0CBQQijRxgFwoTCKi8zL
ml64wDFQAAAAAJAAAAABAE

66


https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmars%2F&psig=AOvVaw0o_eZODrAE9IrQubPBnNEM&ust=1745397438696000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKCMl7ee64wDFQAAAAAdAAAAABAJ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmars%2F&psig=AOvVaw0o_eZODrAE9IrQubPBnNEM&ust=1745397438696000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKCMl7ee64wDFQAAAAAdAAAAABAJ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmars%2F&psig=AOvVaw0o_eZODrAE9IrQubPBnNEM&ust=1745397438696000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKCMl7ee64wDFQAAAAAdAAAAABAJ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmars%2F&psig=AOvVaw0o_eZODrAE9IrQubPBnNEM&ust=1745397438696000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKCMl7ee64wDFQAAAAAdAAAAABAJ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.humanmars.net%2Fsearch%2Flabel%2FHyperloop&psig=AOvVaw2kU0NMuX5tZMalVCzFvw7&ust=1745398269105000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCMiL9rKh64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.humanmars.net%2Fsearch%2Flabel%2FHyperloop&psig=AOvVaw2kU0NMuX5tZMalVCzFvw7&ust=1745398269105000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCMiL9rKh64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.humanmars.net%2Fsearch%2Flabel%2FHyperloop&psig=AOvVaw2kU0NMuX5tZMalVCzFvw7&ust=1745398269105000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCMiL9rKh64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.humanmars.net%2Fsearch%2Flabel%2FHyperloop&psig=AOvVaw2kU0NMuX5tZMalVCzFvw7&ust=1745398269105000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCMiL9rKh64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmission%2Fmarspathfinder%2F&psig=AOvVaw223GY2yHE0BTKE1lsEAt&ust=1745399358575000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKi8zLml64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmission%2Fmarspathfinder%2F&psig=AOvVaw223GY2yHE0BTKE1lsEAt&ust=1745399358575000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKi8zLml64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmission%2Fmarspathfinder%2F&psig=AOvVaw223GY2yHE0BTKE1lsEAt&ust=1745399358575000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKi8zLml64wDFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscience.nasa.gov%2Fmission%2Fmarspathfinder%2F&psig=AOvVaw223GY2yHE0BTKE1lsEAt&ust=1745399358575000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqFwoTCKi8zLml64wDFQAAAAAdAAAAABAE

