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ABSTRACT

This thesis describes the development of the Sample Fetch Rover (SFR), studied for Mars
Sample Return (MSR), an international campaign carried out in cooperation between the
National Aeronautics and Space Administration (NASA) and the European Space Agency
(ESA). The focus of this document is the design of the electro-mechanical systems of the
rover, in particular its locomotion and sample acquisition systems.

After placing this work into the general context of robotic planetary exploration and sum-
marising the state of the art for what concerns Mars rovers, the architecture of the Mars
Sample Return Campaign is presented. This work began with the iteration of several con-
cepts in response to an evolving lander interface. Following that, a complete overview of the
current SFR architecture is provided, touching upon all the main subsystems of the space-
craft. For each area, it is discussed what are the design drivers, the chosen solutions and
whether they use heritage technology (in particular from the ExoMars Rover) or new devel-
opments. This research focuses on two topics of particular interest, due to their relevance
for the mission and the novelty of their design: locomotion and sample acquisition, which
are discussed in depth.

The early SFR locomotion concepts are summarised, covering the initial trade-offs and dis-
carded designs for higher traverse performance. Once a consolidated architecture was
reached, the locomotion subsystem was developed further, defining the details of the sus-
pension, actuators, deployment mechanisms and wheels. This technology is presented here
in detail, including some key analysis and test results that support the design and demon-
strate how it responds to the mission requirements.

Another major electro-mechanical system developed as part of this work is the one dedi-
cated to sample tube acquisition. The concept of operations of this machinery was defined
to be robust against the unknown conditions that characterise the mission. The design pro-
cess led to a highly automated robotic system which is described here in its main compo-
nents: vision system, robotic arm and tube storage.
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1 INTRODUCTION

The quest to return pristine material from Mars, advocated by scientists since the 1970s,
studied by engineers since the 1980s and finally embraced by space agencies in the 2010s,
evolved into a vast international cooperation based on three subsequent missions. A first
caching mission would collect the samples and deposit them on the surface. A second re-
trieval mission would recover them and launch them into Mars orbit, while a third return
mission would intercept them in orbit and travel back to Earth. The retrieval mission
needed a highly capable vehicle to locate and acquire the samples before launch into Mars
orbit. Between 2018 and 2022, an international group of engineers took on the task of an-
swering this need. The outcome of that study is the Sample Fetch Rover (SFR), subject of
this work.

Mars Sample Return (MSR) is a complex campaign carried out by the American and Euro-
pean space agencies and hailed as one of the most daring endeavours in the history of ro-
botic spaceflight. It is an interplanetary choreography of multiple missions, carried out by
numerous spacecraft interfacing with each other, some of which are already in flight while
others are yet to be built.

The SFR capability was engineered to match the ambitious objectives, the uncertain mission
profile and the pioneering intent of this undertaking. The result is a rather unique space-
craft: the first logistic vehicle for the surface of Mars, tasked with locating and retrieving its
designated payload in time for launch into Mars orbit. SFR is a high-performance, compact
solar-powered rover, characterised by advanced operational autonomy. Conceived as a
multi-mission machine, flexible with respect to the scenario that it would face on Mars, it
embodies the knowledge acquired on the ExoMars Rover and other predecessors, combined
with innovative technologies and unconventional solutions.

However, by the time this document will be published, the Mars Sample Return Campaign
will have changed. Bold enterprises like these unavoidably carry an amount of risk, and
some of it can materialise well before the mission has even lifted off the ground. At the end
of the period of this PhD research, SFR was met with a combination of adversities threaten-
ing its implementation. Significant challenges had arisen in accommodating the rover on an
over-encumbered lander, when the deteriorating political situation in Europe left another
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rover, ExoMars, in need of a lander, due to the loss of Russian partnership. Budgetary pres-
sure and difficulties in developing new landing systems for both rovers in a short timespan
left SFR stranded on Earth before its design could be finalised. The rover project was can-
celled and MSR moved on with alternative, more basic architectures.

In front of the possibility of losing the technology developed so far, the know-how and the
history of the SFR project, this document becomes the vessel of that knowledge. It attempts
to capture what SFR was like when it was cancelled and how it came to be like that. These
pages describe the thought process, the challenges and the innovations that shaped this pe-
culiar spacecraft. They also provide context to the mission and the campaign, their environ-
ments and the motivations behind them, in view of the wider quest of the exploration of the
Solar System.

It must be acknowledged that it is not possible to exhaustively describe the design of the
spacecraft, let alone the campaign and its history, in a single volume of reasonable size. This
work focuses on the major electro-mechanical systems of the rover, aiming to provide an
understanding of their architecture, the design drivers, and the key technologies, as well as
briefly describe the design, analysis and - in some cases - test process that they followed.
The technical discussion is mostly centred on the topics of surface mobility and robotic sys-
tems, as they play a key role in the SFR mission and they contain novel solutions that are
worth capturing in more detail.

Chapter 2 offers a brief overview of the main locations in our Solar System, the reasons why
humans yearn to explore them and how they do that. Chapter 3 discusses in more depth the
planet Mars and its characteristics. These chapters aim to provide the context to this re-
search in terms of global exploration efforts into the Solar System and Mars in particular.
Both chapters are meant to be read by anyone who is interested in space exploration, with-
out the need of an engineering background.

Chapter 4 describes the technology presently available to explore Mars through mobile sur-
face platforms, laying out what can be considered the “state of the art” for Mars rovers. This
chapter includes an overview of the ExoMars Rover, which is the direct predecessor of SFR
and established much of the technology that will be reused in this project. Chapters 5 and 6
introduce the topics of research that are the centre of this work: Mars Sample Return and
the architecture of the Sample Fetch Rover. These three chapters are aimed at those with a
general grasp of spacecraft engineering or similar engineering of complex systems, but they
are, for the most part, easily readable by anyone with an interest in the field.

Chapters 7 and 8 treat in detail two specific areas of the SFR design: locomotion and sample
acquisition. While the general objective is to provide a comprehensive picture of the system,
these are two topics of particular interest in this research and are discussed to a greater
depth. These chapters are best appreciated by the readers with experience in mechanical
engineering, robotics or space systems.

As already noted, it would be impractical to provide an in-depth description of the space-
craft in these pages. While still preliminary, the SFR design is already far too intricate to be
covered in a single document. The primary aim of this thesis remains to deliver a broad view
of the system architecture, capturing the major challenges, the key solutions to them and
transmit the design intent to anyone who might have an interest - or a use - for this tech-
nology. Probably, the same SFR design would not apply directly to future missions, but the
knowledge on how to achieve the correct design would.
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SFRis a highly capable and autonomous transportation system for an unprepared planetary
surface. It is likely that someday, somewhere in the Solar System, someone will have a need
for this machinery. Those engineers might face similar challenges to those that were over-
come during this project. This document is written first and foremost for them.
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2 ROBOTIC EXPLORATION OF THE
SOLAR SYSTEM

The surface of the Earth is the shore of the cosmic ocean. From it we have learned
most of what we know. Recently, we have waded a little out to sea, enough to
dampen our toes or, at most, wet our ankles. The water seems inviting. The ocean
calls. Some part of our being knows this is where we came from. We long to return.

Carl Sagan, Cosmos

As background to the work carried out in this PhD, this chapter offers a high-level summary
of the exploration of the Solar System by humans and human-made probes up to the present
day. The following pages describe the history of such endeavours and the motivations be-
hind them, as well as some salient features of the places that these missions are visiting,
which make these worlds worth travelling to.

2.1 Brief history of the exploration of the Solar System

On January 2nd 1959, just over a year after putting the first human-made object into orbit,
the Soviet Union launched its Luna 1 mission. Despite missing the Moon, it became the first
spacecraft to leave Earth orbit and thus can be considered the beginning of the exploration
of the Solar System [1]. From that day, vessels have flown across our planetary system and
beyond, carrying both machines and humans aboard.

Before describing the targets of exploration in the Solar System and the reasons to reach
them, a general overview of the history of planetary exploration is provided below. For sake
of brevity, the observation of Planet Earth from orbit is not included in this summary, being
an equally rich field on its own. For the purposes of this thesis, planetary exploration begins
where the Earth'’s gravitational sphere of influence ends. Crewed spaceflight is also not cov-
ered, being an even more complex enterprise and outside the scope of this work.
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2.1.1 The Founding Era

In the days when the first ships were breaking free from our planet’s gravity and flying be-
yond Earth orbit, a lot of the attention was obviously focused on the nearest available object:
the Moon. However, attempts to reach Mars and Venus started happening remarkably soon.
The first ones took place as early as 1960, although many of those attempts failed. Even the
first successful lunar mission, the American Pioneer 4 in 1959, came after a considerable
streak of failures: four American and four Soviet Lunar probes were all lost in rapid se-
quence. There have been years, like 1958 and 1960, when every single interplanetary probe
exploded on the launchpad. Today such a high failure rate would be considered outrageous
by the politicians financing space programmes, but in those pioneering times, characterised
by a different mind-set, the acceptance of failure enabled incredibly rapid progress.

On December 14th 1962 the American probe Mariner 2 performed a successful flyby of Ve-
nus, marking the first planetary encounter by human-made spacecraft beyond the Moon.
Less than three years later, on July 15t 1965, Mariner 4 achieved the same manoeuvre at
Mars. At that time, the two key players in spaceflight, and especially in the exploration of
the Solar System, were the United States of America and the Soviet Union. Each superpower
used these achievements to prove its own superiority. The technology to explore space is,
in fact, the same that is used to launch nuclear warheads and operate surveillance satellites.
However, this inoffensive proxy of the military competition proved incredibly fortunate for
the advancement in science and technology of all humankind. At the peak of the Cold War,
the Golden Age of spaceflight was blooming.

The Soviet Union was lagging slightly behind in interplanetary travel, but leading in the ex-
ploration of the Moon, where it achieved the first soft landing on February 3rd 1966 with the
Luna 9 probe. Exploration of the Moon dominated the remainder of the ‘60s and good part
of the ‘70s, with a fleet of robotic and crewed spacecraft sent to our natural satellite. As
elaborated by ]. N. Nielsen in his paper ‘Bound in Shallows: Space Exploration and Institu-
tional Drift’ [2], this time can be considered the “Founding Era” of space exploration, i.e., the
period when public and private enterprises had clear, long-term goals for exploration and
the means to achieve them, thus progress was swift and compelling. This age culminated in
the Apollo moon landings, which, despite not being discussed as part of this work, are a key
milestone in the advancement of humankind. To this day, we look back on these achieve-
ments as some of our highest moments as a civilisation.

2.1.2 The Grand Tour and the Stagnant Era

Despite the strong focus on Earth’s moon, during the ‘70s the launch of probes to Venus and
Mars continued at a steady pace. Orbiters and landers were delivered successfully to both
planets, which, compared to previous flyby missions, greatly increased the scientific return
by providing continuous observations and in-situ analysis. The first flyby of Mercury was
performed by the American probe Mariner 10. Other notable events during this time are the
launches of spacecraft further out into the Solar System, where distances quickly grow to
light-hours?, and so increase flight times and technological challenges. NASA’s nuclear-pow-
ered probes Pioneer 10 and 11 were the first to perform flybys of Jupiter and Saturn.

1 The distance covered in one hour by light in vacuum, approximately equal to one billion kilometres.
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NASA engineers had noted that an alignment of Jupiter, Saturn, Uranus and Neptune occur-
ring in the late 70’s would enable a single spacecraft to visit all four planets by exploiting
gravity assists2. Such alignment occurs once every 175 years. This trajectory was named
“The Grand Tour” and work commenced on a new mission to accomplish it. However, during
that decade, the major spacefaring nations began to show a decreasing interest in space ex-
ploration missions, especially those that would not be completed during the term of office
of their leaders. The Grand Tour faced budgetary cuts and was reduced to two cheaper, Mar-
iner-derived spacecraft designed to work only for four years: as far as Saturn. The twin
probes were named Voyager 1 and 2.

Engineers at the Jet Propulsion Laboratory (JPL) proved harder to distract from their origi-
nal goals and did not put a single element in the design that would prevent the spacecraft
from achieving the Grand Tour mission objectives. Voyager 1 and 2 were launched in the
summer of 1977 and, by the time they were en route to the Outer Solar System, it was clear
that they would not be followed by other ships in the near future. The rate of launches to
other planets significantly slowed down in the ‘80s and still hasn’t recovered, leading to an
era of stagnation.

Largely untouched by these events, the Voyagers went on to explore Uranus and Neptune.
Having completed successfully the reconnaissance of the Solar System and outlived most of
their investors, they report discoveries from interstellar space to this date.

2.1.3 Present day

While today’s rate of launches to low Earth orbit is increasing faster than ever, the explora-
tion of the Solar System has yet to recover its original pace. Despite recent positive signs, it
is still unclear if it ever will. This stagnation did not prevent enormously successful missions
to distant planets like Cassini-Huygens and New Horizons, it just meant that they became
very rare.

New trends emerged in spaceflight in recent times, with one planet in particular getting in-
creasing attention, differently from all others. That planet is Mars, and this activity is due to
scientific interest around its similarity to Earth, as well as the relatively contained travel
time and mission cost, which fits the current exploratory appetite of major space agencies.
A new type of spacecraft became particularly successful on Mars since NASA demonstrated
its potential in 1997: rovers.

Rovers are mobile surface platforms that can make observations in multiple locations on a
planetary body. On Mars, they commonly take the form of wheeled vehicles and, more re-
cently, airborne rotorcraft. Their capability to explore a vast area compared to stationary
landers made them the most desirable asset for the study of several celestial bodies. The
history of Mars rovers and their achievements is discussed in detail in Chapter 3 of this doc-
ument.

The last decade brought positive signals for the exploration of the Solar System, with several
missions under advanced development or in flight for Mercury, Mars, the Sun, the moons of

2 A gravity assist is a manoeuvre in which a spacecraft flies in close proximity of a massive object and exploits
its gravitational pull to alter its course. This can achieve a considerable change in trajectory without using any
propellant.
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Jupiter and Saturn, a planned robotic and human return to the Moon and even another
probe well on its way to interstellar space. Whether we are on the verge of a “Space Renais-
sance”, as sometimes described, remains to be seen. One difference with the past is that this
time spaceflight it is not the venture of two antagonistic nations, but dozens of them, often
in a coordinated group effort. The central project of this research rides on this wave of re-
newed interest, consisting in a decade-long, multi-mission, multi-agency endeavour to
deepen our understanding of Mars.

2.2 Reasons to explore
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Figure 2-1 - 1991 “Space Exploration” stamps

Figure 2-1 shows the “Space Exploration” set of stamps, issued by the United States Postal
Service in 1991 to celebrate the reconnaissance of all the Solar System’s planets by Ameri-
can robotic probes. The last stamp depicts Pluto as a grey orb, with the caption “not yet
explored”, since at that time Pluto was still considered a major planet. Curiously, that stamp
became the symbol of the imperfect completion of the endeavour and ended up getting af-
fixed to the New Horizons spacecraft, which carried it all the way to Pluto itself.

There are multiple reasons that push humans to explore the universe besides completing
stamp collections; some key ones are listed below and analysed in the following paragraphs:

Scientific return

Technological return
International cooperation
Inspiration for the public
Transcendence of human limits

Ul W

2.2.1 Scientific return

All space exploration missions have a set of major objectives that are scientific in nature and
aim at expanding human knowledge about particular locations or phenomena. These are
the main features on the basis of which space programmes are proposed and scrutinised by
space agencies around the world. There are obviously many missions that have more prac-
tical, non-exploratory purposes, like communication, positioning or military services, but
those are not the subject of this work.

Some of the high-level reasons to explore our Solar System are to understand how planets
form and evolve, what dynamics produced the variety of worlds that we observe and what
phenomena are currently shaping these bodies. For example, our understanding of atmos-
pheres and climates, despite decades of research, is still shallow. This is mostly due to the
complexity and chaos embedded in these systems, which can be more easily confronted
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thanks to additional data points on different worlds. Even the functioning of the Sun, which
is the main governor of these intricate systems, is yet to be fully modelled and understood.
Geology (both of the Earth and of other planets) is another field where our knowledge is
still blatantly incomplete, generally because of the impossibility to probe directly the depths
of a planet and the reliance on indirect measurements or extrapolation of what happens on
the surface.

Numerous other and more specific questions are asked by the scientists who focus on the
study of the worlds of our Solar System, as summarised in Section 2.3. Nonetheless, there is
one overarching subject that appears to be pressing for many explorers: life. Particularly,
how life emerges and evolves on a planet, if that is possible elsewhere than Earth and how
common it is. Moreover, they question whether any of these locations could be able to sus-
tain human life one day. These are millennia-old questions that seem to have always trou-
bled our species and for which we have previously turned to myth, religion and philosophy:
where do we come from? Are we alone in the cosmos? What does the future hold for us?
Today, technology is available to directly probe the Universe for hints on these questions.

2.2.2 Technological return

Technological return is often presented as one of the prominent contributions from space-
flight to human progress. For sake of clarity, it should be noted that two types of technolog-
ical return can be identified in this case: direct and indirect. The direct returns are those
strictly linked to the mission’s purpose. For example, the launch of a constellation of posi-
tioning satellites enables space-borne positioning as a technology. On the other hand, the
subject of this study are the mission with more exploratory intent, which typically generate
indirect technological returns. These are technologies that are developed for the mission’s
purposes but then find other uses in different contexts on Earth. Notable examples can be
found in the plethora of technical advancements brought by the Apollo programme: from
microelectronics to medical imaging, water purification or thermal insulation.

However, this analysis is neglecting an even more direct technological return of venturing
beyond our atmosphere: spaceflight itself is a technology, and one that will most likely be
crucial to humankind in the future. Curiously, it is the only technology whose development
is justified through the achievements of its by-products rather than its own, often because
of fear of incomprehension by the general public. This argument is at risk of becoming coun-
terproductive in the long run, pushing towards increasingly whimsical justifications instead
of educating the public that learning to fly is the first reason for which flight should be prac-
tised.

2.2.3 International cooperation

Non-military space programmes provide attractive opportunities for cooperation between
different countries or international institutions because, while scientific discoveries and
technological advancements are not reduced when shared, development costs are. The cam-
paign subject of this PhD is a clear example of collaboration between two major space agen-
cies: NASA and ESA. Splitting the large investments involved in high-profile exploration mis-
sions makes them more palatable to finance officers, but it also brings complex diplomacy
and, unfortunately, more likely schedule slips. Despite its challenges, it is only thanks to ex-
tensive cooperation between multiple agencies across the world that there has been con-
tinuous human presence in space since 2000 on the International Space Station (ISS).
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Space exploration thus acts as a catalyst that encourages nations to work together peace-
fully and trust each other enough to share sensitive technologies. In some cases, these col-
laborations can be used to broadcast strong political messages. This was the case for the
Apollo-Soyuz mission, performed jointly by the United States and the Soviet Union in 1975
to seal the end of the hostilities of the Cold War. For this mission, the two iconic capsules
were modified to perform a rendezvous and docking manoeuvre, connecting their pressur-
ised compartments to allow crewmembers from both nations to meet in orbit.

Figure 2-2 - American astronaut Thomas Stafford and Soviet cosmonaut Aleksey Leonov
meet in the passage connecting the Apollo and Soyuz spacecraft (credit: Johnson Space
Center / NASA)

2.2.4 Inspiration for the public

Among the secondary effects of space exploration missions, it is worth noting their influence
on society and the wider public. A variety of positive stimuli are reflected into the social
fabric of the nations and the communities that undertake spaceflight. Their resonance can
be significant, depending on the effectiveness of the communication from their institutions.

The benefits include: inspiring the young to pursue scientific and technical education or ca-
reer paths, attracting capable scientists, engineers and administrators to the aerospace field
and motivating them to work for the progress of humankind. Furthermore, flying into space
offers new perspectives on our planet and teaches us the importance of respecting it. Lastly,
but perhaps most importantly, ambitious, long-term space programmes provide a shared
purpose to the people committing to them, a central project that societies need to avoid drift
and stagnation.

In general, these effects are only as good as the communication from the relevant institu-
tions, particularly the space agencies and the governments that fund them. It is of great im-
portance that the outreach in this field is well curated and aims at creating a connection
with the wider public and not just with the enthusiasts already interested in the field.
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2.2.5 Transcendence of human limits

The exploration of space and any other uncharted region or field of knowledge is also the
response to a primal curiosity and desire for understanding coded into the more ancient
parts of our brain. Such instincts are common among intelligent animals and at their most
pronounced in humans. They are arguably some of the traits that have brought our species
so far and made it such a successful animal despite not having many obvious biological ad-
vantages on other primates. The genus Homo includes, in fact, the only nomadic primates
ever known to exist, who have survived through drastic climate change and global catastro-
phes thanks to their drive to expand their horizons.

Among the descendants of these pioneers, softened by the comforts of sedentary life, there
are still those who understand this call. The need to explore and overcome our limits is the
push to advance humankind towards becoming a more capable, prosperous and knowledge-
able civilisation. Considering its prime importance, the simple argument of expanding the
boundaries of our species should be the first and irrefutable argument for space exploration.
Unfortunately, the policymakers controlling public investments are typically not as respon-
sive to the thrill of exploration.

Even if slowed down by the hurdles of modern society, space exploration continues to ad-
vance our civilisation towards new worlds and new discoveries. The proof of its deep sig-
nificance for us humans is that, when we look back on our collective history, we count these
endeavours among our proudest achievements as a species.

2.3 Destinations of interplanetary probes

Having briefly discussed the reasons that bring humans and machines to leave the Earth for
other celestial bodies, the next pages will describe the destinations of these journeys. This
section lists the main regions of the Solar System to which humans have sent spacecraft. For
each one, a brief explanation of the associated exploratory interest is provided, together
with hints of what kind of spacecraft are flown there and how. This is by no means intended
to be an exhaustive overview of the characteristics of these destinations and the concerning
scientific research, but rather an indication of the human-made objects that have reached
them, their goals and the engineering solutions adopted to achieve them.

2.3.1 The Sun

The central star in our planetary system, named Sol, is a 5-billion-year-old, yellow-white
dwarf star. Identified as class G2 according to the Harvard spectral classification [3], itis an
ordinary, but not exceedingly common type of star. The star accounts for 99.9% of the plan-
etary system’s mass. All the remaining objects, even those that we call worlds and strive so
hardly to explore, are nothing but debris scattered in the void, leftover from the star’s for-
mation. The Sun governs not only the gravitation, but also the radiation, magnetic and par-
ticle environment of all the objects in its sphere of influence. All the planets formed with the
Sun and all will end with the Sun, either through incineration or freezing. The Sun controls
their temperature, their atmosphere, their weather, and most of the phenomena that occur
on their surfaces, including life.

For its key role in the planetary system, and also for being the only star that we can really
observe up close, the Sun has been object of scientific investigation since long before space-
flight was invented. These studies are aimed at improving our understanding of its working
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principles, from the core to the corona, and our predictions on its behaviour. This applies to
short-timescale phenomena, like flares and coronal mass ejections, which pose a threat to
our technology, and also to medium-timescale phenomena, like the 11-year solar cycle and
its drifts, which affect Earth’s climate and the radiation environment for spacecraft and as-
tronauts. The human lifespan (and that of human civilisation, for that matter) is too short to
observe long-timescale phenomena in the evolution of a star, so for those we have to turn
to other stars in different stages of their lives and extrapolate their behaviour.

The Sun is one of the few celestial objects on which we have a quite good view from our
planetary home, so spacecraft to study the Sun are often placed into Earth orbit or in solar
orbit in proximity of the Earth. Some of them, however, do need to get up close to achieve
their objectives: sometimes close enough to fly through the scorching solar atmosphere.
Among these daring missions, two recent examples are worth dwelling on: ESA’s Solar Or-
biter and NASA’s Parker Solar Probe.

2.3.1.1 Solar Orbiter

Solar Orbiter has the objective of studying how the inner heliosphere3 works, how the Sun’s
internal dynamo regulates its magnetic field and aims to perform the firs close-up observa-
tions of its polar regions. The spacecraft, launched in 2020, is using a series of flybys of Earth
and Venus to modify its orbit. At its closest approach, it is expected to reach 0.28 AU* (42
million km) from the Sun and achieve an orbital inclination of more than 33° with respect
to the ecliptic planes [4]. Solar Orbiter carries both remote-sensing instruments to observe
the Sun, and in-situ instruments to measure the solar wind around the spacecraft.

The probe is protected by a multi-layer titanium heat shield on its sun-facing side, designed
to withstand more than 500°C on its surface whilst maintaining the internals of the space-
craft at room temperature. On the shield are peepholes with shutters that allow remote-
sensing instruments to perform brief observations of the Sun.

All on-board hardware must be kept in the shield’s shadow at all times whilst in proximity
of the Sun or it would rapidly overheat. This is at exception of the solar panels, which obvi-
ously have to receive sunlight. Even those, however, are unable to withstand the full power
of the solar radiation without damage, and are maintained tilted away from the direct line
of sight to reduce flux density on their surface.

3 The heliosphere is the region surrounding the Sun that is filled with the solar magnetic field and the particles
of the solar wind.

4 AU, Astronomical Unit, a measure of length equal to the average Sun-Earth distance, approx. 1.5x1011 m.

5 The ecliptic plane is the plane on which the orbits of all planets are located.
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Figure 2-3 - Artist’s impression of Solar Orbiter (credit: ESA / ATG Medialab / NASA)

2.3.1.2 Parker Solar Probe

The Parker Solar Probe, launched in 2018, has scientific objectives that complement the
mid-range observations made by Solar Orbiter with in-situ measurements in the close prox-
imity of the Sun. The mission aims at studying the dynamics of the solar corona and the solar
wind, the behaviour of the plasma and magnetic fields in that environment and the mecha-
nisms that accelerate and transport energetic particles from there outwards into the Solar
System. To do so, the spacecraft will get to a daring 0.05 AU (6.9 million km) from the Sun’s
surface, or less than 10 solar radii.

The probe keeps tightening its approaches to the Sun through repeated flybys of Venus and
will eventually reach, at perihelions, the speed of 690 000 km/h, or 0.06% of the speed of
light, making it by far the fastest object ever flown by humankind. During its close ap-
proaches, the spacecraft is fully immersed in the star’s outer atmosphere, the corona, which
is composed by plasma heated to more than a million degrees Celsius and will be sampled
by the instruments on board. It is relevant to note that, even if the corona is extremely hot,
it is also very rarefied, close to a vacuum, so the heat exchange to the craft is minimum and
radiation remains the main mode of heat transfer.

To protect itself from the radiated heat, Parker Solar Probe is equipped with engineering
solutions that are similar to those of Solar Orbiter, but brought to the extreme. They include
a super-heated carbon-carbon composite shield designed to operate at 1400°C and water-
cooled solar arrays that are retracted during close encounters with the sun. The heatshield
is monolithic, as no optical instrument could survive staring at the Sun from that distance.
The sun-pointing attitude has to be perfectly maintained or the probe would be vaporized.

6 The perihelion is the point in an object’s orbit around the Sun where it is closest to the central star. It is opposed
to the aphelion, which is the point at which the object is furthest from the Sun.
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When flying through the corona, the plasma enveloping the craft precludes any communi-
cation with Earth and a shower of charged particles obfuscates its star trackers?. The Atti-
tude and Orbit Control System (AOCS) must then resort to more rudimentary strategies like
limb sensors, i.e., toughened sensors that, when illuminated, trigger an immediate response
to correct the spacecraft angle [5]. Figure 2-4 shows a striking view of the solar corona from
the Parker Solar Probe, with the Milky Way and Venus (bright spot on the right) visible be-
hind the shower of energetic particles.

2021-08-09 18:37 UT
Speed: 147.67 km/s
Distance: 15.98 Rs
HAE-LN: 141.24°
HAE-LT: 3.01°

Figure 2-4 - The view from Parker Solar Probe flying through the solar corona (credit:
NASA / Johns Hopkins APL / Naval Research Laboratory)

The probes described above surely account for the most daring manoeuvres that we have
ever performed in proximity of our star, but they are only one part of the large family of
missions that study the Sun. One last thing to note on these missions to the Sun or the inner
Solar System is that they typically use a long series planetary flybys, also called “gravity
assists”. Getting to these regions is, in fact, very costly in terms of propellant, which is coun-
ter-intuitive, as they are relatively close to the Earth. This is due to the fact that the Earth
moves in its own orbit at an unforgiving 100 000 km/h, and the spacecraft that aim at get-
ting close to the Sun need to considerably reduce that velocity to set a course towards the
inner system.

2.3.2 The inner planets

The inner planets of the Solar System, or rocky planets, are the four worlds closer to Sol:
Mercury, Venus, Earth and Mars. They are separated from the outer planets by the Asteroid

7 A star tracker is an imaging device that establishes a spacecraft’s attitude by recognition of known star pat-
terns.
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Belt, and they are broadly similar in the fact that they are primarily composed by silicate
rocks and metals.

2.3.2.1 Mercury

The closest planet to our star is, unsurprisingly, a world of extremes. It is not only excep-
tionally hot during the day (up to 430°C), but also very cold at night (down to -180°C). The
difference is due to the absence of an atmosphere, but also to the fact that the length of a
day on Mercury (58 Earth days), is comparable to that of a year (88 Earth days), meaning
that the illumination changes very slowly. As a consequence, enormous thermal gradients
can arise on its surface, with variations of hundreds of degrees Celsius over distances of
mere metres.

Without an atmosphere, the surface of the planetis exposed to hard vacuum, bathed in solar
radiation and energetic particles. Gases and volatiles are actually produced on the surface
by sublimation and venting from the lithospheres, but they are constantly blown away by
solar wind and radiation pressure, and they escape the planet's weak gravity (38% of
Earth’s). As a result, the whole planet is accompanied by a tail of volatiles (prominently so-
dium) flowing outwards into the Solar System, similarly to a comet. Even if much less dense
than a comet’s tail, it can be detected in Earth-based imagery and sampled by spacecraft in
the proximity of the planet [6].

This extreme environment makes Mercury a difficult place for known biology and technol-
ogy. The planet’s geology is still not well understood, given contradictory hints provided by
the heavily cratered surface, which suggest no recent geological activity, and the weak but
evident global magnetic field, which suggest a dynamo effect in an active, molten core. Only
three missions have braved the challenges of travelling to the innermost planet in the his-
tory of spaceflight, the last of which is still in transit at the time of writing:

e NASA Mariner 10, launched in 1973, which performed three flybys of the planet.

e NASA MESSENGER, launched in 2004, which orbited the planet from 2011 to 2015.

e ESA /JAXA? BepiColombo, launched in 2018 and currently en route through a series
of gravity assists, due to enter in orbit around Mercury at the end of 2025 (Figure
2-5).

Spacecraft flying to Mercury, in particular those that spend extended time in its proximity,
face the same kind of challenges as the Sun orbiters described in Section 2.3.1, even if to a
less extreme degree. It is worth noting that these probes have to protect themselves not
only from the Sun, but also from the planet itself, which, at more than 400°C on its day side,
glows brightly in near infrared and occupies a much larger portion of the sky. This radiation,
even ifless intense than that of the Sun, can still slowly overheat and kill exposed spacecraft,
which have to resort once more to shielding, cooling and careful attitude management.

No landers have ever been sent to the surface of Mercury also because, with our current
technology, they would be rather shortlived: on the night side, in the freezing cold and with-
out solar power, they would run out of energy in the attempt to keep themselves warm,

8 The lithosphere is the solid layer around a rocky planet, usually comprising an outer crust and a certain portion
of inner layers, until the point at which they become fluid.
9 Japan Aerospace eXploration Agency
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while on the day side, surrounded by the incandescent surface, they would stand little

chance of rejecting the heat and avoiding meltdown.

Figure 2-5 - Artist’s impression of BepiColombo at Mercury (credit: ESA / ATG Medialab /
NASA / JPL-Caltech)

2.3.2.2 Venus

Due to its proximity to Earth, Venus was the first planet to be reached by robotic spacecraft.
While being relatively easy to reach, this world proved much harder to explore. Contrary to
the tropical paradise imagined by the ancient astronomers, Venus turned out to be a vision
of hell: a 470°C desert enveloped by corrosive gases, at 93 times the pressure of Earth’s
atmosphere. The cause of these temperatures, even higher than Mercury’s, is a runaway
greenhouse effect in the thick, carbon dioxide atmosphere.

Venus is almost identical to Earth in dimensions and mass and it demonstrates that main-
taining a stable habitable environment is not just a matter of size and composition. Its sur-
face is always cloaked in thick clouds, which can be penetrated only by radar. It is now
known to be rich in granite-like rocks that require abundant water to form. It is possible
that the planet hosted liquid water on its surface for up to billions of years, compared to the
few hundreds of millions for Mars. On Earth, that timespan has been amply sufficient to
spawn life.

The scientific interest around Venus is centred on improving our understanding of the evo-
lution of Earth-like worlds, but there are many other phenomena yet to be explained. Geo-
logical activity on this planet is not fully understood: it lacks plate tectonics!? or a global
magnetic field, however, the dating of the surface through impact craters shows that it is no
older than 700 million years. This suggests that Venus’ surface was completely reshaped by

10 On Earth, plate tectonics is a process in which sections of the planet’s outer crust glide over the mantle - the
rocky inner layer above the core - allowing heat to escape through volcanism.
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a worldwide volcanic event in its recent geologic past, but exactly what happened is still up
for debate [7]. The atmosphere rotates 60 times faster than the surface, a phenomenon
known as super-rotation, while the planet rotates slower on its own axis than around the
Sun, i.e. one day on Venus is longer than a year (respectively, 243 Earth days and 224 Earth
days). The planet also spins in the opposite direction as the typical one in our Solar System,
i.e. the sun rises in a westerly direction. Most of these phenomena are not yet understood.
A recent controversial discovery of phosphine (a potential biosignature) in the atmosphere
has reignited astrobiological interest [8], but the findings are still unconfirmed.

Unfortunately, the extreme atmospheric conditions described above make it quite difficult
to satisfy our curiosity. The Soviet Union was an undisputed leader in the early exploration
of Venus, and the only nation to have operated landers on its surface to this day. These
landers, part of the Venera programme, resembled more the design of a submarine than that
of a spacecraft. They were based on a pressurised hull containing the instrumentation,
which was as reinforced and thermally insulated as possible. Phase-change materials were
included, to exploit latent heat to maintain a tolerable temperature for longer. Despite the
extreme engineering effort, the Venera landers were designed to operate mere minutes be-
fore overheating. The most long-lived of them, Venera 13, transmitted data for 127 minutes.
Figure 2-6 shows one of the most famous panoramic pictures of the surface of Venus (there
are not many to choose from: only 6 have been taken in all history). Shot by Venera 13, itis
the first colour image of Venus, relayed back to Earth in 1982.

Figure 2-6 - The surface of Venus imaged by the Venera 13 lander’s front camera (credit:
Russian Academy of Sciences / T. Stryk)

There have been several missions to Venus since the first landings, more commonly in the
form of orbiters, which, provided the right instruments, can perform observations without
having to face the hellish environment on the surface. In addition, the planet is often used
for gravity assist by spacecraft on their way to other destinations in the Solar System, allow-
ing for opportunistic science to be performed during these brief flybys. Today, only one
spacecraft remains in orbit around Venus, that is the Japanese Akatsuki (& 7> &, “Dawn”)
probe. The mission was initially considered doomed when its main engine malfunctioned
during its encounter with Venus in 2010 and failed to insert it into orbit. The spacecraft then
spent 5 years orbiting around the Sun and, through a series of carefully planned trajectory
correction manoeuvres, it reencountered Venus in 2015 and was able to achieve a stable
orbit. Despite the long detour, all instruments were still in good health and most of the orig-
inal science objectives were restored [9]. Akatsuki is still doing science to this date and
transmitting spectacular images thanks to its infrared instruments, which exploit the glow
of the fiery planet to map currents in its atmosphere. One of these pictures can be seen in
Figure 2-7.
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Figure 2-7 - The night side of Venus in infrared light, imaged by the Akatsuki spacecraft
(credit: JAXA/ ISAS / DARTS / D. Bouic)

The geological, climatic and astrobiological interest around Venus is driving a positive trend
for future missions, with at least three currently planned to launch before the 2030s. Other
flybys are happening for gravity assist manoeuvres, like those of BepiColombo, mentioned
in Section 2.3.2.1. A notable flyby is that of the ESA’s mission JUICE (JUpiter ICy moon Ex-
plorer), planned to launch in 2023 and to encounter Venus on its long series of gravity as-
sists to the Jupiter system. The spacecraft will carry an instrument able to detect phosphine
with thousands of times better sensitivity than current observations, which might resolve
the current disputes on the discovery.

2.3.2.3 Earth and Moon

As discussed in Section 2.1, the observation of planet Earth from space is not included in
this summary, as it would be too vast a subject to be treated in these pages. As a matter of
fact, in recent times, the majority of the space business was concentrated into Earth orbit,
with scientific missions to study our planet, astronomical observatories, military and com-
mercial satellites providing services like surveillance, mapping, navigation, communication,
etc. Today, the launch rate to Earth orbit is increasing faster than ever and it will likely con-
tinue to do so. To maintain the emphasis on the exploration of the Solar System, we will not
dwell on the thousands of satellites currently orbiting the Earth, but instead focus on the
nearest planetary body: the Moon.

Earth’s natural satellite attracted a lot of attention during the early days of space explora-
tion because of its proximity and ease of access, becoming a well-suited target for the
demonstration of technological superiority during the Cold War. During the ‘60s, the Moon
was being visited by a growing swarm of robotic probes, with an average launch rate of
nearly one Lunar mission every two months. These efforts culminated in the crewed Apollo
Moon landings during the late ‘60s early ‘70s and then suddenly died out. Human spaceflight
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retreated to low Earth orbit and the frequency of robotic missions to the Moon dropped to
one or two every decade. This abrupt abandonment can be attributed to the political evolu-
tion of the Cold War, which directly influenced space exploration budgets, as well as the fact
that the Moon did not prove as interesting as the early pioneers fantasised.

In reality, the scientific interest towards the Moon never decreased during the Apollo pro-
gramme, but it was drowned out by the political drumbeat and never quite became the pri-
ority. It is true that the Moon is a “dead rock”, composed of the same stuff of Earth’s mantle,
exposed to hard vacuum and baked by radiation, nonetheless, it is also a pristine fossil from
Earth’s formation, with an active role in maintaining our planet habitable to this day. Only
during the last of the Apollo flights, a professional geologist, Harrison Schmitt, was sent to
the Lunar surface, a choice that greatly enhanced the scientific return of the mission.
Schmitt’s trained eye was able to select the most relevant material and he stuffed the com-
mand module of Apollo 17 with more than 110 kg of Lunar samples, which were returned
to Earth and still yield valuable science to this day.

In the long run, the Moon’s relevance for the geology, formation and evolution of our planet
has driven a progressive return to our natural satellite, with the frequency of robotic mis-
sions visibly picking up since the early 2000s. This is in concomitance with renewed interest
for human exploration, led by NASA’s Artemis programme. In addition to direct scientific
interest, the Moon is acquiring strategic importance for other scientific, technological and
exploratory endeavours. With its proximity, low gravity and vacuum environment, the
Moon can be a suitable location for astronomical observatories, logistical bases and even
mining or propellant production facilities to support expeditions outwards into the Solar
System. Particular attention is being drawn by the polar regions, where water ice is still
present and the low illumination angle offers important advantages for power generation
and thermal control.

With regards to the technology required to fly to our moon, orbital probes do not require
radically different solutions from those operating around the Earth, at exception of an in-
crease in communication power and radiation shielding, being outside of our protective
magnetosphere. Truth to be told, the Earth - Moon system (plus some near-Earth asteroids)
is the only place where standard human technology is somewhat suited for spaceflight ap-
plications. Like our biological bodies, our technology evolved in Earth’s environment, in a
warm, dense atmosphere, a 1 g!! gravity field and a benign radiation environment. For how
irritating it might be, the engineering mind is biased by millennia of solving problems that
fully resided inside the Earth environment. The change of setting that comes with space-
flight is at the basis of most of the hardships of interplanetary travel. Nonetheless, our space-
craft in orbit around the Moon find a reasonable average temperature, plentiful solar en-
ergy, and a low communication delay.

These considerations apply to satellites that fly on controlled orbits or trajectories, how-
ever, as soon as a spacecraft lands on the surface, it is the Moon that controls the environ-
ment, which makes it far less benign. The average temperature is still approximately -20°C,
but distributed over an unforgiving diurnal cycle of 29 days, with typical peaks of +125°C
and lows of -170°C [10]. It is no coincidence that all Apollo missions landed at local dawn

111 g (one gee) is a non-SI measure of gravitational acceleration. 1 g is equivalent to the gravitational accelera-
tion on the surface of the Earth, approximately 9.81 m/s2.
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and left the Moon before the midday sun could overheat the flight systems and kill the crew
[11]. Naturally, the same cycle applies to solar power, which dies out at the time when en-
ergy is most needed to survive the cold of the night. Among other challenges, spacecraft on
the surface of the Moon also have to face the omnipresent dust, which can cause issues like
contamination, obscuration, abrasion and clogging for machinery and for humans, as ob-
served during the Apollo programme [12].

This is particularly true for mobile surface platforms, or rovers, which constantly interact
with the regolith!2. The first spacecraft of this kind was, in fact, operated on the Moon in
1970: the Soviet Lunokhod 1, shown in Figure 2-8.

Figure 2-8 - A replica of the Lunokhod rover (credit: B. Borisov / RIA Novosti)

The Lunokhod is a particularly fitting example of the challenges of adapting terrestrial tech-
nology to space environment, in fact, instead of developing components able to work in the
absence of an atmosphere, Soviet engineers decided to bring an atmosphere with them: the
Lunokhod body was a large pressurised vessel and all sensitive components (electronics,
cameras, motors...) were maintained at a pressure of 1 atmosphere. It was an aggressive
solution and it came with a significant mass penalty, but it worked, and it made the Soviet
Union the first nation to operate a mobile vehicle on another planetary body.

The rover had a “lid” covered with solar cells that opened during the Lunar day to generate
power and expose a radiator on the top surface of the pressurised body. At sunset the lid
would close to shroud the radiator and reduce the heat leak. During the cold Lunar night,
the Lunokhod was kept warm by a polonium-210 Radioisotope Heater Unit (RHU). Eight
metallic wheels propelled the vehicle, with independent drive actuators but no steering ac-
tuators: turning was achieved through skid-steering?!3. In the end, it was its pressurised de-
sign that doomed both Lunokhod 1 (which lost pressure and ceased to operate) and

12 The regolith is the unconsolidated layer of loose rock and dust covering the bedrock on a planetary surface.
13 Skid-steering is a manoeuvre that commands wheels (or tracks) on different sides of the vehicle with different
velocities to achieve a change in the heading.
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Lunokhod 2 (which overheated because of dust on its radiator), but not before demonstrat-
ing the power of mobile exploration vehicles and setting some hard-to-beat records.
Lunokhod 2 held the record for off-Earth roving distance (39 km) until July 27, 2014, when
it was exceeded by NASA's Opportunity rover on Mars.

Among the numerous spacecraft operated on the Moon, another example is worth mention-
ing for its relevance to this research project: the Apollo Lunar Roving Vehicle (LRV), shown
in Figure 2-9. Both Lunokhod and LRV were not autonomous vehicles but were piloted by
humans, however, while the Lunokhod was teleoperated from Earth, the Apollo “Moon
Buggy” was designed to be driven by astronauts on board and transport them during their
Extra-Vehicular Activity (EVA) on the surface of the Moon. The rover was not meant to sur-
vive the night or recharge its battery, which allowed a rather simple design. It was nonethe-
less required to provide very high mobility performance to be advantageous to human ex-
plorers. The LRV was designed for a top speed of 13 km/h, but achieved approximately 18
km/h when driven by Eugene Cernan and Harrison Schmitt during Apollo 17. Such velocity
is two orders of magnitude greater than that of the most modern robotic rovers.

Figure 2-9 - Astronaut James Irwin with the Lunar Roving Vehicle and Mount Hadley in
the background during Apollo 15 (credit: NASA / David Scott)

The feature of the Lunar Roving Vehicle that is of particular importance for this project re-
sides in its wheels. The LRV’s wire-mesh tyres were developed in cooperation between
NASA and Goodyear to behave similarly to terrestrial off-road tyres. The resulting compli-
ant tyre provided excellent traction and obstacle-envelopment capability, enabling the ve-
hicle to output its well-known mobility performance. The same technology, more than half
a century later, is being adapted to be used on the Sample Fetch Rover. The spring-mesh
tyres, discussed in detail in Chapter 7, are the legacy of the ingenious design that carried
Apollo astronauts on the surface of the Moon.

2.3.2.4 Mars

Due to its central role in this study, the exploration of Mars and the probes that pursued it
are analysed in more detail in Chapter 3. In the tone of this simple summary, just one
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consideration is offered here to introduce the interest behind travelling to our colder
planetary neighbour. It can be drawn by observing Figure 2-10, which depicts in green the
habitable zone of our planetary system and the orbits of the four inner planets.

Figure 2-10 - Solar System’s habitable zone (credit: NASA / JPL-Caltech / T. Pyle)

[tis now common to see the term “habitable zone” applied to the increasing number of plan-
etary systems that exoplanet surveys are detecting. In its simplest formulation, it identifies
the family of orbits where, given favourable atmospheric conditions, liquid water can exist
on the surface of a planet. This reasoning is rarely used in our own planetary system because
we know with confidence that it contains only one habitable planet: Earth. However, if the
same considerations were applied to the star Sol, the situation in Figure 2-10 would be
obtained, showing two planets orbiting within the habitable zone: Earth and Mars.

If the Solar System had been detected by one of our exoplanet hunting missions, we would
be looking at two candidate habitable planets and, if we were unable to see their
atmospheres (for example exploiting a transit in front of the parent star), they would be of
equal interest. Therefore, the first questions that scientists ask themselves about Mars are
why and how it turned out so different from Earth: whether it is due to its size, its geology,
the lack of magnetic field, or the absence of a large moon, if it is linked to orbital mechanics,
chemistry in its atmosphere or litosphere.

On the other hand, Mars is not really that alien compared to our world. If we consider other
planetary bodies, even without venturing outside of our system, the variety is striking:
ranging from planets with incandescent, corrosive atmospheres, to glaciers of frozen
nitrogen, volcanoes erupting liquid water and bottomless worlds, where no solid surface
can be reached. In view of this diversity, Earth and Mars are, in fact, notably alike. Figure
2-11 provides an example of how certain areas of the planets can be remarkably similar,
with the blue sky giving away Earth’s desert. As a matter of fact, the presence of vegetation
and soil of organic origin are the main features that make terrestrial landscapes so different
from other desert planets.

22



Mars Delivery Service

Figure 2-11 - Comparison between Mars and the Atacama Desert (credit: NASA / A. Airo,
TU Berlin)

There is evidence that Earth and Mars have been significantly more alike in the past, when
liquid water was abundant on the surface of the Red Planet. With this in mind, it is reason-
able to ask further questions as to the wetter past of Mars, for example, if the planet has ever
been able to sustain life as we know it, for how long, if life did actually emerge and if it is
still present today.

The fact that it is so comparable, yet so different to the Earth, together with its relative prox-
imity and ease of travel, are the reasons why Mars is such an interesting destination. It is
the objective of this PhD project to develop the technology that will help to answer some of
the questions listed above.

2.3.3 The outer planets

Outside the orbit of Mars, beyond the Asteroid Belt, reside the four outer planets of the Solar
System, which are radically different from the inner ones in the fact that they are many times
as massive and primarily composed of volatile substances. Today we identify two gas giants,
Jupiter and Saturn, containing primarily hydrogen and helium, and two ice giants, Uranus
and Neptune, composed by heavier volatiles (water, ammonia, hydrocarbons).

2.3.3.1 Jupiter

The four rocky planets of the Solar System are all located within a radius of approximately
228 million km from the Sun, but it is necessary to travel more than three times that distance
to encounter another planet beyond Mars. In the outer Solar System distances expand sig-
nificantly and so do flight times. Solar irradiation gets weak, and communication delays be-
come substantial, since light - and hence radio waves - from Earth can take hours to reach
a craft in this region. The orbit of Jupiter is the furthest point from the Sun where solar pan-
els can still be used to power a probe, even though at their very limit. As a matter of fact,
nuclear power sources, despite their outdated technology, are the most advantageous
choice from Mars onwards, and when they are not used it is simply to avoid the political and
cost implications of handling radioactive material.

In the cold expanse of the outer Solar System, Jupiter presents itself as a miniature planetary
system in its own right. With a massive central object, composed by the same stuff of stars
(hydrogen and helium) and dozens of smaller bodies orbiting around it. Similarly to a star,
Jupiter also manifests a powerful magnetosphere, so vast that, if it was visible to the human
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eye, it would appear larger than a full moon in the Earth’s sky [14]. At approximately 318
Earth masses, Jupiter is by far the most massive planet in our system, but still two orders of
magnitude away from being able to ignite nuclear fusion in its core and light up as a star.

As it happens with most gaseous planets, on Jupiter it is impossible to identify clearly a sur-
face. We can recognise the cloud tops, whose distinctive colours, caused by small concen-
tration of gases mixed with hydrogen and helium, act like a flow tracer and allow to observe
the intricate circulation patterns. Jupiter is an ideal test bed for our understanding of
weather dynamics and planet-wide climates: one that keeps proving how our models of
these phenomena are, in fact, still lacking. Below the clouds, the gases gradually fade into
liquid phase as the density increases, until, under the mounting pressure, hydrogen transi-
tions to its metallic state [15]. This exotic form of matter is an atomic superfluid (i.e., with
no viscosity or friction), likely superconductive as well, although it still eludes detailed stud-
ies, as it manifests itself only in the extreme pressure conditions that exist inside giant plan-
ets like Jupiter and Saturn. What is at the centre of Jupiter is not yet defined: recent meas-
urements suggest a “fuzzy core”, i.e.,, an increasing concentration of heavy elements dis-
solved in the metallic hydrogen, but a classical rocky core is not excluded [16].
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Figure 2-12 - Vortices in Jupiter’s North North Temperate Belt imaged by NASA'’s Juno
spacecraft at low altitude (credit: NASA / JPL-Caltech / K. M. Gill)

Itis certainly the peculiar interior of Jupiter that produces its strong magnetic field, but how
that happens is still being studied by probes, along with the dynamics of its atmosphere.
The only spacecraft currently operating in the Jovian system is NASA’s Juno mission, which
reports spectacular views of the cloud patterns from close passes in its elliptical orbits
around the planet, like the one in Figure 2-12. The planet’s magnetic field is extremely prob-
lematic for spacecraft flying in its proximity, because it captures charged particles and ac-
celerates them creating intense radiation belts, similar to Earth’s Van Allen belts, but thou-
sands of times more powerful. This radiation is destructive for the semiconductor materials
at the basis of our electronic technology, so any probe approaching Jupiter needs to carry
heavy shielding (usually metallic, e.g., lead enclosures) and try to spend as little time as pos-
sible in the radiation zone (for example by flying highly elliptical orbits).

Not many spacecraft have flown to Jupiter before Juno, due to the challenges of pushing a
probe this far from home. These are: Pioneer 10 and 11 (NASA, flyby), Voyager 1 and 2
(NASA, flyby), Galileo (NASA, orbiter and entry probe), Ulysses (ESA/NASA, gravity assist
only) and Cassini (NASA/ESA, gravity assist only). All of them were designed to face similar
challenges: large propellant needs, lack of solar power, cold environment, communication
delay, and very high radiation (at exception of Pioneer, which discovered the radiation, and
was just fast enough to fly through it before receiving severe damage). Remarkably, 100%
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of these missions have been successful. Future missions to Jupiter like ESA’s JUICE and
NASA’s Europa Clipper will be shifting the focus from the planet to its moons.

The natural satellites of Jupiter have attracted attention since the early flybys, in particular
the four large Galilean moons!4, which, differently from the others, have shown to be active,
complex worlds in their own right. With the exception of lo, which is a tumultuous volcanic
world, it is believed that Callisto, Europa and Ganimede all host subsurface oceans of liquid
water. These oceans would be kept permanently liquid by the tidal forces of the giant planet,
which dissipate deformation energy into the moons’ interiors. They might be some of the

most hospitable place for microbial life currently present in the Solar System, exluding
Earth. Figure 2-13 shows a view of Europa from the Galileo spacecraft: this striped surface
of water ice might be hiding a vast salty ocean.

Figure 2-13 - A composite view of Europa obtained by images from the Galileo probe
(credit: NASA / JPL-Caltech / SETI Institute)

2.3.3.2 Saturn

In the history of space exploration, only six probes have ventured beyond the orbit of Jupi-
ter: Pioneer 10 and 11 (NASA), Voyager 1 and 2 (NASA), Cassini-Huygens (NASA/ESA) and
New Horizons (NASA). These names denote some of the most daring crafts ever produced
by human ingenuity and, remarkably, all have performed successfully in the face of extreme
odds. So far, humankind’s boldest strides towards the stars have been rewarded by the most
wondrous achievements. Four of these historic probes have encountered the planet Saturn
and one of them, Cassini, has spent more than 13 years orbiting around it.

14 The largest natural satellites of Jupiter were discovered by Galileo Galilei in 1610 and are called Galilean
moons.
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Since the invention of the telescope, Saturn has presented itself as one of the most visually
impressive features of our planetary system and, when finally visited up close, it certainly
lived up to expectations. Saturn is a gas giant encircled by a magnificent ring system and
dozens of moons. It has a similar composition and internal structure to Jupiter, although
smaller in size, at approximately 95 Earth masses. Saturn’s magnetosphere is not as power-
ful as Jupiter’s and its atmosphere does not appear as dramatic to the naked eye, but its
climate and storms are not dissimilar. As it happens for Jupiter, an increasing amount of
scientific interest is being captured by the objects in orbit around the planet. Figure 2-14
offers a stunning backlit view of Saturn from the Cassini probe: the Sun is behind the planet
and the vast ring system shines in scattered light. The night side of planet is partly illumi-
nated by the “ringlight”15.

Figure 2-14 - View of Saturn transiting in front of the Sun from the Cassini orbiter (credit:
NASA / JPL-Caltech / Space Science Institute)

Orbital dynamics suggest that a ring system like that of Saturn is not a long-lived phenome-
non - in planetary terms - and should be stable for a few hundred million years at most.
This implies that whatever created it should be a fairly recent event, possibly the disinte-
gration of a moon or the capture of an external body, or perhaps today’s rings are the de-
caying leftovers of a much larger ring structure [17]. The answer is still an object of research.
What we know today is that the ring is composed mostly of water ice, like Saturn’s moons,
and is stabilised by small moons orbiting within its gaps, also called “shepherd moons”. One
of these bodies, Daphnis, can be seen orbiting in the Keeler gap in Figure 2-15, followed by
waves of ring material disturbed by its gravity.

15 Saturn’s ringlight, analogous to Earth’s moonlight, is caused by the diffuse reflection of the rings illuminated
by the Sun.
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Figure 2-15 - Saturn’s moon Daphnis raising a trail of waves in the ring material imaged
by Cassini (credit: NASA / JPL-Caltech / Space Science Institute)

Beyond the rings lays a varied population of satellites, some of which have been subject of
a few of the most sensational discoveries in planetary exploration. Inside the faint outer-
most ring, identified as E ring, orbits Enceladus (on the far left in Figure 2-14), an icy moon
with a global underground ocean of liquid water. In fact, the E ring is not only inhabited by
Enceladus, but created by it: the moon emanates large plumes from its south pole, ejecting
the underground water through the icy crust into open space (Figure 2-16).

Figure 2-16 - Water plumes rising from Enceladus imaged by Cassini (credit: NASA / JPL-
Caltech / Space Science Institute)

Scientists realised that, differently from Jupiter’s moons, Enceladus’ ocean would be easily
accessible even for spacecraft in flight. Fortunately, a ship with sufficient manoeuvring ca-
pability was already available: in March 2008, Cassini altered its course and performed an
incredible passage through Enceladus’ plumes at over 51 000 km/h and a mere 52 km above
its surface. The measurements obtained echo in the scientific community to this day: 1.6
billion km away from Earth, in the cold outskirts of the Solar System, Enceladus harbours
an ocean of salty water, rich in complex organic compounds [18].

When NASA’s Voyager 1 reached Saturn in 1980, the mission team faced a hard decision: an
onwards journey to Pluto or a flyby of Saturn’s moon Titan, as the trajectory for the latter
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would have flung the spacecraft out of the plane of the Solar System, never to return. In the
end, Titan was selected. The choice paid off and revealed a world so interesting to become
one of the key motivations behind the Cassini mission and even get its own dedicated lander,
the European Huygens probe.

Titan is a planet-sized moon with a thick nitrogen atmosphere and a surface pressure of 1.5
bar. Figure 2-17 shows an image of its surface from the Huygens lander, which is the only
existing photograph from the surface of a planetary body in the outer Solar System. The
picture portrays a riverbed: Titan is the only other world beyond Earth known to have a
liquid cycle, but instead of water, that liquid is mostly methane, which, at the typical surface
temperatures of -180°C, can evaporate into clouds, fall as rain or snow and flow through
rivers into large lakes [19]. At this temperature, water ice plays the role of rock, forming the
moon’s lithosphere. The potential for life of this environment remains difficult to assess, as
the chemistry is so exotic that might challenge our definition of life itself.

Figure 2-17 - Titan’s surface from the Huygens probe (credit: ESA / NASA / JPL-Caltech /
University of Arizona)

The probes that flew to Saturn share a similar architecture: they are all powered by a Radi-
oisotope Thermoelectric Generator (RTG), mounted on an appendage to minimise irradia-
tion to the spacecraft components, and their appearance is dominated by a high-gain an-
tenna dish, as large as 4 m in diameter, which is required to maintain contact with the dis-
tant Earth. They carry a fair amount of fuel on board for trajectory corrections during their
long interplanetary cruise and their thermal control is based on the need to manage pre-
cious heat when far from the Sun but also avoid overheating while in transit through the
inner system. This is at exception of the Huygens probe, which was a mostly passive lander
running on primary batteries!6 with an autonomy of a few hours.

The next planned mission to the Saturn system will likely be very different from the previ-
ous ones, and in fact from any other spacecraft ever flown before: Dragonfly is a nuclear
rotorcraft designed to land on Titan and explore it through powered flight, taking advantage
of the dense atmosphere. NASA is planning to launch this ambitious mission in the late
2020s. It would be the seventh human-made object to operate beyond the orbit of Jupiter.

16 A primary battery is a battery not intended to be recharged after use.
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2.3.3.3 Uranus

With Voyager 1 leaving the Solar System on an out-of-plane slingshot after the encounter
with Titan??, only Voyager 2 remained on its Grand Tour trajectory!8 after 1980. It is the
only probe to have visited the last two planets of the Solar System. Yet most of the planets
found around other stars are Uranus and Neptune-sized, so studying them improves our
understanding of other planetary systems and explains whether our own is a rare case. Be-
cause they were observed only through brief flybys and they are too far to resolve in detail
through Earth-based telescopes, Uranus and Neptune are still rather mysterious objects.

Uranus presents itself as an almost featureless light blue orb (Figure 2-18), encircled by 27
known moons and a set of very faint rings, whose arrangement hints at one of the peculiar
characteristics of the planet: its equator is tilted by 98° compared to its orbital plane, mean-
ing that the planet “spins on its side”. From this follows that Uranus’ diurnal cycle is largely
unaffected by its spin and its day is as long as its year, i.e. 84 terrestrial years.

Figure 2-18 - Uranus from Voyager 2 (credit: NASA / JPL-Caltech)

Uranus’s atmosphere is mostly hydrogen and helium with traces of methane, which pro-
vides its pale blue hue. Beneath the atmosphere, the bulk of the planet is composed by wa-
ter, ammonia and methane in a partially frozen state, which forms a dense fluid under ex-
treme pressures and temperatures of thousands of degrees [20]. At its centre, it is believed
to be a small rocky core. The inner workings of Uranus became significantly more puzzling
when its magnetic field was measured as off-centre by more than 7000 km and tilted by 60°
from its rotation axis, meaning that its magnetosphere is constantly twisting and tumbling
through space [21]. Uranus also features the minimum internal heat emissions of all planets,
making it home of the coldest naturally occurring!® temperature among all planets, at just

17 See Section 2.3.3.2.

18 The Grand Tour is a chain of gravity assists allowing one spacecraft to visit all the outer planets in sequence,
see Section 2.1.2.

19 The absolute coldest temperatures in the Solar System are reported on Earth, but they are created by human
technology.
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49 K. All of the above hints at some cataclysmic events in Uranus’ past that significantly
altered the planet’s structure: possibly one or more impacts with fully formed planets as
large as Earth. It is believed that both Uranus and Neptune formed closer to the Sun and
gradually migrated to where they are today, which might explain some planetary accidents
along the way.

With just one in-situ data point, it is difficult to say more about Uranus’ past. The only space-
craft that encountered the planet, NASA’s Voyager 2, was not officially meant to survive this
far from Earth, but it succeeded thanks to the ingenuity of its mission designers. The twin
Voyager probes are three-axis stabilised systems that use celestial or gyro references to
maintain pointing of a large high-gain antenna toward Earth, as shown in Figure 2-19.
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Figure 2-19 - The architecture of the Voyager spacecraft, including main scientific instru-
ments (credit: NASA / JPL-Caltech)

The key challenge at this distance from the sun, besides the lack of sunlight and heat, which
are addressed by the RTG power source, is communication. A radio signal takes approxi-
mately 2.5 hours to reach Uranus from Earth, so mission controllers need at least 5 hours
to get confirmation that each command is executed. This means that the spacecraft had to
be highly reliable and autonomous despite their simple technology: the Voyager computer
command subsystem, in fact, has less processing power than the battery charger of a mod-
ern phone and its memory is a simple magnetic tape that is continuously rewritten. It has
been playing without fault for 45 years. To this date, there are no other missions planned to
follow the path of Voyager 2 to Uranus, apart from some preliminary studies.

2.3.3.4 Neptune

Neptune, the eighth and outermost planet of the Solar System, is very similar to Uranus in
size and composition (see section 2.3.3.3). Different concentrations of gases in the atmos-
phere are believed to be at the root of its deeper blue colour and more noticeable clouds,
which highlight one of the distinctive features of Neptune: its remarkably strong winds. Voy-
ager 2 measured winds as fast as 2100 km/h, which is faster than any other planet and
nearly supersonic for the Neptunian atmosphere. The source of all this kinetic energy is still
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a mystery, considering that Neptune receives three orders of magnitude less solar energy
than the Earth. Some common models suggest that the planet’s deep circulation could be
feeding a colossal, highly efficient Brayton cycle that powers the high-speed currents [22].
As Uranus, Neptune has been visited only by the Voyager 2 probe and no other missions are
expected in the near future. An image from that encounter is reported in Figure 2-20.

Figure 2-20 - Neptune from Voyager 2 (credit: NASA / JPL-Caltech)

Like all the other giant planets, Neptune is encircled by moons, although not as numerous.
14 have been discovered so far and one in particular stands out from the rest: Triton. This
moon is much larger than the others and follows a retrograde orbit2? around the planet,
which means that it cannot have been created around Neptune, but it must have been cap-
tured after its formation [23]. This is probably true for about half of the moons in the Nep-
tune system, but, while the others have the appearance of small irregular asteroids, Triton
is really a world on its own. Larger than Pluto, it displays an active, complex geology with
geysers of nitrogen and a surface of water ice, perhaps hiding an underground ocean of lig-
uid water. Figure 2-21 shows a high-resolution image of Triton, with dark plumes from its
geysers visible in the top portion. It is believed that Triton was a dwarf planet formed in the
Kuiper Belt?! and captured by Neptune during its migration outwards in the Solar System.
The arrival of such a massive object most likely caused collisions and ejections among the
pre-existing moons, leaving the small population that can be observed today.

20 A retrograde orbit is an orbit whose direction of motion is opposite to the rotation of the primary body.
21 The Kuiper Belt is a circumstellar disc of mostly small, icy bodies extending outward from the orbit of Neptune
see Section 2.3.5.
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Figure 2-21 - A mosaic view of Triton obtained by Voyager 2 imagery (credit: NASA / JPL-
Caltech)

The mission design that is required to fly this far from our Sun has been already mentioned
in Section 2.3.3.3, with additional operational challenges caused by the growing distance.
The Sun at Neptune is 1000 times fainter than on Earth, meaning no appreciable heating
and scarce illumination for photography in visible light. By the time Voyager 2 reached the
last planet, it was 12 years old and the decay of its radioactive power source had appreciably
reduced the power output. From that moment onwards, it became necessary to start switch-
ing off instruments to save power for the spacecraft’s vital systems. Communication proved
increasingly more challenging, since the Voyager radio transceiver has a power of just 23
W, not much greater than that of a mobile phone, and it was becoming hardly distinguisha-
ble from the background cosmic radiation. As both Voyager probes kept flying farther from
Earth, ground-based antennas had to increase in size and number, reaching more than 70
m in diameter and eventually forming what is known today as the Deep Space Network
(DSN), humanity’s key asset in establishing contact with all interplanetary spacecraft.

2.3.4 The minor bodies

Even if this summary is focused on planetary exploration, it is worth mentioning briefly
some key categories of smaller bodies which are not planets. These can be identified as:

e Asteroids

e Dwarf planets

e Comets

e Kuiper Belt objects
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2.3.4.1 Asteroids

The term “asteroid” is a generic name for any rocky object orbiting the Sun that is not active
and not massive enough to assume a spherical shape. Asteroids are scattered across the
whole Solar System but are found in particularly high concentration in the Asteroid Belt,
between Mars and Jupiter. The belt is essentially a rocky planet that never formed, because
the coalescence of its material was disturbed by the gravitational influence of the nearby
gas giants. Thanks to that, it provides a window on the early history of the Solar System. The
asteroids of the belt are relatively easy to reach and, thanks to their large number, it has
been possible to perform close approaches with more than one object in a single mission.
Solar illumination is sufficient to power spacecraft and the thermal environment is rela-
tively benign for space standards.

2.3.4.2 Dwarf planets

As described above, the Asteroid Belt is the snapshot of a planet in formation and, in fact, a
planetary embryo hides in the belt: Ceres. Almost 1000 km in diameter, Ceres is identified
as a dwarf planet, a term that addresses a world sufficiently massive to be in hydrostatic
equilibrium, i.e., take a spherical shape under its own gravity, but not large enough to have
cleared its orbit from the debris of its formation. Ceres is the only object of this type in the
inner system, while several others are found beyond the orbit of Neptune, in the Kuiper Belt.

2.3.4.3 Comets

Comets are minor bodies of the Solar System primarily composed by water ice and dust,
which, when in proximity of the Sun, warm up and release volatiles, forming a coma and
often a tail pointing away from the Sun. Comets usually move on highly eccentric orbits that
keep them far from the Sun for most of the time. Compared to asteroids, they are more pris-
tine remnants of the formation of the Solar System, since they have not been considerably
aged by the solar irradiation. They are divided in two categories, based on their origin:

e Short period comets, originating from the Kuiper Belt, which take less than 200
years to orbit the Sun

e Long period comets, originating from the Oort Cloud??, which take more than 200
years to orbit the Sun

It is possible to intercept a comet for a brief flyby as it approaches the Sun and it has been
done by several probes. It is significantly more challenging to match a comet’s orbit with a
spacecraft since its trajectory can be very different from planet’s orbits. This has been
achieved only once, by ESA’s Rosetta mission, which orbited Comet 67P Churyumov-Gerasi-
menko (Figure 2-22) for two years and landed a probe on its surface.

Rosetta was a solar-powered spacecraft, but matching the comet’s orbit required flying
along an arc beyond Jupiter’s orbit. This pushed the craft’s power system beyond its ability
to sustain normal operations and it became necessary to put the orbiter into hibernation for
2.5 years. During this period, only basic thermal control was active and the spacecraft was

22 The Oort Cloud is a scattered collection of icy bodies which is believed to occupy a vast region around the
Solar System, with a diameter in the order of 1 light year. It has never been directly observed, but comets trajec-
tories indicate its likely existence.
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unable to send or receive data. Simple on-board timers were set to reboot the system after
2.5 years, which they did successfully and full operational capacity was restored [24].

Figure 2-22 - Comet 67P Churyumov-Gerasimenko showing significant outgassing activity
imaged by the Rosetta orbiter (credit: ESA / Rosetta / NavCam)

2.3.4.4 Kuiper Belt objects

Outside the orbit of Neptune lays a disk of icy bodies widely ranging in size. These are the
most preserved remains of the early Solar System and they haven’t changed much since they
formed as part of the nebula that gave birth to our star. Too heavy to be blown away by the
ignition of the young Sun, too scattered to coalesce into planets, the sheer distance of these
objects makes them the least known in our planetary system. One ship braved this distance
and travelled the 5 light-hours needed to encounter some of the nearest Kuiper Belt objects.
That ship is NASA’s New Horizons and its target is Pluto.

Although now classified as a dwarf planet, in front of New Horizons Pluto presented itself
as a surprisingly complex world, rich and dynamic as the ones in the inner system. During
the brief flyby, the probe observed an active geology with mountain ranges of water ice,
glaciers of nitrogen, a thin, hazy atmosphere and an intricate interaction with the large
moon Charon. One of these dramatic portraits taken by New Horizon as it was leaving the
dwarf planet can be seen in Figure 2-23.
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Figure 2-23 - View of Pluto under a low illumination angle by New Horizons (credit: NASA
/ JHUAPL / SwRI)

Given the similar mission profile, the New Horizon spacecraft architecture is comparable to
that of Voyager, described in Section 2.3.3.3, but smaller in size thanks to the more recent
technology. The limited launch mass was essential for this probe because, lacking the grav-
ity assist sequence that benefitted Voyager, it had to be greatly accelerated at the beginning
of his travel, with considerable propellant cost. New Horizon was launched by the largest
Atlas V rocket available at the time, equipped with an additional solid rocket upper stage.
At the end of the burn sequence the craft was released in a solar-escape trajectory at over
58 000 km/h, making it the fastest object to ever leave Earth [25]. 9 hours later, mission
controllers had barely begun post-launch health checks while the spacecraft had already
flown past the Moon. In two and a half months it was beyond the orbit of Mars.

To minimise mass, New Horizon’s main instrumentation is body-mounted instead than on
an external motorised platform. This allows for a simpler design but it also it requires an
agile attitude control system that can swiftly reorient the spacecraft to perform various ob-
servations. It also means that antenna pointing was lost for the 22-hour duration of the
Pluto flyby. New Horizons had to use a high degree of on-board intelligence to operate au-
tonomously during this radio science. At the end of the sequence, the spacecraft re-estab-
lished antenna lock on Earth showing a full on board memory, sign of a successful flyby. At
arate of 2 kb/s, it took more than a year to download the 6.25 GB of data acquired in those
22 hours, but it permanently changed our understanding of the Pluto system.

2.3.5 The boundaries of the Solar System

The Solar System is surrounded by a vast magnetic “bubble”, formed by the solar wind: the
heliosphere. Inside this region, the particle and radiation environments are predominantly
controlled by the Sun, while outside, the galactic environment dominates. The boundary of
the heliosphere is called the heliopause and, beyond this limit, interstellar space officially
begins. The Sun completes one revolution around the galactic centre (galactic year) every
230 million Earth years, which might appear rather slow paced, but, considering the im-
mensity of the orbit, it corresponds to a velocity of 864 000 km/h. If the local galactic clouds
are moving at a slower speed, this can form a bow shock in the direction of motion. Whether
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this shockwave is fully developed or not in the current galactic medium is still subject of
debate [26]. Figure 2-24 offers a diagram of these structures surrounding the Solar System.

- Heliopause

$— . 3 @5 - Solar System

Sun direction

of motion - Heliosphere

Interstellar ions

Figure 2-24 - Diagram of the heliosphere and large-scale structures around the Solar Sys-
tem (credit: ESA / L. B. Jaffel / M. Kornmesser / L. L. Christensen)

The scale of these structure is colossal, even in planetary terms. The heliopause is found no
closer than 121 AU from the Sun, which is 18 billion km or nearly 17 light-hours. The flight
time to that distance, with the current technology and the most favourable orbital configu-
ration, is nearly four decades. The only two ships to have braved this journey are Voyager 1
and 2, which crossed the heliopause in 2012 and 2018, respectively, thus becoming the first
human-made objects to venture into interstellar space. It is through these crossing that we
have learned about the existence of these structures and about our place in the galaxy.

Nearly half a century after their departure, the probes are still radioing back their discover-
ies through the Deep Space Network as they speed outward into the galaxy. The ships have
exceeded their design specification more than tenfold, but they have kept faithful to their
design intent. After the completion of the Grand Tour of the Solar System, NASA approved
support for an open-ended Voyager Interstellar Mission, aimed at following the probes just
as far as they would be able to be communicate. It is probable that before the end of the
2020s their nuclear power sources will have become so weak to be unable to keep on the
communication systems. From that point onwards the Voyager Interstellar Mission will
continue in silence.

The last mission objective of the Voyagers is to bear a message to the stars. On each vessel
is mounted a copy of the “Golden Record”, a 12-inch gold-plated copper disk containing
sounds and images selected to portray the diversity of life and culture on Earth. The chances
of some distant alien civilisation intercepting the probes are ridiculously small, but during
their journey, the Voyagers have gradually acquired more symbolic meaning over practical
use and have become an emblem of exploration, a signpost of how far humans have come
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through their robotic ambassadors. Billions of years from now, after our species has become
extinct, after the Earth and the Sun are gone, the Voyagers will fly on. Destined to sail indef-
initely through the galaxy, they will be the last remaining proof that humankind ever ex-
isted.
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3 MARS

Mars is often described as “Earth’s brother”, especially after the discouraging realisation
that “Earth’s twin”, Venus, is one of the most inhospitable places in the Solar System. How-
ever, if the two planets are siblings, they must have grown apart a long time ago. Today Mars
presents itself as a dusty, frigid desert, geologically dead, stripped of much of its atmosphere
and water. And yet, it is the most familiar world that we have found so far. The sun rises and
sets almost once every 24 hours, there are four seasons, there is wind and a surface made
of rock and sand: phenomena and materials that are familiar to human senses. On that sur-
face we could comfortably stand - as long as we wore protection from the cold and the low
pressure - and use our limbs for locomotion and manipulation, like we do on our home
planet. The truth is that, in our observation and exploration of the Cosmos, we have yet to
find a place that more closely resembles our world.

As already noted in Chapter 2, these conflicting thoughts have driven significant interest
and curiosity towards our colder planetary neighbour. The more we explore it, the more we
long to understand why Earth and Mars appear so similar and yet so different. This chapter
provides a summary of the history of the exploration of Mars and the scientific interests
behind these undertakings. It also describes the environment that surface missions have to
face, with particular attention to rovers, a type of spacecraft with a key role in the explora-
tion of Mars and in this research.

3.1 History of the exploration of Mars

3.1.1 Early days and pioneering missions

Attempts to reach Mars began as early as 1960, with the Soviet Union commencing a series
of launches that unfortunately did not match the initial ambitions: 10 Soviet spacecraft were
lost in that decade without ever reaching the planet. Meanwhile, the USA accomplished a
flyby on their second attempt in 1964, with the Mariner 4 probe, and continued to succeed
with Mariner 6 and 7 in 1969.

At the time when Mariner 4 was headed for Mars, human knowledge of the planet was lim-
ited to what could be observed through the telescopes of the time. Scientists still thought
possible, however unlikely, that the planet hosted complex life on its surface. During the
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brief flyby - less than half an hour of observation time - the television camera on board
Mariner 4 acquired a total of 22 images, which were then radioed back to Earth. Each image
was only 200 x 200 pixel in size and took more than 6 hours to download. A "real-time data
translator” machine converted each Mariner 4 digital image data into numbers printed on
strips of paper. Too anxious to wait for the official processed image, employees from the
Telecommunications Section at NASA's Jet Propulsion Laboratory, attached these strips side
by side as they were being received and hand coloured the numbers like a paint-by-numbers
picture (Figure 3-1). Data from the probe confirmed the theory that Mars was a cold desert
planet, with a thin atmosphere and a surface dominated by dust and craters and not by
blooming life and water bodies. To the disappointment of the general public, Mars looked a
lot more like our moon than our planet.

Figure 3-1 - A JPL engineer colouring by hand the transmission strips of the first television
image from Mariner 4 (credit: NASA / JPL-Caltech)

During the ‘70s, the scene of the exploration of Mars was changed by a number of factors:
firstly, the “Moon race” was settled, and Mars attracted more attention as the obvious next
target. Secondly, the emphasis shifted from quick flyby missions to orbiters and landers,
since, by that time, humankind had developed the technology to enter orbit around another
planetary body and descend onto its surface. Orbital insertion around Mars was achieved
by American and Soviet probes almost at the same time in 1971, with the American Mariner
9 on November 14t and the Soviet Mars 2 and Mars 3 on November 27t and December 2nd,
respectively. The Soviet orbiters were also carrying landers on board: the one delivered by
Mars 2 entered the Martian atmosphere with an incorrect angle and disintegrated upon im-
pact, while the one delivered by Mars 3 correctly performed a soft landing, even though it
operated only for 20 seconds after touchdown. The cause of failure is still unknown, but
possibly linked to an enormous dust storm that was raging at the time of landing.

A relevant fact to note is that, during this time, space agencies often sent probes to Mars in
pairs, usually formed by identical spacecraft. Sometimes they travelled even in groups of
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three or four. The departure window to Mars occurs approximately every 26 months23, so
during the ‘60s and ‘70s it was common to see a small fleet of spacecraft set sail together to
the Red Planet every two years or so. This now unfamiliar approach was driven by the need
for redundancy: the failure rate was so high that it seemed reasonable to duplicate entire
missions in case one failed. The truth is that Mars remains a rather unforgiving destination
to this day, and the failure rate never quite dropped to a comfortable level for modern space
agencies, but modern space budgets rarely allow the duplication of entire exploration mis-
sions.

Orbiters launched in the early ‘70s relayed a far greater amount of scientific data compared
to the early flybys, mapping the entire surface and picturing a much more complex and dy-
namic world than what initially appeared. These advancements led to NASA’s Viking pro-
ject, which delivered two more twin missions to Mars in 1976, each composed by an orbiter
and a lander. Both landers were successful and transmitted the first, striking imagery from
the surface of Mars, deeply transforming our understanding of the planet from remote sens-
ing to in-situ analysis and observation at human scale. A panoramic image from Viking 2 is
reported in Figure 3-2.

Figure 3-2 - Panorama of the Martian surface from Viking 2 (credit: NASA / JPL-Caltech)

The Viking landers produced a wealth of scientific data, from geological investigation to
characterisation of the atmosphere, radiation environment, chemical, mechanical and even
biological analysis of the surface material [27]. The three exobiology experiments on board
the landers discovered unexpected and enigmatic chemical activity in the Martian soil, but
provided no clear evidence for the presence of living microorganisms. Today, the interpre-
tation of these results in the light of more findings from other missions leads us to believe
that, while organic compounds are easily found on Mars, its soil is likely unsuitable for mi-
crobial life, at least in proximity of the surface.

The Vikings were powered by Radioisotope Thermoelectric Generators, which made them
relatively long-lived: Viking 1 operated for approximately 6 years, Viking 2 for 4. Their ex-
tended permanence on Mars gave them the opportunity to observe the rotation of seasons
and the changes in their environment. This was particularly true for Viking 2, which had
landed at higher latitude and, on a cold winter day, took the picture in Figure 3-3. The frost

23 The Earth-Mars departure window occurs when Earth is approaching Mars, moving faster on its inner orbit,
approximately 2-3 months before the point of minimum distance between the two planets. It is possible to
launch to Mars outside of this window, but the propellant requirements are much higher and generally do not
allow to deliver any meaningful payload with present rocket technology.
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visible on the surface is water ice: Mars had not completely lost its water after all. The por-
trayed area is the same one on the far right in Figure 3-2.

Figure 3-3 - Winter frost around Viking 2 (credit: NASA / JPL-Caltech)

These would be the last pictures from the surface of Mars for quite some time, since the
launch rate towards the Red Planet almost came to a halt in the ‘80s. During the two decades
that followed the launch of the Vikings, only a single spacecraft made it to Mars: it was the
Phobos 2 orbiter, the last interplanetary probe from the Soviet Union before its collapse.

3.1.2 Modern exploration of Mars

In the late 90’s and early 2000s, the number of missions to Mars started picking up again,
although it would never reach the pace of the ‘60s and ‘70s. The chart in Figure 3-4 summa-
rises almost seven decades of Mars missions. It can be noted how the ‘60s and ‘70s take
nearly half of it: a reminder that, despite recent positive signs, the planetary exploration
effort has far from recovered its original strength. On the other hand, the chart also shows
how the success rate has been improving, highlighted by the large number of dark dotted
lines (failures) in the earlier times. The chart also provides an indication of how rare it is to
attempt a landing, as opposed to an orbital mission, and how even rarer it is to succeed in
that. Of these few successful landings, six carried rovers to the surface of Mars: Pathfinder2?,
Spirit, Opportunity, Curiosity, Perseverance and Tianwen-125 (Chinese Mars Mission). Of
these six, the last three are still operational to this day. The ExoMars 2022 rover, the Martian
Moons eXploration probe (MMX) and the Mangalyaan 2 mission have yet to be launched at
the time of writing.

24 The rover delivered by Pathfinder is named Sojourner.
25 The rover delivered by Tianwen-1 is named Zhurong.
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Figure 3-4 - Visual summary of all the missions in the history of Mars exploration, catego-
rised as flybys, orbiters, landers and rovers, updated as of July 2020 (credit: ESA)

Whilst increasingly sophisticated orbiters were being sent to the Red Planet, it is the advent
of rovers that would change the study of Mars so significantly to make these machines the
most widely recognised symbol of its exploration. The first spacecraft of this type was a
microwave-sized technology demonstrator riding on a lander with its own separate mis-
sion. The Microrover Flight Experiment (MFEX), delivered by NASA’s Pathfinder lander and
better known as Sojourner, is the ancestor of all planetary rovers.
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Sojourner operated for 92 Martian days in 1997 and drove approximately 100 m, powered
by the solar panel on its top deck. In that brief distance, it performed chemical analyses on
15 rock formations and returned thousands of images. Despite its elementary sensors, the
small rover had achieved more than any stationary lander before and unquestionably
proven the advantages of surface mobility for planetary exploration. Figure 3-5 shows So-
journer immediately after descending its egress ramp (on the left). On the right, it is possible
to see part of the deflated airbags that decelerated the lander.

Figure 3-5 - NASA’s Sojourner rover imaged by the Pathfinder lander (credit: NASA / JPL-
Caltech)

A second MFEX rover, identical to Sujourner had been built during the flight programme
and was ready to be sent to Mars on another lander. However, NASA decided that the results
of the first surface mobility experiment were sufficiently promising to justify the develop-
ment of a new class of larger, solar-powered surface vehicles, christened MER, Mars Explo-
ration Rovers. Two identical spacecraft of this class were built, named Spirit (MER-A) and
Opportunity (MER-B). They landed in 2004 on two opposite sides of the planet and have
been greatly successful. Spirit operated for 6 years and traversed almost 8 km, while Op-
portunity operated for over 14 years and logged 45 km, which is the current off-planet driv-
ing record. Its total traversed path seen from orbit is shown in Figure 3-6, with the Munici-
pality of Bologna, Italy superimposed for scale. The planned nominal mission was only the
first leg between Eagle Crater and Endurance Crater. Opportunity ultimately succumbed to
a planet-wide dust storm in Perseverance Valley, just before the 15t anniversary of its land-
ing.

Through their journeys, the MER rovers collected a huge amount of data on Martian geology,
they found evidence of prolonged water presence, they deepened our understanding of the
weather, the winds and how they sculpt the surface, they showed the diversity and com-
plexity of the environment and, remarkably, they brought the general public along with
them. Spirit and Opportunity reignited the interest on Mars and brought planetary explora-
tion back onto the centre stage of space business.
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Figure 3-6 - Opportunity’s path (from top to bottom) on Mars with the City of Bologna for
scale (credit: NASA / JPL-Caltech)

In 2003, the European Space Agency had already become the third agency to successfully
deliver a spacecraft to Mars with the orbiter Mars Express, which is still operational to this
day. Unfortunately, the lander that it was carrying, Beagle 2, failed to complete deployment
after touchdown and never established communication with Earth. The following decade
saw India achieving orbit as well, with its Mars Orbiter Mission Mangalyaan. In 2016, ESA
succeeded in delivering another, more complex spacecraft, the Trace Gas Orbiter, but the
associated lander, Schiaparelli, suffered a similar fate to its predecessor, crashing on the
surface at high velocity.

Meanwhile, NASA had developed another class of rovers, significantly more capable than
MER: the Mars Science Laboratory (MSL), better known as Curiosity. This SUV-sized rover
has been exploring the area of Gale Crater since 2012, unaffected by dust storms or seasonal
changes thanks to its nuclear power source. The MSL design is the highest performance mo-
bile machine that has ever operated on Mars. Its ability to capture the environment in un-
precedented detail has changed the way we study the planet: now scientists are able to im-
merse themselves in high-resolution panoramas and 3D reconstructions of the surface in
virtual reality, allowing them to carefully choose the areas to sample and analyse. The
rover’s highly autonomous mobility system then moves the virtual outpost to the desired
location. Figure 3-7 shows one of these panoramic images, which includes the rover itself.
The last launch window of the 2010s saw another successful NASA landing with the InSight
surface platform to study Martian geology.
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Figure 3-7 - Curiosity panorama in front of Mont Mercou (credit: NASA / JPL-Caltech /
MSSS)

The 2020’s are showing a very promising trend for the exploration of Mars, with more ca-
pable, more frequent missions and more space agencies involved. During the first Mars
launch window in 2020 a fleet of three ships embarked on the interplanetary trip together
and all have reached their objectives successfully: the Emirati orbiter Hope, the Chinese or-
biter and rover Tianwen-1 and the American rover Mars2020, now known as Perseverance.

Perseverance is an enhanced version of the MSL design, overall similar to Curiosity, but it
carried another, unique spacecraft: Ingenuity, the Mars helicopter. On April 19 2021, the
small rotorcraft accomplished the first powered flight on another planet in history, adding
a new dimension to Mars exploration (Figure 3-8).

Figure 3-8 - Ingenuity hovering 5 m above the ground, seen from Perseverance (credit:
NASA / JPL-Caltech / ASU)
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This summary of the exploration of Mars has reached the present day, but more missions
are already under development for the immediate future, including the ExoMars Rover and,
towards the end of the decade, Mars Sample Return, of which much more will be discussed
in these pages.

3.2 Scientific interest

The study of Mars is a vast and constantly changing landscape that involves almost every
branch of science, therefore, it would be impossible to present it in an accurate way within
the scope of this document. A concise summary is provided below, touching upon the major
areas of interest that often become scientific objectives for the missions sent to explore the
planet.

3.2.1 Planetary formation and geology

With the remarkable variety of planets that can be observed within our Solar System, every
time we visit a new world, one of the first things that we seek to comprehend is how it works
and how it came to be like that. How did Mars form and develop into the planet it is today?
What is its internal structure? These are some frequent questions that arise in the study of
the Red Planet. We also aim to understand what geological activity was like on the planet
and when did it cease or, in fact, if it has actually ceased completely or not.

We know that a magnetosphere is an effective barrier to protect terrestrial life from harmful
radiation and Mars does not seem to have one, but did it have a global magnetic field in the
past? Mars is an opportunity to better understand what makes a planet geologically active
and what are the contributions of various factors, such as residual heat form the planet’s
formation, radioactive decay in its core and tidal forces from nearby massive bodies.

3.2.2 Climate and habitability

Itis now consolidated that Mars once had abundant water on its surface, a thick atmosphere
and mild temperatures. The planet has therefore undergone a momentous shift in its cli-
mate to become the cold desert that it is today. A significant investigation effort is concen-
trating on the cause and the process that lead to this change: whether it was the weak grav-
ity that failed to hold on to the atmosphere or the loss of a magnetic field that allowed the
solar wind in.

Given that Mars and Earth were much alike in the past and that, as described in Section
2.3.2.4, they are on equally promising orbits for habitability, scientists seek to understand
how the two planets evolved so differently. In the future, we might have to make resource-
constrained decisions on what exoplanets to observe, or even send probes to, and we need
to be able to recognise a “Mars” from an “Earth”.

Even though Mars is far less hospitable than it used to be, it is still among the most promis-
ing places in the Solar System for human exploration and settlement. In our study of this
world, we also strive to learn how to survive, and perhaps one day thrive, on its surface.
Much is to be learned in this regard, since our technology, like our body, has evolved to
function at its best on one planet only.
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3.2.3 Exobiology

Our expectations for life on Mars have been progressively scaled down over the 20t cen-
tury, from advanced alien civilisations to fossil remains of microbial activity. Nonetheless,
it is impossible to talk about the study of Mars without talking about the search for life.
Every single mission to the Red Planet has this quest captured in one or more of its primary
objectives. It is known that the planet has had liquid water on its surface, possibly for hun-
dreds of millions of years. However, that was billions of years ago, and what is left of that
era is no more than faded geological footprints. Even so, no matter how small the chances,
the prospect of finding some form of biology away from Earth is one of the strongest drivers
for exploration.

[t seems that, as Carl Sagan remarked, “We can't help it. Life looks for life.” [28] We perceive
life as an exceedingly rare phenomenon. We have reason to believe that, for all practical
purposes, our civilisation is alone in the dark expanse of space. What would then be the
implications of finding a “second genesis” in our planetary neighbourhood? The logical con-
sequence would be that the Universe around us is probably brimming with life. This is such
a profoundly significant issue for humans that we cannot avoid chasing it, on Mars and
wherever else there might be some chance of finding traces of life.

3.3 The Martian environment

What follows is an overview of the Martian surface environment and its influence on space-
craft design and operation. This analysis is focused on the planetary surface, since it is the
most relevant for the systems developed in this project, and because the orbital environ-
ment is not radically different from any interplanetary space in the proximity of Earth, but
with weaker solar irradiation and longer communication delay.

3.3.1 Gravity

The gravitational acceleration on the surface of Mars is 3.72 m/s, or 38% that of Earth. At
this gravity level, humans can certainly stand and walk, although hopping might prove more
efficient than walking, as Apollo astronauts realised on the Moon, with a gravitational accel-
eration 16% that of Earth. Differently from the Moon, the Martian gravity field should be
strong enough for the sensory response of the human inner ear to be useful in maintaining
balance, while Apollo astronauts had to rely heavily on their vision to correct their posture
[29].

As to operating machinery, the relatively weak Martian gravity has some advantages: it re-
duces the power required for controlled flight (in particular during descent and landing op-
erations), it leads to more benign loads for on surface mobility and generally does not con-
stitute a challenge for structural design, which is more frequently driven by launch and En-
try, Descent and Landing (EDL) loads. The low gravity can also lead to less compaction of
the terrain material, meaning that Martian sand and dust can be much less cohesive than
their Earth analogues: this poses a danger to surface vehicles, which can get trapped in
patches of material as soft as talcum powder. For wheeled machines, lower weight means
lower down-force to produce traction. These aspects lead to challenges in developing
wheels for Mars, which often use a compliant design to create traction on a large contact
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patch or implement grousers2é on the wheel thread or, sometimes, a combination of the two,
as will be discussed more in Section 4.2.4.

One peculiar aspect of developing spacecraft for the Martian gravity environment is that it
becomes difficult to test them before launch under the stronger Earth gravity. For robotic
arms, lightweight appendages and mobility systems, testing in 1 g can lead to excessive
loads or non-representative behaviours. Sometimes the solution is to use off-loading de-
vices, like cranes and helium balloons, or to build lighter, Mars-weight versions of the hard-
ware. The latter is rather common for development of mobility systems, which can operate
with most of the other spacecraft systems removed. The result is a skeleton model like the
one depicted in Figure 3-9, showing an early prototype of the ExoMars Rover mobility sys-
tem. The electronics are accommodated in a tower structure to reproduce the centre of mass
of the vehicle, which would be otherwise too low because of the missing equipment.

Figure 3-9 - Mars-weight prototype of the ExoMars Rover in the Mars Yard facility (credit:
Airbus)

3.3.2 Atmosphere

The Martian atmosphere is significantly thinner than Earth’s. With an average surface pres-
sure of approximately 0.6% that of our planet, to human perception it would be largely
equivalent to the vacuum of space. Its chemical composition is dominated by carbon dioxide,
followed by molecular nitrogen, argon, molecular oxygen, carbon monoxide and other trace

26 Grousers are protrusions designed to increase traction, common in tracked vehicles on Earth, often in the
form of pads or plates attached to the tractive surface.
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gases including water vapour. The concentration of these elements was measured accu-
rately by the Sample Analysis at Mars (SAM) experiment on board NASA’s Curiosity rover
[30] and is reported in Table 3-1.

Species Volume ratio
CO2 94.9%
N2 2.79%
Ar 2.08%
02 0.17%
co 0.06%

Table 3-1 - Composition of the Martian atmosphere measured by NASA’s Curiosity rover

The fact that the surface pressure is so low does not necessarily mean that the atmosphere
density is equally low. Because carbon dioxide is a rather heavy gas and it is kept cold by
the Martian environment, the density of Martian air is relatively high, up to 0.02 kg/m3. For
comparison, that is equal to the air density at approximately 35 km altitude on Earth. Com-
bining this with the low gravity, it follows that aerodynamic flight should be possible on
Mars, and so it was proven when NASA’s helicopter Ingenuity performed the first powered
flight on another planet on February 18th 2021.

The air density on Mars is sufficient to make the atmosphere a design driver for spacecraft
operating on its surface. It is sufficient to generate convection and so can be a means of heat
transport. Most importantly, Martian air is a vehicle for dust. Dust is one of the greatest
concerns when designing surface platforms, as described in Section 3.3.4, and the wind is
responsible for carrying it onto the hardware. The dust deposition by wind, or aeolian dep-
osition, is a factor of incremental degradation of spacecraft performance, especially for the
power output of solar arrays. Although in some cases it has been observed that strong wind
gusts can actually clean solar arrays from the dust accumulated over time, as it happened to
NASA’s Spirit rover multiple times during its mission (Figure 3-10).

Figure 3-10 - Composite views of Spirit’s top deck before (left) and after (right) a cleaning
event (credit: NASA / JPL-Caltech / Cornell)

The atmospheric wind patterns are as varied as on Earth and they can give rise to high-
intensity phenomena like dust devils (similar to Earth tornadoes, but usually smaller) and
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dust storms, which can be local or global. Dust storms are a major risk to surface assets as
they can obscure the sun and deposit large amounts of dust on the hardware. They are
known to have ended several surface missions like the recent Opportunity rover. Even with-
out dust storms, there is a constant presence of airborne dust in the planet’s atmosphere,
which affects a key parameter known as optical depth, generally defined as follows:

-3
T=1(n CDt

where @; is the incident radiant flux onto a certain substance and @, is the radiant flux
transmitted by that substance. In other terms, 7 gives a measure of how “opaque” the at-
mosphere is. More suspended dust means a more opaque atmosphere and therefore less
sunlight for power generation and lower ability to radiate heat towards the cold sky, so,
somewhat counterintuitively, a hotter environment for spacecraft.

[t is a common misconception, probably related to the scale of Martian dust storms, that
winds on Mars are powerful and dangerous. In fact, wind speeds are generally moderate,
with a maximum of approximately 100 km/h for the most intense storms, which is much
less than Earth’s hurricanes. Considering the low air density, these winds cannot generate
any significant mechanical loading on spacecraft except for appendages with large surface
area, like solar panels, which are sized to resist the strongest gusts.

The atmosphere of Mars is rarefied, but rather thick in terms of extension in altitude be-
cause of the low gravity. It is more than sufficient to stop micrometeoroids?? from reaching
the surface at high velocity, but not dense enough to filter the solar radiation, which is in-
tense even at ground level. The high-energy component of the solar spectrum constantly
bakes the topsoil of Mars in harmful radiation, altering its chemical composition and making
it inhospitable for life. This radiation has to be considered in the design of spacecraft, which
require radiation-hardened electronics, but rarely need any dedicated shielding.

One last peculiarity of the Martian atmosphere is that it can freeze out onto the surface, i.e.,
the CO; that forms 95% of the air solidifies into dry ice. It is estimated that, every winter, as
much as one third of the atmosphere can freeze onto the polar caps, which are composed
by permanent water ice and are visibly expanded by this seasonal COz ice [31]. The CO; then
starts to sublimate in spring and is returned to the atmosphere.

3.3.3 Temperatures

Much like Earth, Mars exhibits diurnal and seasonal temperature variations, but with mark-
edly lower temperatures because of the greater distance from the Sun and the rarefied at-
mosphere. One Martian day, or sol, is approximately 24 hours and 40 minutes long. During
this time, the air temperature changes quite significantly due to the thin atmosphere that
allows the planet to radiate heat to deep space and cool down during the night. Figure 3-11
shows the temperature ranges recorded by NASA'’s Curiosity rover during its first two Mar-
tian years in Gale Crater. The typical daily variation is in the order of 60°C, with the hottest
summer day reaching close to 0°C and the coldest winter night down to -90°C. The temper-
ature ranges in Los Angeles (where Curiosity was built) are superimposed to highlight the

27 Micrometeoroids are small particles of rock, typically less than a gram, that populate interplanetary space.
They originate from comets and asteroids and they pose a threat to spacecraft in orbit.

51



Chapter 3 Mars

much wider variation present on Mars. Gale Crater is a relatively warm region near the
equator, while other areas of the planet have a more frigid climate. Nonetheless, minimum
temperatures generally do not go below -125°C, since that is the point at which the planet’s
atmosphere begins to freeze down onto the surface, and the temperature remains on that
transition point until a significant portion of the atmosphere’s mass has solidified (see Sec-
tion 3.3.2).

Seasonal Temperature Ranges at Gale Crater
(with temperatures in Los Angeles at equivalent seasonal points)
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Figure 3-11 - Temperature ranges at Gale Crater by NASA’s Curiosity rover, with tempera-
tures in Los Angeles at equivalent seasonal points (credit: NASA / JPL-Caltech / CAB)

Martian night temperatures are one of the most notorious challenges for spacecraft design.
Most of the surface probes reach their end of mission when, for one reason or another, their
sensitive components get cold during the night and become too damaged to reactivate in
the morning. Spacecraft for Mars are designed to survive down to approximately -125°C,
although their functionality at this temperature is very limited, and they typically do not
commence nominal operations until -60°C. These spacecraft usually have “warm” and “cold”
components: the warm ones need to be actively maintained above a certain threshold or
they will sustain irreversible degradation, while the cold ones are designed to withstand the
natural temperature range without any active thermal control (not necessarily operate, but
survive). The former must be protected inside an insulated and heated enclosure and in-
clude sensitive elements like batteries and on board computers; the latter can be mounted
on the outside of the spacecraft and include mechanisms and cameras. For some compo-
nents, the cold itself is not the main threat, but rather the daily cycling over a large temper-
ature range, which produces mechanical stress and fatigue.

Due to the presence of an atmosphere, heat exchange by radiation and by convection are
equally relevant on the surface of Mars. Both of them tend to cool down spacecraft during
the night, which is particularly undesirable for solar-powered systems that count on the
energy stored in their battery for heating. Nuclear-powered vehicles benefit from a constant
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output of energy, although it is still a precious resource. These considerations lead to imple-
ment as much insulation as possible to protect any sensitive hardware. However, this can
become counterproductive during daytime operations, when active components dissipate
energy and tend to overheat. To balance the two conflicting requirements, more sophisti-
cated thermal control solutions are often required, such as heat pipes?8, active cooling or
heat capacitors.

3.3.4 Regolith and dust

On top of Mars’ bedrock layer, sits a variety of more or less unconsolidated terrain materials
with different characteristics, which is broadly referred to as regolith. Differently from
Earth’s soil, which is often of biological origin and has a high water content, Martian regolith
is the product of surface erosion or meteoritic impacts and is almost completely dry. The
terrain material is often classified depending on its granulometry and mechanical proper-
ties, as they define its ability to support spacecraft, especially mobile vehicles. During the
development of the ExoMars Rover, the European Space Agency carried out a study to iden-
tify the most relevant classes of soil types found on Mars and produce simulants that repli-
cate their properties to the best of our knowledge [32]. As a result of that work, four Engi-
neering Soils (ES) were developed: their characteristics and occurrence on Mars are illus-
trated by Table 3-2 and Figure 3-12.

Regolith Occurrence Simulant
Tvpe 1 Very fine-grained, soft and compressible dust. Occurs locally ES-1
P outside main wind fields where the wind slows down.
Fine sand, non-cohesive and with low internal friction, very
Type 2 : . ES-2
common on wind-blown ripples and dunes.
Medium - coarse sand, gravelly and compact, often encoun-
Type 3 ES-3
ybe tered near bedrock.
Type 4 Compacted regolith, cohesive and with high bearing capacity, ES-4

prevalent on flat and gently sloped terrain.

Table 3-2 - Characteristics of Martian regolith types and corresponding ES simulants

[ 1. Very fine dust

[E=2 2. Fine sand Medium — d
: coarse san

[ 3. Medium — coarse sand Fine sand

[ 4. Compacted regolith l Very fine dust

Compacted regolith

Figure 3-12 - Examples of occurrence of different regolith types on Mars (credit: G. Kruse)

28 A heat pipe is a passive (i.e, non-motorised) heat transfer device that exploits the phase transition of the
working fluid inside its cavity to transfer heat between a hot interface and a cold interface.
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The bearing capacity, i.e., the ability to sustain weight, of the surface material influences the
design of landers and rovers in that it requires them to spread the ground contact forces
over a suitably large surface and possibly implement mechanical compliance to reduce
peaks in the pressure distribution. Of particular concern are the regolith types 1 and 2 in
Table 3-2, which are the least stable materials in that classification. For comparison with
everyday experience, they remind of talcum powder or very fine, sifted beach sand. They
are transported by the wind and receive little compaction from Mars’ low gravity. This
makes them perfect traps for rover wheels, which can sink deeply in the soil if the control
system does not react quickly enough. One such occurrence was particularly severe for
NASA’s Opportunity rover. In 2005, the vehicle drove into a deep patch of wind-blown sand
where its wheels sunk almost completely and became unable to provide traction. Figure
3-13 shows a view of the rover wheels as it was attempting to escape the sand trap: it can
be observed how the material provides little support and sticks to the wheel threads, mak-
ing them less effective. It took mission controllers 5 weeks of careful, step-by-step motions
to pull back the rover from the area, now named Purgatory Dune.

Figure 3-13 - View from Opportunity’s Hazcams on Purgatory Dune (credit: NASA / JPL-
Caltech)

The finest component of these materials, commonly referred to as dust, is the most easily
airborne and, in fact, it always pervades the atmosphere to a varying degree, as described
in Section 3.3.2. Because it is so omnipresent, every component of Mars surface probes
needs to be designed to withstand a certain level of contamination by dust, even those that
have nothing to do with mobility or soil interaction. Martian dust is an abrasive, insulating
material that adheres easily to most surfaces. It reduces the performance of solar arrays,
optical and thermal surfaces, which need to be oversized to account for this degradation,
and it can cause wear or clogging of mechanisms, requiring suitably sealed designs.
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3.3.5 Seasons

By a rather peculiar coincidence, Mars today has almost the same rotation period as Earth
(within 1 hour) and the same tilt to its rotation axis (within 2°), even though the latter is
less stable than that of our planet and wanders significantly over geological timescales. As
a result of this similarity, Mars currently undergoes a seasonal cycle not too different form
that of our planet. We observe polar ice caps expand during winter and contract during
summer (up to almost disappearing if not for the water ice that remains under the carbon
dioxide ice).

There is one feature of the Martian climate that is completely alien to Earth and, as a matter
of fact, to any other planet in the Solar System: the dust storm season. Mars’ orbit is more
elliptical than Earth’s, meaning that the amount of solar irradiation varies conspicuously as
it moves closer or further from the Sun. During the northern autumn and winter, which cor-
respond to the closest approach to the Sun, large thermal gradients between the north pole
and the mid-latitude plains generate strong winds that begin to pick up dust [33]. Dust ab-
sorbs solar light and warms up the air, producing a self-amplifying phenomenon that gives
rise to immense storms, like that in Figure 3-14, which extends more than 500 km across.

Figure 3-14 - A regional dust storm imaged by NASA’s Mars Reconnaissance Orbiter
(MRO) in 2007 (credit: NASA / JPL-Caltech / MSSS)

Occasionally, multiple regional storms can merge and expand in a runaway global dust
storm that encircles the entire planet from pole to pole. These phenomena can last several
weeks, during which they change completely Mars’ appearance, as shown in Figure 3-15 by
images taken before and during the 2001 global dust storm. Eventually, the dust coverage
homogenises the planet’s temperature and the winds fade away. However, in the process,
global dust storms can be deadly for solar-powered probes and have claimed numerous
missions already, last of which NASA’s Opportunity rover. The spacecraft was met by a
global storm in Perseverance Valley, from where it sent its last communication on June 10th
2018, before the sky became so obscured that the robot depleted its battery in the attempt
to keep warm and succumbed to the rigours of the Martian night.
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Figure 3-15 - Mars imaged by NASA's Mars Global Surveyor in June (left) and July (right)
2001 (credit: NASA / JPL-Caltech / MSSS)

Given the unpredictable nature of dust storms and their possible long duration, it is not
practical to design solar-powered systems that can survive them, as they would have to
carry an unrealistic amount of batteries. The only workable solutions are the acceptance of
the risk to the mission or the provision a nuclear power source, at least for heating the craft.

3.3.6 Radiation

Due to the thin atmosphere and the lack of a global magnetic field, the radiation environ-
ment on the surface of Mars is rather harsh. Solar radiation is less intense compared to Earth
because of the greater distance from the Sun, but it also encounters far less resistance along
its path. This is even more true for cosmic rays2? that can easily reach the ground thanks to
their higher energy. Low-altitude regions benefit from additional attenuation by the slightly
thicker mass of air overhead. In-situ measurements show that these effects combined lead
to an average yearly radiation dose on Mars almost 80 times that from natural sources on
Earth [34]. This is roughly the same radiation level that is measured inside the International
Space Station in low Earth orbit. While it is not particularly challenging for hardware, it has
always been one of the key objections to human exploration Mars, which would expose as-
tronauts to relatively high doses, especially considering the long travel time. Figure 3-16
reports a comparison of radiation doses that would be accumulated by an average human
being in some example scenarios including travel and stay on Mars.

The radiation levels on the Martian surface pose some constraints on the selection of mate-
rials and components for spacecraft. In particular, polymers like rubbers and adhesives are
quickly damaged and lose their mechanical properties, becoming frail and brittle. Electronic
devices are especially sensitive to radiation, and only radiation-hardened components can

29 Cosmic rays, or galactic cosmic rays, are a major contributor to radiation in space in addition to solar particles.
They generate in the most active regions of the Universe and they are composed by protons and atomic nuclei
with far greater energy and penetration power than solar radiation.
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be used with confidence. This translates into constraints on the size and computing power
of the electronics, since robustness against radiation typically comes with bulkier and less
performing hardware.

1000

100

Dose Equivalent (millisieverts)
)

Figure 3-16 - Examples of radiation doses for different scenarios (credit: NASA)

One further consequence of this radiation environment is that the top layer of Martian reg-
olith is constantly bombarded by ultraviolet light and high-energy particles. With little re-
plenishment of material beyond what is offered by the wind, the terrain absorbs radiation
over time and becomes chemically altered, assuming a composition that is highly toxic to
any known terrestrial life [35]. This pushes the search for past and present life to look
deeper into the ground, where the radiation cannot penetrate. Recently studied missions,
like the ExoMars Rover (see Section 4.4), are designed to carry drills and other instruments
to investigate the subsurface of Mars from a few centimetres to a few metres deep, with the
aim to find a more benign and biologically interesting environment.
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4 MARS ROVERS

Over the last decades, wheeled robotic vehicles have become the symbol of the exploration
of Mars. They are the kind of spacecraft that the general public can easily identify at a glance,
like the Space Shuttle or the Apollo Lunar Module. Rovers have not become so popular for
their number, as they are, in fact, quite uncommon spacecraft even for Mars: only six have
reached the planet so far, compared to dozens of other probes. It was rather their roaring
success and their ability to bring a human scale to planetary exploration that made them so
iconic. Rovers have a speed that we can understand and replicate with our bodies (although
it might require some patience), they observe the world from a vantage point approximately
two meters above the ground, they interact with rocks as we would do with our hands, they
touch, they drill and dig. It is unavoidable that human senses engage with these vehicles
much more easily than with a probe skimming the Sun a thousand times faster than a bullet.

What made these vehicles so desirable for scientists is certainly not just their appeal to the
public, but also their ability to perform detailed, in-situ analyses at a variety of locations.
This makes the scientific return of a rover mission potentially equivalent to that of many
lander missions, as already noted in Section 3.1.2. The following pages offer some consider-
ations on the technologies at the basis of surface mobility and discuss a few examples of
vehicle designs successfully operated on Mars; lastly, they provide a brief overview of the
European rover ExoMars, which established the foundation for much of the experience and
technology that will be used in this project.

4.1 Mobility on planetary surfaces

Planetary mobility can be achieved in a number of ways, depending on the properties of the
planet under consideration. For example, on Earth, with its variety of environments, mobile
machines have been developed to operate on the surface of solid bodies, on the surface of
liquid bodies, suspended in gas and also immersed in liquid. Other planets offer one or more
similar environments, therefore, it could be expected for mobile machines to be adapted in
a similar fashion. In reality, the only type of mobility broadly used the exploration of other
planets is that on a solid surface, i.e., vehicles moving on rocky ground. Only very recently,
powered flight through the atmosphere was added to this traditional type of locomotion by
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NASA’s Ingenuity helicopter. This section focuses on the more conventional mobile ma-
chines that operate in continuous contact with the terrain, commonly known as rovers.

A number of locomotion strategies can be evaluated when designing a rover for a planetary
surface like that of Mars. Below are some of the most frequently considered:

1. Wheeled locomotion

2. Tracked locomotion

3. Legged or walking locomotion

4. Unconventional locomotion strategies (e.g. snaking or hopping)

The following sections provide a brief description of these approaches.

4.1.1 Wheeled locomotion

Wheeled locomotion is the solution most frequently associated to planetary exploration and
itis, in fact, the only one implemented successfully beyond Earth to date. Having been in use
on our planet for a few millennia, wheels are a simple and well-consolidated technology:
they are a 1-degree-of-freedom mechanism where the only joint is the central rotary cou-
pling, which might be motorised or not. The control of a wheeled vehicle is not complex and
usually consists in commanding the desired velocity3° to the active wheels or, when steering
joints are present, also the desired orientation. Provided a number of wheels greater than
3, the vehicle is in static equilibrium under its weight and can be controlled at low speed
and stopped at any moment if necessary.

Figure 4-1 - Spare wheel of NASA’s Apollo LRV (credit: Smithsonian National Air and
Space Museum / E. Long)

30 The control of manned vehicles, like cars, usually works by commanding torques rather than velocities. How-
ever, that is influenced by historic reasons related to the combustion engine and the fact that the human brain
processes loads better than speeds. The simplest control for autonomous vehicles is a velocity control.
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One of the disadvantages of wheeled locomotion is that it usually produces small contact
patches between the vehicle and the ground, thus leading to risk of sinkage and poor trac-
tion. Figure 4-1 shows one of the spare wheels for NASA’s Lunar Roving Vehicle (LRV), left
on Earth at the end of the Apollo programme. The tyre is composed by a woven mesh of
zinc-coated steel piano wire to which titanium treads are riveted in a chevron pattern, with
an overall diameter of 818 mm. The hub is made of aluminium, with a titanium frame to
limit the tyre deformation upon impact. This wheel was developed for human transporta-
tion and it aimed at reproducing the automotive technology of the time. It uses a compliant
tyre, which partly addresses the issue above of the small contact patch with the ground.

4.1.2 Tracked locomotion

Tracked locomotion is not uncommon on Earth, especially in rough off-road terrain. Tracks
help mitigate the issue of limited contact surface on wheels and distribute the weight of the
vehicle on a large area, which is why they are frequently used on heavy machinery. How-
ever, they are most useful when the terrain is either wet or of organic origin, which are
conditions very common on Earth but not on any other place in the Solar System, except for
some regions of Titan (see 2.3.3.2). The regolith in most areas of the rocky planets has suf-
ficient bearing capacity not to require tracks.

The key disadvantage of tracks is their mechanical complexity: one single track requires
approximately a dozen wheels to operate and a similar number of mating surfaces that can
get damaged or clogged by terrain material. Furthermore, the track itself is either build with
some type of flexible rubber (which would be unsuitable for planets other than Earth due
to the radiation and temperature environment) or composed by a large number of rigid seg-
ments, linked by equally numerous mechanical joints. For this reason, tracked vehicles re-
quire considerable maintenance on Earth, which would not be easily available on other
planets. Figure 4-2 captures well the complexity of the continuous track suspension of a
1950s medium-size tank.
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Figure 4-2 - Schematic of the track drive system and suspension of a 1950s tank (credit:
allworldwars.com)

4.1.3 Legged or walking locomotion

Legged or walking locomotion is most frequently observed in mobile systems of biological
origin, including human beings. The fact that it has been favoured by natural selection does
not signify that it is the best performing locomotion strategy, as even natural selection is
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limited by the constraints of what Terrestrial biology can produce. For instance, complex
life forms rely on internal fluid networks to operate and thus cannot develop rotating joints
with unlimited range. Legged locomotion does have its advantages, in particular on very
rough terrains, as it allows to place the robot’s “feet” into carefully selected places, avoiding
too steep or hazardous features.

Figure 4-3 - Testing of a walking robot prototype aimed at exploring Martian and Lunar
caves (credit: NASA / JPL-Caltech)

There are today numerous implementations of walking machines, with varying mechanical
complexity and effectiveness. Some of the most attractive ones are those that somehow
mimic four-legged animal locomotion, due to their agility and operational flexibility. Robots
of this kind have recently become popular on Earth, and even studied for Mars missions,
like the one in Figure 4-3, showing a prototype called NeBula-SPOT, developed by JPL on a
commercial walking robot from Boston Dynamics. However, these machines are character-
ised by non-insignificant mechanical complexity and are very challenging to control, espe-
cially when it comes to maintaining dynamic equilibrium. This level of reactiveness is not
compatible with current standard space electronics and therefore has never been imple-
mented in planetary exploration.

In some cases, walking actuators are coupled with other locomotion means, such as wheels,
creating a hybrid configuration. These can be used for backup mobility in difficult situations
or as a way to change the load distribution of the vehicle. The ESA ExoMars Rover is an
example of such a hybrid architecture with a backup “wheel walking” capability, as de-
scribed in Section 4.4.3.

4.1.4 Unconventional locomotion strategies

Other, more exotic types of locomotion have been considered for planetary surfaces, but
rarely developed past the stage of initial research. Some examples are snake-like devices,
which offer great flexibility with respect to the environment but also lead to extreme me-
chanical complexity. Another mobility scheme worth dwelling on is hopping: rather unusual
on terrestrial robots, but promising for very low-gravity environments, such as asteroids
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and small moons. If the robot can be designed to be robust to falls, a very simple hopping
strategy can be implemented through elastic means or thruster propulsion, potentially cov-
ering significant distance in a single hop.

4.2 Locomotion of wheeled planetary rovers

Given the discussion above, it can be appreciated how wheeled locomotion has become one
of the preferred strategies for planetary mobility, especially for environments like Mars. The
simplicity of the mechanical implementation and the control scheme, together with the
overall reasonable bearing capacity of the regolith, have made wheels the solution of choice
for Mars exploration.

The arrangement of wheels and the structure connecting them to the vehicle - broadly re-
ferred to as suspension - is defined in response to the terrain and velocity requirements of
the vehicle [36]. Planetary rovers are characterised by low speeds and the only highly dy-
namic events during their operation are the impacts that can happen when descending ob-
stacles. Because of this, rovers do not generally require dynamic3! suspensions like those
typical of the automotive industry, but more often rely on a set of freely rotating joints. The
only exception to this is the Apollo Lunar Roving Vehicle, which needed to move at speeds
useful for its human drivers, whilst maintaining stability and some degree of comfort, and
therefore mounted sprung suspensions similar to those of a car.

All the autonomous planetary rovers rely on non-elastic suspension mechanisms that have
as main objective to make the vehicle statically determined32. In practical terms, this means
adding one degree of freedom for each additional wheel above the minimum stability re-
quirement of three wheels. These mechanisms also aim to distribute as evenly as possible
the loads between different wheels to homogenise traction and sinkage. The suspension ar-
chitectures below are the most frequently studied for Mars rovers:

1. Rocker arm suspension
2. Rocker bogie suspension
3. Triple bogie suspension

The following paragraphs offer a high-level summary of these three common implementa-
tions and some further considerations on their design.

4.2.1 Rocker arm suspension

The rocker arm, depicted in Figure 4-4, is a four-wheeled suspension where the wheels on
each side are attached to an arm that is in turn connected to the vehicle body through a
hinge. To prevent the vehicle from oscillating freely around said hinge, the pitch angle of the

31 The term dynamic here refers to a suspension designed to operate in a predominantly dynamic regime during
locomotion, i.e. not in static equilibrium and constantly affected by inertial forces.

32 A statically determined system is one that is stable and whose reactive forces can be determined from the
equations of equilibrium alone.
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body needs to be combined with the rotation of the arms. This can be achieved with a dif-
ferential33 mechanism, such as, for example, one further oscillating arm as shown in Figure
4-4 (b). With this linkage, the vehicle body always sits at an average angle between the two
arms and the solution is thus defined pitch-averaging suspension (for further details on the
kinematics, see Figure 7-13 in section 7.2.1). [t is common to see the main suspension arms
referred to as “bogies”, although that term comes from the rocker bogie design (Section
4.2.2).In cases like this, where there is only one oscillating element per side, there is no real
distinction between a rocker and a bogie and so both terms are equally accepted.

Figure 4-4 - Rocker arm suspension for a four-wheeled rover: (a) general layout, (b) with
differential arm, (c) forces on level ground (credit: G. Genta)

With reference to Figure 4-4 (c), the forces acting on each wheel on level ground can be
calculated from moment equilibrium as:
Fi=mg 2 F, =mg =
21 21
where m is the mass of the vehicle and g is the gravity acceleration (e.g., 3.72 m/s2 on Mars),

taking into account that the wheels on each side support half of the total weight. It derives
that, ifa = b = 1/2, then each wheel carries 1/4 of the weight of the vehicle.

The rocker arm suspension is rather simple system, both from the mechanical and control
point of view. However, its capability to overcome obstacles is limited by the number of
wheels: when one of them encounters a rock, there are only three left to provide the traction
required to push it over the obstacle. Systems with more wheels provide more traction to
surmount discontinuities in the terrain and tend to be preferred for planetary exploration
because of this and other reasons, as discussed in Section 4.2.4. The four-wheeled rocker
arm design has always received serious consideration but has never been selected for im-
plementation on spacecraft. That is, until it became the baseline for the Sample Fetch Rover,
subject of this work and discussed in depth in Chapter 7.

4.2.2 Rocker bogie suspension

The six-wheeled rocker bogie is the suspension of choice of all NASA rovers on Mars and it
is shown in Figure 4-5. This architecture can be considered an evolution of the rocker arm,

33 This type of mechanism has similar properties to the classical automotive differential, insomuch that the ro-
tation of one element (the rover’s body or the car’s engine shaft) is the average of the rotation of the other two
(the rover’s rocker arms or the car’s wheels). However, while in automotive applications its function is to add
one degree of freedom to the system, on planetary rovers it is to remove it.
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since each side features a rocker carrying a wheel on one end, while the opposite end is
hinged onto another oscillating element, the bogie, connected to two wheels. Like the rocker
arm configuration, the body needs to be coupled to the arms by a differential mechanism to
constrain its pitch angle.

Figure 4-5 - Rocker bogie suspension for a six-wheeled rover: (a) general layout, (b)
forces on level ground, (c) - (e) overcoming a step (credit: G. Genta)

Considering Figure 4-5 (b), the forces acting on the front wheel and the rocker pivot on level
ground can be calculated from moment equilibrium as:

a

F, =mg——— F.=mg——
! m‘gZ(a+b) " ng(a+b)
The forces acting on the other wheels are:
P ad o ac
2= M %G+b)(c+d) 3T 5@+ b)(c+d)

It derives that, if a = 2b and ¢ = d, then each wheel carries 1/6 of the weight of the vehicle.

The rocker bogie has proven very successful on NASA’s rovers and also the Chinese National
Space Administration (CNSA) has started using it on the Moon and Mars. This architecture
shows good static stability, adequate load distribution among wheels and, in good traction
conditions, it is capable of surmounting obstacles as high as a wheel diameter. It also is pos-
sible to obtain an eight-wheel version of this architecture by simply adding another bogie
in place of the wheel that is directly connected to the rocker. The result is shown in Figure
4-6, although this design has never been used in planetary exploration.

Figure 4-6 — Rocker bogie suspension for an eight-wheeled rover (credit: G. Genta)

65



Chapter 4 Mars rovers

4.2.3 Triple bogie suspension

The triple bogie suspension can be considered the result of directly applying the rocker arm
concept to a six-wheeled vehicle. It is, in fact, also defined triple rocker arm or six-wheeled
rocker arm, recalling that, as noted in Section 4.2.1, there is no real distinction between a
rocker and a bogie when all the hinges are on the vehicle body. This architecture, shown in
Figure 4-7, simply uses a third transversal rocker arm to accommodate the two additional
wheels. Differently from the previous designs, the vehicle configuration is statically deter-
mined without the need for a differential linkage, making this a very simple mechanical im-
plementation.

Figure 4-7 - Triple bogie suspension: (a) general layout, (b) forces on level ground (credit:
G. Genta)

With reference to Figure 4-7 (b), the forces acting on the wheel connected to the transverse
arm and the arm pivot on level ground can be calculated as:

F = —
L= "M%+ b)
The forces acting on the other wheels are:
E o= ad F = ac
2= 5@+ b)(c+d) 372+ b)(c+d)

The force distribution is exactly the same as the rocker bogie and, as in the previous case, if
a = 2b and ¢ = d, then each wheel carries 1/6 of the weight of the vehicle.

The triple bogie offers the same force distribution on level ground and stability as the rocker
bogie, but with lower mechanical complexity. The obstacle capability of the two suspensions
is comparable, with some minor disadvantages for the triple bogie due to the transversal
behaviour of the third bogie. For its simplicity and low mass, together with the absence of a
differential linkage that would interfere with solar arrays or other hardware mounted on
the rover, the triple bogie was selected for the ESA ExoMars Rover [38].

4.2.4 Number and types of wheels

When it comes to the number of wheels for Mars rovers, there seems to be a clear preference
for six-wheeled platforms, since all rover designs use this approach at exception of the Sam-
ple Fetch Rover, subject of this study, which is based on a four-wheel platform. There are
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multiple reasons behind the choice of six wheels for most exploration rovers, the following
being the key ones:

1. Load distribution. As discussed in Section 4.2, the average load on each wheel of a
six-wheeled vehicle is 2/3 that of a four-wheeled vehicle of equal mass, leading to
less sinkage and lower risk of becoming trapped in loose sand.

2. Traction. More contact points with the ground mean more interfaces available to
produce traction.

3. Obstacle climbing ability. As one wheel encounters a rock, in a six-wheeled rover
there are five more to provide useful traction to push it over the obstacle, while on
a four-wheeled rover there are only three.

4. Redundancy. In case one wheel fails, the vehicle might attempt to continue the mis-
sion with the remaining ones, potentially dragging the damaged wheel. If there are
five wheels available to drag the failed one, the performance degradation is smaller
than if only three are left.

The obvious drawbacks of increasing the number of wheels of a vehicle are the associated
additional complexity, mass and volume. For example, moving from six to eight wheels is
often considered not sufficiently advantageous to justify the associated impacts to the mis-
sion design. While point 4 above is a mission-level decision that depends on the required
traverse profile, the first three are performance parameters influenced by other contribu-
tors beyond the number of wheels, a fundamental one being the wheel design. If that can be
streamlined to improve load distribution, traction and obstacle capability, then the need for
a high number of wheels is reduced. In particular, all of the three performance indicators
can be increased by tuning the level of mechanical compliance in the wheel.

CURIOSITY PERSEVERANCE

EXOMARS

Figure 4-8 - Comparison between Curiosity, Perseverance and ExoMars wheels (not to
scale) with approximate contact patches on firm soil.

The choice between rigid wheels and compliant wheels is a defining factor of a rover’s ar-
chitecture. Rigid wheels have a much simpler design, but they lead to a high contact pres-
sure on the ground, reducing the traction and obstacle performance. To compensate for that,
the size or the number of wheels needs to increase. NASA’s Curiosity and Perseverance rov-
ers, for example, have a rigid wheel design. Their threads are covered in grousers to provide
traction, whose geometry was changed between the first and the second rover to improve
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durability. Figure 4-8 shows a comparison between these wheels and the ExoMars Rover
wheel, not to scale.

The ExoMars wheel, more constrained in size by the accommodation on the landing plat-
form, had to use significantly more mechanical compliance. This reduces the contact pres-
sure and increases the useful surface to produce traction, mitigating the downsides of the
smaller size. This wheel is also equipped with larger grousers to improve the engagement
with the terrain and obstacle surfaces. It was observed in Section 4.1.2 that tracked locomo-
tion is generally unnecessary for Mars, but the contact patch of the ExoMars wheel does
resemble a short track. It is also evident how this wheel is mechanically more complex than
the others, although nowhere near as complex as a continuous track.

Considerations like the ones above have led to the unusual choice of four wheels for the
Sample Fetch Rover design, in light of an equally unusual wheel technology and a mission
profile that allows this redundancy approach. This is discussed in detail in Section 7.1.1.

4.2.5 Actuators

The ideal configuration for any off-road vehicle is to have all wheels motorised to maximise
the traction available, and the control of the vehicle is most effective if each wheel is inde-
pendent from the others. This solution is common across all planetary rovers, which typi-
cally accommodate an electric drive actuator34 inside each wheel hub.

The implementation of steering actuators is subject to more variation: in theory, it is possi-
ble to avoid them entirely if a skid-steering strategy is chosen, which makes the vehicle turn
by driving the wheels on either side at different speeds. This technique is very simple, but,
while it is suitable for tracked vehicles, it is usually considered too coarse for wheeled rov-
ers, which have the potential to achieve significantly greater agility. In order to do that, ded-
icated steering actuators are provisioned.

Figure 4-9 - A prototype of the ExoMars Rover performing a point turn (credit: Airbus)

34 The term actuator here indicates the assembly of motor, gear train, sensors, bearings and housing.
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Six-wheeled rovers need at least four steering actuators to prevent wheels from slipping
and ensure an accurate trajectory control. All of NASA’s rovers, in fact, have steering actua-
tors on their front and rear wheels, and not on the middle wheels. The steering joints have
sufficient range to allow the vehicle to turn on the spot if needed (approximately +45°, see
Figure 4-9). The ExoMars Rover, on the other hand, has steering actuators also on the mid-
dle wheels, allowing it to choose more freely its centre of curvature and to perform “crab-
bing35” manoeuvres, which are required during scanning with its ground penetrating radar.
All six wheels can steer +90° so the vehicle can crab at any angle.

Another area where the use of actuators is considered is the suspension itself: if parts of the
structure can be moved to modify its geometry or load distribution, this allows to achieve
alternative locomotion strategies. Section 4.4.3 describes the implementation of such a fea-
ture on the ExoMars Rover, which reuses the already-present deployment joints. The Chi-
nese rover Zhurong, for example, has dedicated actuators in the rocker hinges of its rocker
bogie suspension to achieve this functionality.

On both rovers above, the active suspension modifies the geometry of the vehicle, for exam-
ple to break free from sand traps. Other strategies, controlling the load distribution instead
of the position of the wheels have proven highly advantageous for obstacle climbing [37].
Figure 4-10 shows an example of a triple bogie rover prototype climbing an extremely chal-
lenging step obstacle thanks to actuators that apply torques to its front bogies. However,
these strategies are rarely implemented in flight since they require a rather sophisticated
on-board perception of the obstacle or a slow step-by-step approach by ground control.

Figure 4-10 - Rover prototype climbing a large obstacle thanks to active front bogies
(credit: B. Ghotbi)

35 Crabbing is a manoeuvre in which a vehicle follows a linear motion not coincident with its longitudinal direc-
tion, often in a perpendicular one, but more generally in any direction that is not the traditional driving one.
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4.3 Rover designs operated on Mars

The six rovers operated on Mars to date can be categorised in terms of size and capability
into three main classes. This also applies, with some adjustments, to the major rovers cur-
rently under development. These three classes can be defined as follows:

1. Microrovers (MFEX class)
2. Medium solar rovers (MER class)
3. Large nuclear rovers (MSL class)

The following pages outline the salient features of these vehicles.

4.3.1 Microrovers

The only microrover successfully operated on Mars is NASA’s Microrover Flight EXperiment
(MFEX), deployed from the Pathfinder lander. More commonly known as Sojourner, it was
a microwave-sized, solar-powered robot. Other similarly sized vehicles have been studied
and even launched, for example the Soviet PrOP-M rovers on board the Mars 2 and 3 landers,
which both failed. Sojourner was the first rover to be operated on Mars and is taken as an
example of the key parameters of this class of vehicles, summarised in Table 4-1.

Feature Description

Mass 11.5kg

Science payload 0.6 kg

Ground footprint36 (L x W) 0.5mx0.4m

Power Solar, 16 W on Mars at noon
Locomotion architecture Six-wheeled rocker bogie
Maximum speed 0.7 cm/s

Planned: 7 sols

Mission durati
1sstof duration Achieved: 83 sols

Traverse distance 104 m

Table 4-1 - Key features of NASA’s Sojourner rover

As the table above illustrates, on board a vehicle of this size there is limited room for scien-
tific instruments. This type of vehicle is typically experimental in nature and capable of per-
forming only limited observations. Solar power is limited by the small surface area, so the
spacecraft is usually unable to communicate with Earth or even Mars orbit without the sup-
port of a nearby communication relay, for example its mothership lander. The Soviet micro-
rover design was not even independent in terms of power generation and was connected to
the lander through a tether that transferred power and telecommunications. The opera-

36 Ground footprint here indicates the distances between the centroids of the contact patches of the corner
wheels and not the overall length or width of the vehicle.
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tional autonomy of a microrover is limited by the power of the computer that can be accom-
modated aboard. This usually implies frequent intervention by ground and a limited trav-
erse range.

4.3.2 Medium solar rovers

The first microrover experiment demonstrated that this kind of robot could significantly
increase the scientific return of a surface mission and so it was soon followed by larger,
more capable rovers. The first ones were the Mars Exploration Rovers (MER), named Spirit
(MER-A) and Opportunity (MER-B). The two identical vehicles were the size of a golf cart
and some of their salient features are summarised in Table 4-2.

Feature Description

Mass 185 kg

Science payload 9 kg

Ground footprint (L x W) 1.2mx1.1m

Power Solar, 140 W on Mars at noon
Locomotion architecture Six-wheeled rocker bogie
Maximum speed 5cm/s

Planned: 90 sols
Mission duration Achieved: 2208 sols (MER-A)
Achieved: 5352 sols (MER-B)

7.73 km (MER-A)

T .
raverse distance 45.13 km (MER-B)

Table 4-2 - Key features of NASA’s MER rovers

It is evident how MER-class rovers were designed to carry a sizable science payload over a
long distance. They both ended up far exceeding even the best expectations in terms of du-
rability and quality of their observations. Like their predecessor, these robots are solar pow-
ered, but they mounted much larger, deployable solar panels, which ensured sufficient
power for prolonged traverse and direct communication to orbit. The rovers had a certain
degree of autonomy, with the ability to cover hundreds of meters on easy terrain without
ground intervention.

The Chinese rover Zhurong and the European ExoMars can be considered part of the same
class of spacecraft. They are both slightly heavier and incorporate more modern technology,
but they are otherwise similar in their capabilities. Despite the risks associated to solar
power in dusty conditions (see Section 3.3.5), this type of vehicle has proven rather sturdy
and relatively simple, and so it is often taken into consideration by many space agencies that
venture to explore the Red Planet. The Sample Fetch Rover is also a MER-sized vehicle, alt-
hough it is not designed to carry any science payload to Mars, but rather to retrieve one to
be sent to Earth.

4.3.3 Large nuclear rovers

The largest class of robotic vehicles on Mars was developed by NASA in the late 2000’s and
named Mars Science Laboratory. Also known as Curiosity, the first vehicle of this class is in
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fact a fully-equipped mobile laboratory, with the size of a large car and a broad array of
scientific instruments on board. Differently from previous rovers, this spacecraft is powered
by nuclear reactions inside its Radioisotope Thermoelectric Generator (RTG), which ensure
a reliable power output in any environmental condition. Some key specifications of the ve-
hicle are reported in Table 4-3.

Feature Description

Mass 899 kg

Science payload 80 kg

Ground footprint (L x W) 23mx23m

Power Nuclear, 100 W beginning of life
Locomotion architecture Six-wheeled rocker bogie
Maximum speed 2.5cm/s

Planned: 668 sols

Missi .
ission duration Achieved: >3500 sols (ongoing)

Traverse distance >27 km

Table 4-3 - Key features of NASA’s Curiosity rover

NASA’s Perseverance rover is of the same class as Curiosity, with a very similar architecture
and a slightly higher mass. These spacecraft are the heaviest payloads ever delivered to the
surface of Mars and their size necessitated a unique type of descent module, called Sky
Crane, which lowers the rover on tethers and then flies away. Both vehicles are currently
operating on Mars and constitute humanity’s most technologically advanced outposts on
the planet. Perseverance carries a slightly heavier scientific payload than Curiosity’s, which
includes the systems that collect, prepare and seal the samples to be returned to Earth as
part of the work described in the next chapters.

4.4 ExoMars Rover design

At the time of writing, European and Russian collaboration on joint space programmes, like
ExoMars, is heavily affected by the unsettled political context. The ExoMars Rover was in-
tended to be launched on a Russian rocket and delivered to Mars by a Russian lander. Fol-
lowing Russia’s invasion of Ukraine on 24t February 2022, the European Space Agency has
halted preparations for the 2022 launch, now officially cancelled, and a backup strategy re-
mains to be defined. Nonetheless, the vehicle was built, tested and delivered on time for a
2020 launch, then delayed by issues with the descent module. This means that all the tech-
nology on board the ExoMars Rover is formally qualified for operation on Mars. The know-
how acquired during the design, construction and testing of the spacecraft constitutes the
foundation for the development of the Sample Fetch Rover, hence a brief summary of its
design is provided in the following pages.

4.4.1 Spacecraft architecture

The ExoMars Rover was built by Airbus for the European Space Agency in 2019. It is a solar-
powered spacecraft, slightly larger than the NASA MER vehicles described in Section 4.3.2.
Its physical architecture is based around a central, box-like body, which provides structural
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integrity and creates a thermally-controlled environment for sensitive electronics and sci-
entific experiments.

Panoramic cameras Navigation camera

Pan and filt mechanism

Deployable mast

o Deployable solar arrays
Localisation cameras

Sample delivery window Actuator drive electronics

Bogie assembly

Flexible wheels

Drill (deployed)

Figure 4-11 - Overview of the ExoMars Rover with some key features (Credit: ESA / ATG
Medialab)

With reference to Figure 4-11, at the sides of the rover body are accommodated the suspen-
sion system and the drive electronics that control all mechanisms on board. On the front,
the large drill system is visible, which extracts the samples for analysis in the internal sci-
entific laboratory. On the top deck are the solar arrays that power the craft and the mast
that holds camera payloads at a height of approximately two metres.

Feature Description

Mass 310 kg

Science payload 47 kg37

Ground footprint (L x W) 1.3mx14m

Power Solar, 140 W on Mars at noon
Locomotion architecture Six-wheeled triple bogie
Maximum speed 1cm/s

Mission duration 218 sols

Traverse distance 4 km

Table 4-4 - Key features of ESA’s ExoMars Rover

37 Including 21 kg of drill system.
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For comparison with the vehicles described in Section 4.3, the main characteristics of the
ExoMars Rover are summarised in Table 4-4. It can be noted how several aspects are very
similar to the MER vehicles, but the science payload is remarkably large for a spacecraft of
this size.

4.4.2 Mission profile

Like any spacecraft on the surface of Mars, the ExoMars Rover’s mission is planned to start
with the so-called “seven minutes of terror”, a colourful expression to identify the Entry,
Descent and Landing (EDL) sequence. They are seven because that is the approximate time
between first contact with the planet’s atmosphere (entry interface) and touchdown on the
surface, and they are “of terror” because this critical and highly dynamic series of manoeu-
vres has to be executed in complete autonomy. The one-way light time between Mars and
Earth during EDL is, in fact, in the order of 13 minutes, so mission controllers on Earth can
only watch the sequence unfold after the spacecraft has already reached the surface - suc-
cessfully or not. Figure 4-12 illustrates the EDL sequence of the ExoMars Rover, where t is
the elapsed time since entry interface, H the altitude, V the velocity, 0 the angle between the
trajectory and the ground plane, Q the pressure on the aeroshell and M the Mach number.

Entry 7
!;91320k Max heat V— o
V576 8 ko 2‘;";;5"0 1-st Stage Parachute
=122, 11.8° 1001105 deployment S
Sttt ey REDET 2.nd Stage ~
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v=126..204 s Frontshield 4 anding Module
M=0.57..0.82  separation. T—X separation.
6=-489.-37.3° Landinglegs Radar  ‘s=mm Start of power descent
deployment  ;.tivation L 1=273.9..4292s
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Figure 4-12 - ExoMars Rover entry, descent and landing sequence (credit: ESA)

The descent trajectory leads to a region named Oxia Planum and chosen as landing site for
its geological interest. For the entire duration of the travel, the rover is stowed inside the
descent module in a very compact configuration, which can be seen in Figure 4-13, depicting
a qualification model of the rover during vibration testing. The difference with the on-sur-
face configuration of Figure 4-11 is evident. Once landed, the rover must transition from the
first to the second one. The deployment sequence includes unfolding the solar arrays, the
mast, standing up on its wheels and disconnecting from the lander. The vehicle is then free
to descend onto the surface through ramps.
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Figure 4-13 - ExoMars Structural and Thermal Model (STM) during vibration testing
(credit: Airbus)

Following egress from the lander and commissioning, the rover will commence its traverse
and science phase, during which it will travel up to 100 metres per sol and perform scientific
observations. The primary science objectives of the mission are the following:

e To search for signs of past and present life on Mars
e To characterise the water and geochemical environment as a function of depth in
the shallow subsurface

One instrument is particularly relevant to the pursuit of these objectives and, in fact, unique
to this rover: the multi-stage drill visible at the front in Figure 4-11. It is designed to gather
samples from up to two metres underground, reaching areas that are protected from the
hostile surface radiation and are much more likely to contain water or traces of potential
biological activity.

4.4.3 Locomotion

The locomotion architecture of the ExoMars Rover is based on a triple bogie suspension,
already described in Section 4.2.3. This was chosen for being a relatively light and simple
design and not needing a differential mechanism, although its obstacle performance is mar-
ginally lower than that of a rocker-bogie system. The ExoMars wheel uses a highly compliant
design to overcome its small size, constrained by the accommodation on the lander to a di-
ameter of 280 mm. This is achieved through a complex assembly of flexural elements in steel
and titanium alloy, shown in Figure 4-14. The result is a wheel that behaves almost like a
track when interacting with the terrain, obtaining a large contact patch to support weight
and provide traction (see Section 4.2.4).

Each wheel can drive and steer independently, making the rover able to follow trajectories
with any curvature, turn on the spot, and “crab” in any direction. Sharp grousers on the tyre
thread provide good traction on compact and loose soil. The vehicle’s suspension, also re-
ferred to as the Bogie Electro-Mechanical Assembly (BEMA) can surmount obstacles almost
as large as a wheel diameter and maintain the rover stable on slope angles up to 45°, alt-
hough the autonomous navigation system would never allow the vehicle on such steep
slopes.
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Figure 4-14 - ExoMars wheel climbing a large obstacle (credit: Airbus)

The ExoMars Rover uses three rotary actuators for each wheel, sharing a broadly similar
design [39]: driving, steering and deployment. The latter commands a rotation of the entire
wheel leg assembly and is used to unfold the locomotion mechanism from its stowed con-
figuration, essentially acting as the rover’s “knee”. This actuator was originally intended to
be used only at the beginning of the mission and then latch into position, however, during
the development of the locomotion subsystem, it was chosen to leave the actuator free to
rotate and available to move again if necessary, for example to pull the rover out of a sand
trap. This mode of operation is defined “wheel walking” and uses alternating motions of the
deployment actuators to produce thrust on the wheel legs [40]. The types of actuators and
their location on the rover are shown in Figure 4-15, where DRV indicates driving, STR
steering and DEP deployment.

Figure 4-15 - BEMA actuator types and locations (credit: MDA)
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4.4.4 Actuator Drive Electronics

To fulfil its mission, the ExoMars Rover needs to operate a variety of mechanisms, including
locomotion actuators, solar panel hinges, camera pan and tilt axes38. All of these mecha-
nisms are powered by electric actuators, which need their control electronics to operate.
The ExoMars Actuator Drive Electronics (ADE) fulfil this purpose by controlling all motors
and separation devices according to the commands coming from the On-Board Computer
(OBC, Section 4.4.6).

The electronics are accommodated in two boxes mounted onto the sides of the rover body.
For this reason, they are defined “cold electronics”, i.e. not contained in a thermally-con-
trolled enclosure and therefore exposed to the diurnal temperature variation. This choice is
driven by challenges in maintaining thermal control if the electronics were inside the rover.
In fact, the ADEs would require significant energy to be kept warm, but especially they
would constantly leak that energy out of the rover, since they have far too much harness
going to the mechanisms to remain isolated. The units would also pose an issue of overheat-
ing during the day when they can handle considerable power. The exposure to an extreme
thermal range, from the frigid Martian night to the heat of components under high current
load, makes the development of this type of electronics particularly challenging.

On the ExoMars Rover, motion control is implemented through an unusual architecture:
there are no electronics dedicated to specific mechanisms, but instead the same board is
shared among various motors and can be configured to drive only a subset of them at a time.
This is acceptable because not all mechanisms are active at the same moment, however, it
means that the design of the control system is not optimised for the individual actuator, but
rather a compromise between the needs of multiple ones. The reason behind this imple-
mentation is to save mass and volume on the ADE by reusing the same board for multiple
motors, even if it implies more complex interfaces.

4.4.5 Guidance, Navigation and Control

In order to manoeuvre the locomotion subsystem and travel safely to a chosen destination,
the ExoMars Rover is equipped with a highly autonomous Guidance, Navigation and Control
(GNC) system. This is based on a set of algorithms running on the On-Board Computer (see
Section 4.4.6), which gather data from a variety of sensors to make decisions on the rover
path and issue commands to manoeuvre the rover. The commands are picked up by the
Actuator Drive Electronics that translate them into movement of the locomotion actuators,
driving the vehicle along the desired route. Sensors are regularly interrogated to measure
the actual traversed path and make corrections. The GNC system offers various functions
and modes of operation to mission controllers. A typical use case foresees a target location
set by ground and potential waypoints along the route: the rover then plans a path and fol-
lows it whilst avoiding any hazardous areas. A visualisation of this scenario is offered in
Figure 4-16.

38 These are the mechanisms on the “rover platform”. The mechanisms that are part of scientific payloads, like
the drill, are controlled by their own dedicated electronics.
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Simulated drive through a rocky valley on Mars

Rover target point

Rover start point

Figure 4-16 - Visualisation of the ExoMars GNC system planning a path and identifying
hazardous terrain (credit: BBC)

The GNC system controls and gathers data from the following hardware:

e Navigation Camera (NavCam). Mounted on the mast head, at approximately two
metres height, and steered by a pan and tilt mechanism, it captures panoramic ste-
reo images to build a 3D map of the rover’s surroundings. It also detects the position
of the sun in the sky to establish the vehicles heading.

e Localisation Camera (LocCam). Fixed to the rover’s top deck, at approximately
one metre height, it captures stereo images of the terrain immediately in front of the
vehicle at a relatively high frequency to watch for hazards and monitor progress.

e Inertial Measurement Units (IMU). Accommodated inside the rover, they consist
of gyroscopes and accelerometers that measure the rover’s attitude and estimate its
movement.

o Locomotion subsystem. The actuators and the drive electronics that execute the
commands of the GNC system, in addition to the sensors that measure the position
and velocity of the actuators and the rotation of the suspension linkages.

Information from all these sources is fused by the GNC algorithms to ensure rover safety
and make decisions on its trajectory, which are then translated into commands to the loco-
motion subsystem [41]. During a typical autonomous traverse, the vehicle stops every 2.3
metres (roughly its own length) to acquire panoramic images of its surroundings with the
NavCam on the mast. These are elaborated by feature-matching algorithms and trans-
formed into a Digital Elevation Model (DEM) of the area, which is used by the GNC system
to identify obstacles and plan a path towards the assigned target location. The NavCam also
detects the position of the sun in the Martian sky that, combined with knowledge of the local
time, provides the true heading of the vehicle, much like early navigators used to do when
sailing the open seas of planet Earth. The LocCams acquire images at higher frequency, ap-
proximately one every 0.1 metres, to monitor progress of the rover and detect unexpected
hazards or deviations from the path. The other sensors, like IMUs and position sensors, are
acquired at a much higher frequency. The data from all these sources is constantly checked
against the expected drive profile and against each other for consistency.
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Like any Mars rover, ExoMars is designed to venture into unknown territory, which is seen
for the first time only as the cameras on the mast gaze upon it. It is therefore necessary to
“expect the unexpected” and have a strategy for unforeseen features that the terrain might
present. The GNC system reacts to anomalies and hazards according to their severity, for
example, by triggering additional camera images, choosing an alternative route or, in the
most critical situations, calling for ground to intervene. The involvement of the human op-
erator is kept as a last resource since it has a considerable cost in terms of mission timeline:
the ground controllers need to receive and review telemetry, develop a new activity plan
and radio it back to the rover, considering communication delay, availability of relay satel-
lites and diurnal cycle on Mars.

4.4.6 On-Board Computer

The “brain” of the rover, responsible for all the high-level decision making and planning,
consists in an On-Board Computer (OBC), mounted inside the rover body to protect its rel-
atively sophisticated components from the harsh thermal environment. The OBC is in
charge of the management of the mission, the interface with ground control, the high-level
commanding and monitoring of all equipment on board, including scientific payloads. The
computer also hosts complex algorithms like those required for GNC and image processing.
Furthermore, it provides the central memory that stores all the data collected by the rover
until it is sent to ground. Figure 4-17 shows the completed flight model of the ExoMars OBC
before integration into the rover.

Figure 4-17 - ExoMars Rover On-Board Computer (credit: RUAG Space)

The OBC interfaces with components characterised by a high data rate, like cameras or other
optical instruments, through a SpaceWire protocol. For the data bus connecting the other
devices with a lower data rate, like the Actuator Drive Electronics or scientific payloads that
do not generate high data volumes, a CAN (Controller Area Network) interface is chosen for
its low power needs and suitability for motion control applications. The on board computer
also manages the only interfaces between the rover and the outside world, through the ra-
dio transceivers, allowing to exchange data with ground during mission, and the connection
with the descent module39, providing a link to the rover during interplanetary cruise. For
these two interfaces, an RS-422 serial protocol is used [42]. The computer, like its interfaces,

39 The descent module is the capsule that contains the rover, together with all the supporting systems to perform
entry descent, and landing on Mars.
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is fully redundant. This means that, if any one element suffered a failure, the mission could
continue on a redundant chain of components.

One of the key design drivers for the ExoMars OBC is the power consumption, which has to
be kept to a minimum since the computer remains on also during the night, when energy is
most precious. On the other hand, the computer has to be sufficiently powerful to run the
image processing and 3D reconstruction algorithms used by GNC (Section 4.4.5). The result
is a modular architecture, with high-performance processors used only for the computa-
tionally-heavy tasks and lower power processors constantly used for the routine mission
management. As mentioned before, these components are far too sophisticated to survive
the extreme Martian temperatures, so they are accommodated inside the rover. From this
derives another key design driver: volume, which is particularly constrained inside the
rover body. This has determined the flat aspect ratio of the unit, visible in Figure 4-17.

4.4.7 Telecommunications

Telecommunication with Earth is a particularly critical aspect of any space mission since,
when a radio link is lost, there is nothing that can be done to recover the spacecraft until
that link is re-established. One striking example on Mars is the Beagle 2 lander, delivered by
the ESA Mars Express orbiter in 2003, which performed a successful landing but only par-
tially deployed its solar panels, failing to expose its antennas to the sky. The spacecraft re-
mained awaiting for commands from ground, eventually aged on Mars and failed when its
battery was depleted, without returning one single bit of information?°.

The most effective way to establish a radio link across interplanetary space is through a
high-gain antenna, typically using X band frequency#!, which can produce a tight beam and
maintain relatively high power density. However, these antennas require large dishes (often
2 metre or more in diameter) and accurate pointing, which is impractical on surface vehi-
cles. For this reason, mars rovers are equipped with smaller antennas, typically using UHF
(Ultra High Frequency)*2, which communicate through orbital relays around Mars. It is rel-
atively easy to establish a low power link with an orbiter around the planet that then pro-
vides the communication channel with Earth through its high-gain antenna.

The ExoMars Rover uses the relay strategy just described and carries two monopole UHF
antennas on the top deck. The antennas are compact to contain the height of the launch
package and are connected to dedicated communication electronics, called transceivers.
Two transceivers are present inside the rover for redundancy, each one serving one antenna
and producing approximately 5 W of radio power output. The ExoMars Rover’s telecommu-
nication system is designed to be compatible with at least four orbiters: NASA’s Mars Odys-
sey and Mars Reconnaissance Orbiter, ESA’s Mars Express and Trace Gas Orbiter [43].

Orbiters around Mars are clearly a scarce resource and surface assets need to be flexible to
make the best of any available spacecraft that flies overhead. Vice versa, as new orbiters are
sent to the planet, they are prepared to serve as a relay for various surface missions that are

40 It was possible to reconstruct these events from orbital imagery of the spacecraft. No information was ever
retrieved from Beagle 2.

41 X band signals are radio signals in the frequencies between 8 and 12 GHz.

42 UHF signals are radio signals in the frequencies between 0.3 and 3 GHz.
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in progress or planned. Such arrangements are a notable example of international coopera-
tion between space agencies like NASA and ESA, whose spacecraft support each other in
exploring the Red Planet. The communication architecture thus established by American
and European orbiters around Mars is called the Mars Relay Network.

Planning the sessions to download and upload data through certain relays requires a pre-
cise choreography by mission controllers, and, as seasons pass and orbital patterns evolve,
links might occasionally be scarce. The ExoMars Rover is designed to use typically two com-
munication passes per sol, but it can be programmed to operate for much longer without
ground intervention.

4.4.8 Scientific instruments

The ExoMars Rover carries a wide suite of scientific experiments, with a remarkably high
payload-to-mass ratio for a Mars rover. Part of the instruments are accommodated outside
the rover (mostly on the mast and drill) and part of them inside the rover, where they oc-
cupy more than half of the body volume [44]. The front section of the rover structure con-
tains the so-called Analytical Laboratory Drawer (ALD), shown in Figure 4-18.

Ultra Clean Zone (UCZ)

Blank dispenser

Core Sample Transport
Mechanism (CSTM :

Alternative Transport
Container (ATC)

Carrousel with MOMA
ovens and Refillable

Crushing Station (CS)
Dosing Stations (DS)

Flattening device

Figure 4-18 - ExoMars Analytical Laboratory Drawer and detail of the Sample Preparation
and Distribution System (credit: ESA)

The instruments on board the rover and their purposes are listed below:

e Panoramic Camera (PanCam). Located on the mast head, includes two wide-angle
cameras for multi-spectral stereoscopic panoramic imaging, and a high-resolution
colour camera.

o Infrared Spectrometer for ExoMars (ISEM). Placed just below PanCam, analyses
the mineralogy and water content of areas of interest.

e Water Ice Subsurface Deposits Observation on Mars (WISDOM). A ground-pen-
etrating radar mounted on the rear face of the rover. It builds a stratigraphic map of
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the subsurface up to a depth of 3 metres, allowing to identify interesting areas for
sampling through the drill.

e Adron-RM. A neutron spectrometer housed inside the rover. It is used in combina-
tion with WISDOM to search for subsurface water ice and hydrated minerals.

e CLose-UP Imager (CLUPI). Mounted on the drill housing, it provides imaging at
close range of the terrain and sample material.

e Mars Multispectral Imager for Subsurface Studies (Ma_MISS). An infrared spec-
trometer located inside the core drill. It allows to analyse the walls of the borehole
created by the drill and study the subsurface stratigraphy and distribution of water-
rich material.

e MicrOmega. Accommodated inside the rover’s ALD, it is an infrared hyperspectral
microscope that can observe the mineral grain of crushed sample material at high
magnification.

e Raman Laser Spectrometer (RLS). A spectrometer located within the ALD that
analyses the mineralogy of the sample and identifies organic and water-related
compounds.

e Mars Organic Molecule Analyser (MOMA). The rover’s largest instrument, also
accommodated inside the ALD. It contains an ion trap mass spectrometer and vari-
ous extraction tools to perform high-sensitivity search and identification of organic
compounds.

In addition to the scientific payloads listed above, the ExoMars Rover also includes exten-
sive payload-servicing equipment. The most notable elements are the multi-stage core drill,
which acquires soil samples down to a depth of 2 metres, and the Sample Preparation and
Distribution System (SPDS), which transports the core sample inside the rover, crushes it,
doses and distributes the powder to the various instruments. The drill is a highly distinctive
feature of the ExoMars mission, however, it is also a rather risky device since previous ex-
perience with drilling on planetary surfaces shows how it is a particularly challenging and
unpredictable process. The worst-case scenario would be the drill getting stuck in the bore-
hole so that it cannot be extracted and permanently immobilising the rover. In response to
this potentially mission-ending event, a separation device was built into the drill as a last
resort: its activation allows the rover to jettison the drill and continue with at least part of
its mission.

4.4.9 Structure

The largest structural element of the ExoMars Rover is the rover body frame, which is com-
posed by a carbon fibre monocoque open on the top side, nicknamed “bathtub” for its pecu-
liar shape and shown in Figure 4-19. The structure is shown here in an intermediate step of
its construction where the bare carbon skin is still visible, but this surface would be later
covered in sputtered gold to increase its reflectivity and decrease its absorptivity, thus mak-
ing it a thermally-insulated enclosure.

During integration, the internal equipment is lowered into the body structure and then
sealed in by the addition of the top deck panel, which forms part of the solar arrays. The
solar panels, another prominent structural element of the rover, are composed by honey-
comb sandwich panels with carbon fibre skin and aluminium core, connected by motorised
hinges. The rover body structure also provides the main interface for launch loads through
the rover body Hold-Down and Release Mechanisms (HDRM). These are three separation
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devices positioned on the bottom of the rover that secure it to the landing platform until it
has reached the surface of Mars. In Figure 4-19 are also visible the titanium brackets for
bolting the pivot points of the triple bogie suspension (see Section 4.4.3).

Figure 4-19 - The ExoMars Rover body structure during construction (credit: RUAG
Space)

The internal volume is split in two sections, the front one hosting the internal science pay-
load, described in Section 4.4.8, and the rear one containing a service module with the vital
hardware needed to operate the spacecraft, including on board computer, battery, power
conditioning electronics, inertial measurement units and transceivers.

The choice of carbon fibre composite for the frame of the rover was driven by its mechanical
strength and low mass, although the benefits of this type of construction fade as the number
of mechanical interfaces grows and the weight of inserts and brackets outbalances the mass
savings. In Figure 4-19 it is evident that the quantity of interfaces on the rover body struc-
ture is significant. However, carbon fibre also brings great advantages in terms of stiffness,
helping maintain a high natural frequency (desirable for launch vibration), and in terms of
thermal stability, meaning that the deformation caused by the extreme temperature range
is minimised.

Even if the structure is very stable over temperature, the issue of thermally-induced loads
remains a major one, since the hardware mounted to the structure can be made of different
materials and subject to different temperatures. To address the problem, the interfacing
hardware largely uses isostatic mounts, i.e., mechanical constraints that maintain the sys-
tem approximately statically determined across temperature, typically through the use of
compliant elements. The two round openings in the body visible on the left in Figure 4-19
are in fact the interface points of two large isostatic mounts: one supporting the scientific
payload and one supporting the service module.
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4.4.10 Thermal control

As described in Section 3.3.3, the key challenge for the thermal control system of a Mars
rover is to protect the Terrestrial technology on board from the frigid Martian tempera-
tures. The ExoMars thermal control does so by implementing a typical architecture with a
heated enclosure (inside the rover body frame), containing the most sensitive hardware,
and less vulnerable components outside, exposed to the Martian environment. This does
not mean that the devices outside can always operate across the thermal range: while they
are designed to withstand the -125°C night temperature without survival heating, most of
them need to be significantly warmer to function, typically -60°C or more. The rover’s ther-
mal control system also includes external heaters to warm up these items before they can
be switched on in the morning.

Active heating on board the rover is generally implemented through electrical resistance
heaters powered by the battery, at exception of two Radioisotope Heater Units (RHU)
housed inside the rover that provide a baseline heating power (approximately 8.5 W each).
One of the most temperature-sensitive elements is the rover’s battery, which must never
drop below -40°C or it would suffer irreparable damage. This is a remarkably cold temper-
ature for a battery, but still more than 80°C warmer than the coldest Martian night. Conse-
quently, good insulation is essential to minimise heat leak whilst maintaining this tempera-
ture inside the rover. Insulation is achieved through physical separation between the inter-
nal components and the walls of the body frame, thus preventing conduction. While this
would be sufficient on an orbital probe, on Mars the atmosphere fills this gap and generates
convection, which is rather effective at extracting heat. To prevent convection, some baffles
are placed in the air gap to inhibit air circulation. Lastly, the optical properties of the ex-
posed surfaces are tuned to minimise heat exchange by radiation.

Figure 4-20 - ExoMars Rover ALD loop heat pipes layout (top) and test rig (bottom)
(credit: IberEspacio)
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This insulation from the outside world is very effective in retaining heat inside the rover,
which is crucial to survive the night, butit also highly undesirable during diurnal operations,
when the active components would quickly overheat without a way to cool down. A solution
is provided by four loop heat pipes linking to external radiators: two of them connected to
the service module and two to the scientific payload. The heat pipes are fitted with thermo-
static valves that switch them off automatically when the hardware has cooled down, in or-
der to restore the protective insulation when needed [45]. These thermal control loops use
propylene as a working fluid and their layout can be seen in Figure 4-20.

4.4.11 Electrical power system

The power architecture of the ExoMars Rover is similar to that of a classical satellite, with
the solar arrays on the top deck generating electrical power for the craft and a battery to
provide energy storage. The Power Conditioning and Distribution Electronics (PCDE),
mounted on top of the OBC inside the rover, supply power to all the subsystems and sec-
ondary power converters.

The photovoltaic assembly is composed by 40 strings of 18 solar cells each, for a total of 720
cells arranged over five panels: a central fixed panel and four deployable segments. The as-
sembly can be seen in Figure 4-21 just before integration onto the flight rover. The selected
cell technology is an Azur Space 3G30 triple junction InGaP/GaAs/Ge, which provides a re-
markable power generation efficiency of approximately 30% at the beginning of life [46].
On Mars at noon, they can generate more than 260 W at the beginning of life and approxi-
mately 140 W at the end of life, considering dust coverage and radiation aging.

Figure 4-21 - ExoMars Rover solar array assembly partially deployed (credit: Airbus)

Compared to a typical satellite, which only has to withstand limited eclipse times, the rover’s
battery has a considerable size, since it needs to provide survival power over several hours
of darkness. Furthermore, the power profile of the rover during operations is highly varia-
ble, with frequent spikes and dips due to the traverse on rugged terrain and science opera-
tions. Since the solar arrays provide a rather steady power output, it is up to the battery to
fill in the extra demand and absorb the surplus production. The ExoMars battery fits 56
SAFT MP 76065 XTD Li-ion cells into a package of 300 x 375 x 100 mm (Figure 4-22), for a
total mass of 10.5 kg [47]. The overall nominal capacity is 1140 Wh and the voltage range is
between 21.0 V and 29.4 V. One of the most challenging requirements for this battery is the
extreme operational temperature range, reaching from -40°C to +50°C.
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Figure 4-22 - ExoMars Rover battery assembly (left) and unit cell (right) (credit: SAFT)

The PCDE is the element that regulates how the power from the solar arrays and the battery
is fed to the various subsystems and payloads. These electronics have to support the oper-
ation of power-hungry mechanismes, like the 18 locomotion actuators, and so must capable
of sustaining significant currents, in excess of 15 A in total. They also need to maintain the
power bus stable and guarantee spacecraft safety in case of anomalies in the power profile
of any unit. To do so, they are fitted with Latching Current Limiters (LCL) dedicated to the
various power channels. The LCLs are solid-state switches that can interrupt circuits if the
current draw is too high or exhibits non-nominal behaviour. They can also be reset to their
normal condition once the fault is resolved.

4.4.12 Planetary protection

While not an immediately obvious feature of the spacecraft hardware, planetary protection
has been a major design driver for nearly every aspect of ExoMars Rover. Planetary protec-
tion is a set of guiding principles in the design of interplanetary missions aimed at protect-
ing Solar System bodies against biological contamination from Earth and, in case of sample
return missions, protecting Earth against biological contamination from other bodies. The
COmmittee on SPAce Research (COSPAR) has identified a set of categories that are widely
adopted when developing interplanetary missions [48]. These are based on the biological
potential of target location and the type of mission under consideration. They are summa-
rised below:

e (Category I. Any mission to a target body which is not of any particular biological
interest. No planetary protection requirements apply. Examples: any mission to the
Moon or Venus.

e (Category II. Any missions to a target body where there is interest relative to the
process of chemical evolution and the origin of life, but where there is only a remote
chance that contamination carried by spacecraft could affect the environment. Plan-
etary protection only requires risk assessment and documentation. Examples: com-
ets, gas giants and ice giants.

e Category III. Specific types of missions (generally flybys and orbiters) to a target
body of biological interest where contamination carried by spacecraft could alter
the environment and jeopardize future exploration. Planetary protection requires
basic cleanliness standards, detailed documentation and end-of-mission plan. Ex-
amples: flyby or orbiters for Mars and Europa.

e Category IV. Specific types of missions (generally landers and other surface probes)
to a target body of biological interest where contamination carried by spacecraft
could alter the environment and jeopardize future exploration. Planetary protection
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requires high cleanliness and contamination control, bioburden*3 monitoring and
bioburden reduction or sterilisation. Examples: landers, rovers or other surface
probes on Mars and Europa.

e Category V. All Earth-return missions. This category aims at protecting the Earth’s
biosphere from contamination by alien biological material. Two sub-categories are
defined:

o Unrestricted. Return from Solar System bodies that scientific consensus
judges incapable of hosting any life forms. Only the requirements for the out-
bound mission apply as per categories above.

o Restricted. Return from Solar System bodies that could potentially host life.
Strict biological containment of contaminated spacecraft hardware or sam-
ple material 4 must be guaranteed during the return and after landing.
Timely analysis must be performed in a high-containment facility and the
samples cannot be released unless no sign of alien replicating entities is
found by the most sensitive techniques or it is fully removed by effective
sterilisation.

According to this definition, the ExoMars Rover mission is classified as Category IV and thus
is subject to strict cleanliness and contamination control, including biological contamina-
tion. The response to these requirements is to strive to build the hardware in a clean and
controlled environment, although that might not be always possible, especially for the low-
level components, like off-the-shelf products or parts fabricated on metal work machinery.
For these cases, effective sterilisation methods have been identified, such as powerful sur-
face disinfectants or Dry Heat Microbial Reduction (DHMR), which is a bioburden reduction
method based on temperature. It typically involves heating the hardware to 125°C in con-
trolled atmosphere for several hours and has been adopted as the standard sterilisation
process for the ExoMars Rover for the fact that it can be applied to complex assemblies with-
out stripping them down.

However, there are some elements that would be permanently damaged by DHMR temper-
atures, for example, the battery. For these items the only option is to build them in excep-
tionally clean conditions and employ thorough manual cleaning methods. There are also
some components for which it is simply impossible to meet all the cleanliness and contam-
ination requirements, for example, fluid-lubricated transmissions: these can be subject to
DHMR to eradicate any terrestrial life, but the lubricant will remain an organic compound
and, if transferred to scientific instruments, it could generate false positives in the detection
of organic chemistry. For cases such as these, the cleanliness requirements can be relaxed
as long as the cavity is sealed. If the cavity needs to be vented to release internal pressure
during launch from Earth, this shall be done through High-Efficiency Particulate Air (HEPA)
filters to prevent the egress of any contaminants.

The final integration of the rover is such a complex, large-scale operation that even DHMR
becomes impractical at that stage. To address this challenge, a new, specially-designed
building was erected: the Airbus Bio-Clean Facility. The building includes a high cleanliness
environment for the integration of the rover, which can be seen in Figure 4-23. This main

43 Bioburden indicates the quantity of microorganisms found on a particular surface or material.
44 The same containment measures apply to human beings in the case of crewed spaceflight.
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room is accessed through a system of airlocks connecting other rooms with increasing lev-
els of cleanliness, all equipped with sterilisation ovens. Only thoroughly sterilised hardware
and selected materials are allowed inside. The walls are made of surgical steel and all open-
ings are tightly sealed, so air circulation has to be provided by a dedicated laminar flow
system. Human operators can access only following a strict cleaning and preparation pro-
cess, which includes air showers and two layers of full-body garments. Regular assays on
the rover have shown how the facility has been successful in maintaining the cleanliness
throughout the assembly and up to rover delivery.

Figure 4-23 - ExoMars Rover under test in the Airbus Bio-Clean Facility (credit: BBC)
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5 MARS SAMPLE RETURN

The previous chapters have analysed the scientific interest driving the exploration of the
Solar System and of Mars in particular, they have summarised the progress made so far in
this field and presented the technologies used to achieve it. Considering the present status
of the study of Mars and the means available to advance it, the logical next step, which sci-
entists have been promoting for decades, is deemed to be returning Martian material to our
planet for more in-depth analysis. A Mars Sample Return (MSR) plan was developed to pur-
sue this aspiration.

The scheme took multiple forms, involving different organisations through history and cul-
minating in the definition of a complex international campaign in cooperation between
NASA and ESA, hailed as one of the most ambitious undertakings in the history of robotic
spaceflight. This chapter presents the evolution of the campaign before and during the time-
line of this PhD work. MSR is the setting in which this project takes place: it shapes and is
shaped by the unfolding of the work discussed in this document.

Nevertheless, by the time this work will be published, MSR will have changed. The Sample
Fetch Rover (SFR), main subject of this study, will no longer be part of the campaign. Af-
fected by technical challenges in securing a lander system and hit by a deteriorating geopo-
litical situation that forced space agencies to rethink their planetary exploration pro-
grammes, the SFR project was cancelled in the summer of 2022. Towards the conclusion of
this PhD project, the lander meant to deliver SFR to Mars was already facing serious mass
issues, driving the decision to use an additional lander for the rover.

While ESA and NASA were looking for a way to develop this new lander in time for launch,
the Russian invasion of Ukraine left another mission without a lander: the ExoMars rover,
due to launch in September 2022. An assessment on the health of the Perseverance rover,
already collecting samples on Mars, led to the forecast that it would likely be still operational
at the time of MSR and so it could be used to deliver the samples in place of SFR. The removal
of SFR allowed the agencies to concentrate their efforts in salvaging the ExoMars mission.

The research presented in these pages all happened before these events and depicts the
Mars Sample Return architecture as defined in 2019, for which SFR was developed. This
work is described in the following chapters.
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5.1 History of Mars Sample Return

Over the last few decades, vehicles for the exploration of Mars - and of space in general -
have seen considerable advancements in their payload capacity, carrying increasingly large
and sophisticated instrumentation on their journeys. One notable example is the ExoMars
Rover with more than half of its body filled with instruments, in addition to those mounted
externally, as described in Section 4.4.8. However, even the nearly 50 kg ExoMars science
payload is dwarfed by common geochemical or biological analysis laboratories on Earth,
which can count on entire buildings filled with instrumentation, preparation facilities and
skilled personnel to treat the samples and gather observations.

For how far miniaturisation has gone, the tools that can fit on a mass-constrained spacecraft
are no match for even the average commercial laboratory. Planetary scientists have always
had to work with these limitations, so returning samples to Earth naturally becomes desir-
able for any interesting location that is visited by spacecraft. Furthermore, returned mate-
rial will remain available for future research, allowing to carry out experiments yet to be
imagined, without needing a dedicated mission.

During the Apollo programme, astronauts returned approximately 382 kg of lunar material
to be studied in Earth laboratories. Despite not showing any biological content, its analysis
proved vitally important in understanding the history of the Earth — Moon system and the
rocky planets in general. Those samples, some of which are still sealed, are yielding discov-
eries and technological advancement to this day. On Mars, the only other planetary body
extensively visited by surface probes, the biological potential greatly increases the signifi-
cance of such undertaking. Truth is, the instruments in-situ have provided so far only a
crude grasp of the planet’s geochemical environment and history. Exobiology experiments
have sometimes returned inconclusive results, only fuelling a desire for more. It quickly be-
came clear that, after making observations in the field, the time had come to send some
samples to the lab: the advocates of Mars exploration began urging to do just that.
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Figure 5-1 - Mission architecture for a 1984 Viking-based Mars Sample Return (credit:
Martin Marietta)

The scientific community has identified a sample return mission from Mars as a top priority
since the Viking landers reported the first observations from the surface of Mars in 1976.
As a matter of fact, even before the Vikings had launched, a study [49] had already been
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prepared on an adaptation of that same lander design to collect and launch surface samples
into Mars orbit. The mission was assessed for a launch in 1984 and its architecture is shown
in Figure 5-1, with mass figures for the various systems for a 1 kg sample payload and a 5
kg sample payload. In the illustration, MAV indicates the Mars Ascent Vehicle, ERV the Earth
Return Vehicle and EEC the Earth Entry Capsule.

A number of iterations of this architecture were studied in the years following the Viking
landings, but they all failed to proceed past the initial concept phase. Any sample return
mission required very challenging technology developments, such as autonomous launch
and orbital rendezvous at Mars. These risky development proposals did not gain much trac-
tion on space agencies that were experiencing a general decline in their budgets and ambi-
tions at that time (see Section 3.1). The situation remained largely unchanged until the late
‘90s, when the first rovers were sent to Mars and demonstrated how mobility could aug-
ment the scientific return of a mission to the surface. It was natural to apply the same con-
siderations to sample return, making rover-based sample collection a highly desirable ap-
proach and strengthening the support to such missions.

If the samples are carefully selected over enough time and a sufficiently large area, then they
offer credible prospects of answering the open questions on past and present biology on
Mars. Following this reasoning, new Mars Sample Return architectures were outlined in the
early 2000s, involving one or more sample-caching rovers. These proposals varied in com-
plexity, some involving up to 15 spacecraft [50], others aiming to minimise the number of
flight elements to the point of merging Mars Ascent Vehicle (MAV) and the sample caching
rover into one spacecraft. This latter architecture, named “Mobile MAV” is a particularly
unique concept, where a rover would carry the rocket on its back during its surface mission
and launch it once loaded with samples [51]. This design is shown in Figure 5-2 and is based
on a large, MSL-class vehicle, but powered by solar arrays (refer to Section 4.3.3).

Figure 5-2 - Mobile MAV concept for Mars Sample Return (credit: NASA / JPL-Caltech)

Despite the variety of concepts, none of these proposals proceeded very far through the de-
sign phase, all stopped in their tracks for broadly similar reasons: the large budget require-
ments and the decades-long timelines, both not particularly appealing to space agencies and
the associated governmental bodies. By 2009, a new idea had surfaced, which would be-
come crucial to shaping the path of Mars exploration for the decades to come: if no single
space agency could bear the risks of a Mars Sample Return campaign, then maybe a cooper-
ation of multiple agencies could. NASA and ESA, two of the largest space agencies at the time,
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teamed up to confront this challenge together and, for the first time, elements of Mars Sam-
ple Return moved into the preliminary design phase [52].

A lander with two rovers was envisaged to be launched in 2018, which would collect sam-
ples and cache them on the surface. A second lander, launched in 2024, would carry a small
“fetch rover” to recover the samples and the rocket that would launch them into orbit, where
an interplanetary vehicle, launched in 2022, would be waiting to intercept them. Remarka-
bly, one of the two rovers on the “Mars2018” mission was the ESA ExoMars Rover, initially
developed specifically for this campaign. The ExoMars Rover would perform scientific ob-
servations to support sample collection and guarantee a more immediate scientific return,
while the NASA Mars Astrobiology Explorer-Cacher (MAX-C) Rover would prepare the
cache of samples to be sent to Earth. The launch configuration of the Mars2018 mission is
depicted in Figure 5-3, which shows, starting from the top, the cruise stage, the back shell,
the Sky Crane descent stage, the landing pallet with the two rovers (ExoMars on the left and
MAX-C on the right) and the heatshield.

Figure 5-3 - Exploded view of the joint NASA / ESA Mars2018 mission (credit: NASA)

Unfortunately, due to a budgeting crisis, NASA withdraw from this collaboration in 2012,
leaving the ExoMars Rover without a lander, for which ESA had to seek other, riskier part-
nerships (see Section 4.4). Despite being top scientific priority for almost half a century,
Mars Sample Return was, once again, back to the drawing board because of government
funding. Following this setback, one last attempt was made to revive the sample return ef-
fort, this time with one tweak that would prove decisive for the future of the campaign: in-
stead of defining an entire architecture optimised for sample return, the sample collecting
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system would be “squeezed in” another mission with its own scientific objectives. That mis-
sion would be NASA’s Mars2020, established briefly after the cancellation of the ExoMars /
MAX-C joint mission in response to the uproar from the scientific community.

The Mars2020 rover, later named Perseverance, was fitted with an Adaptive Caching As-
sembly (ACA), shown in Figure 5-4. The system accommodates 43 tubes in total, 5 of which
are witness blanks and the other 38 are to be filled with core samples for a potential Earth
return. Policymakers who cut the budgets for previous sample return efforts would be
hardly aware of the presence of this payload on the rover and, even so, the return mission
would be sufficiently hypothetical and far in the future not to be perceived as an immediate
commitment. However, scientists knew that, once the sample tubes would be on Mars, they
would provide a far stronger argument for a return mission.

The sample tubes are indeed now on Mars, and the argument worked exactly as intended:
NASA and ESA have been re-establishing an extensive collaboration to return those tubes
to Earth. This multi-agency endeavour would be largely based on the previous NASA / ESA
Mars Sample Return concept, with a second lander carrying a fetch rover and a rocket, and
an interplanetary vehicle awaiting in orbit. Not having been planned as a whole sample re-
turn architecture since the beginning, all these systems now have to be designed to chase
the elements that are already off-planet, i.e., Perseverance and its tubes. As eloquently put
by R. G. Andrews on Scientific American [53], “the “sample return” train has left the station
with the tracks ahead of it still being built.”

Such undertaking was captured in a joint statement of intent between NASA and ESA in
April 2018 and is often referred to as “International Mars Sample Return”. This campaign is
the setting of this PhD study and its elements are further discussed in the following para-
graphs, including the one that lies at the centre of this work: the ESA Sample Fetch Rover
(SFR).

5 DoF
robotic arm

Bit carousel
(part of ACA)

Adaptive Caching
Assembly (ACA)

Turret
(with coring drill
and instruments)

Figure 5-4 - Sample collecting and handling systems on board Perseverance (credit: NASA
/ JPL-Caltech)
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5.2 International MSR architecture

The following paragraphs describe the architecture of the International Mars Sample Re-
turn Campaign and the roles of its key elements, including the Sample Fetch Rover. This
description follows to the baseline architecture defined in 2019, which corresponds to the
start of the SFR Project and this PhD work. An overview of all the major elements involved
in this plan is provided in Table 5-1, where they are listed in the approximate order in which
they are expected to perform their primary function in MSR [54].

MSR Element Acronym Provider Function
Perseverance - NASA Acquire, seal and cache samples
Ret ble S 1
sturiiable sarmpye RSTA NASA Contain and preserve the sample material
Tube Assembly
Sample Retrieval Carry SFR and MAV to the surface, support
Lander SRL NASA MAV launch
Sample Fetch Rover ~ SFR ESA Retrieve RSTAs from the surface and return to
SRL
Sample Transfer Transfer RSTAs from SFR to MAV and prepare
STA ESA .
Arm it for launch
Mars Ascent Vehicle MAV NASA Launch and deliver the RSTAs into Mars orbit
Orbiting Sample 0S NASA Contain the RSTAs during orbital manoeuvres
and return to Earth
Earth Ret
ar. eturn ERO ESA Capture the OS and return to Earth
Orbiter
Earth Entry Vehicle  EEV NASA Transport the samples to the Earth surface
Sample Receiving i
SRF NASA Contain, analyse and preserve samples

Facility

Table 5-1 - Summary of key MSR elements and their functions

The sequence of events in which these elements play their part unfolds over more than a
decade and can be divided in three main phases:

1. A sample caching mission, which collects and seals the samples, then deposits them

in a selected location

2. A sample retrieval mission, which recovers the samples and launches them into

Mars orbit

3. A sample return mission, which transfers the samples back to Earth and delivers
them to the surface

A visual representation of this plan is provided in Figure 5-5, where the Earth is on the bot-
tom, Mars is at the top and time goes from left to right. In the illustration “Mars 2020” indi-
cates the Perseverance mission. Each phase is discussed in further detail in the following

paragraphs.
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2 MARS SAMPLE RETURN

ample’
canisters

Figure 5-5 - Mars Sample Return campaign overview (credit: ESA / K. Oldenburg)

5.2.1 Sample caching

In the International MSR campaign, the sample caching operations are carried out by NASA’s
Perseverance rover and, at the time of writing, they are already under way. The rover is
exploring the region of Jezero Crater and collecting samples from sites of high scientific in-
terest. These activities overlap with the in-situ science mission and are supported and aug-
mented by the other instruments on board. Jezero Crater was chosen as a landing site for
the likely presence of water in the past and this expectation has been now confirmed by
Perseverance: Jezero is indeed an ancient lake, fed by an intricate river delta, and the rover
is currently standing on its floor. This contributes to the relevance of the samples being col-
lected and the potential for discoveries if analysed by powerful instruments on Earth.

The system that collects and stores the samples is shown in Figure 5-4. Inside the rover is
located a magazine of tubes (more precisely RSTAs, Returnable Sample Tube Assemblies),
from which they can be selected and transferred to the bit carousel [55]. The chosen tube is
inserted inside the coring bit so that it forms integral part of the drilling tool. The sample
material is pushed directly into the tube as it is cut, ensuring that the sample is subject to
minimal handling and the potential for contamination or alteration is reduced. The bit car-
ousel is the main interface between the Adaptive Caching Assembly and the exterior of the
rover. The robotic arm can access the coring bit and the tube from the carousel opening and
mount them into the percussion drill on its end effector. The sampling operation is then
performed on the desired target to a depth of approximately 70 mm, collecting a core 13
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mm in diameter. A regolith bit is also available for the drill to collect softer material, which
is scooped up rather than cut. Once filled, each tube is fitted with a seal that is pressed into
position. The process produces permanent deformation of the tube shaft to ensure tight
sealing of the material inside. Figure 5-6 shows a section of the tube inside the coring bit, a
built flight tube and an X-ray of a filled and sealed tube.

Ball lock  Sample tube Coring bit  Bit teeth

Rock Fragments

Rock Core

/' Seal Cup knife edge
Sample Tube with gold coating

Figure 5-6 - Cross section of an RSTA mounted in the coring bit (top), one of the flight
RSTAs before integration into Perseverance (middle) and an X-ray of a sealed RSTA after a
drilling test (bottom) (credit: NASA / JPL-Caltech)

When commanded to do so, Perseverance is able to drop each tube individually through an
opening in its underbelly. The decision on when and how to do so will shape the entire Mars
Sample Return campaign. One key aspect of this operation is that Perseverance can drop the
tubes only if it is still functioning and able to drive. The baseline approach for MSR is to
collect two copies for the initial samples, probably the first ten, and deposit the first set onto
the surface early in the mission, to act as a backup in case the rover encountered sudden
difficulties. The tubes will be scattered over a small area (tens of meters across or less),
characterised by benign terrain*s that would ease future identification and retrieval. Such
arrangement is referred to as “sample tube depot”.

Perseverance will continue to gather samples for a few years and it is expected to travel
significant distance as it does so. There is currently a strong interest in attempting to climb
the nearly 700 metres high crater rim to explore the ancient river delta and the surrounding

45 Benign terrain for tube caching is considered to be compact or rocky, without loose sand or large obstacles,
but also not completely flat or featureless, since the topology of the terrain can provide visual hints for the lo-
calisation of the tubes.
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upland [58]. This is a long and challenging path, which would push the rover close to the
distance record of 45 km held by Opportunity (See Section 3.1.2). Therefore, it is reasonable
to prepare the first contingency depot before tackling this climb. What happens after that
will depend on how the scientific mission unfolds, the difficulty of the terrain and Persever-
ance’s health. It is envisaged that a second depot will be created with all the new samples
and the copies of the first ones. This might be laid out in a single instance or gradually built
by the rover coming back multiple times with additional samples. It is also possible to keep
tubes on board Perseverance for direct delivery to the Sample Retrieval Lander, although it
relies on the rover being still healthy and able to traverse to the lander in the late 2020s -
early 2030s.

The subsequent steps in Mars Sample Return will have to remain compatible with all these
scenarios and additional contingency cases, so there is not a single mission profile but ra-
ther a combination of them, depending on how Perseverance’s mission will unfold. This
complexity is captured well by Figure 5-7, where the “green zones” mark areas of benign
terrain, candidate for potential tube depots or landing sites, and the network of paths be-
tween them represents the routes that Perseverance could take (in white) and that SFR has
to be compatible with (in green) [56].

River delta
Anciehtyiversras,

’Legend:

- Green zones .

- Perseverance landing site

— Perseverance reference paths
* = SFR green pathways

Midway region Jezero Crater

landing ellipse

/ Crater rim

Figure 5-7 - Satellite view of the western rim of Jezero Crater with the potential routes for
Perseverance and SFR (credit: NASA / JPL-Caltech)
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As a last step in the sample caching phase, Perseverance will document the depot location
as extensively as possible, acquiring detailed images of the tubes on the surface, the sur-
rounding terrain and even Digital Elevation Models (DEM) of the area. This will aid future
navigation in the depot and identification of the tubes. Perseverance will also scout target
landing sites for the sample retrieval phase, looking for areas of flat and compact terrain as
close as possible to the depot to minimise the distance to reach the samples. Naturally, it is
undesirable to land directly on the depot as the gas outflow from the descent engines could
scatter the tubes and render them impossible to find. These operations will be discussed
further in the following section.

5.2.2 Sample retrieval

The sample retrieval phase is the second step in Mars Sample Return and it is expected to
happen after a considerable amount of time from the caching phase. The main temporal link
between the two missions is the fact that the tubes cannot be left on the surface indefinitely,
as they would slowly get covered by dust and become increasingly difficult to identify and
handle. The current understanding of the typical dust deposition rate, including dust
storms, suggests that an exposure of less than 10 terrestrial years should bear relatively low
risk in this regard. The objective of the retrieval mission is to recover a number of these
tubes and deliver them to Mars orbit. The current target is to launch 30 tubes, correspond-
ing to almost 0.5 kg of Martian material. This implies that only a subset of the cached tubes
might be selected for return. On the other hand, it is also possible that less than 30 tubes
might be actually available or reachable on the surface, especially in contingency situations.

Figure 5-8 - Artist’s impression of the Sample Retrieval Lander on Mars (credit: NASA /
JPL-Caltech)

To achieve its objective, the sample retrieval mission would deliver a NASA lander to the
surface: the Sample Retrieval Lander (SRL). SRL would carry the ESA Sample Fetch Rover
(SFR) and the NASA Mars Ascent Vehicle (MAV). In the reference architecture for this study,
a single SRL is considered, although there have been parallel studies for a dual lander ap-
proach, with SRL-1 carrying the MAV and SRL-2 carrying the SFR [57]. The lander is also
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equipped with an ESA-provided Sample Transfer Arm (STA) to load the MAV and prepare it
for launch. Figure 5-8 illustrates the reference concept for this spacecraft, with SFR stowed
on top of the lander, the MAV (not visible) enclosed within its central body and the STA
folded on the right-hand side in this view.

The high-level concept of operations at Mars follows the sequence below:

1. Entry, Descent and Landing

Critical SRL post-landing activities (solar arrays deployment, checkouts...)
SFR deployment and egress to the surface

SFR commissioning and checkout

Outbound traverse to the depot

Locate, acquire and stow the selected sample tubes

Return traverse to SRL

Transfer the tubes to the MAV with STA and prepare for launch

. MAV launch

10. Release of the Orbiting Sample (OS) into Mars orbit

© O NS U W N

In Section 5.2.1 it was noted how there are still several unknowns around the unfolding of
the caching mission and the resulting arrangement of tubes on the surface. The role of the
Sample Fetch Rover is to accommodate this variability and ensure that SRL receives the de-
sired set of samples regardless of the situation on the surface. Time is also crucial in this
phase, since the MAV mustlaunch before the Earth departure window, i.e. the moment when
the configuration of the planets allows the orbiter to leave Mars and reach Earth with the
propellant available on board. This time pressure reflects on all operations on the surface
and especially those of the rover, which account for the greatest duration in the sequence.
One key advantage with regards to this issue is the fact that Perseverance will have been in
the same area before and will have recorded large amounts of data that can be used to plan
the SFR mission, as already mentioned in in Section 5.2.1.

Figure 5-9 - Artist’s impression of the Sample Fetch Rover on Mars
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The primary objectives of SFR are to identify, retrieve and deliver the tubes on time to SRL,
hence the rover can be seen purely as a transportation system, optimised for mobility per-
formance, with no scientific instruments or experiments on board. The design response to
this mission profile is the central subject of this research and the outcome is shown in Figure
5-9. The process that led to this design is discussed in detail in the following chapters.

At the end of its return journey, SFR would park in proximity of SRL, making the tubes avail-
able for transfer. The Sample Transfer Arm would then load them into the Orbiting Sample
(0S), a sealed spherical structure, roughly the size of a basketball, which would contain all
the tubes from that moment onwards, until recovered on Earth. The fully loaded OS is ex-
pected to have a mass of approximately 16 kg and is secured on top of the MAV in prepara-
tion for launch.

The MAV is a two-stage, solid-fuelled rocket provided by NASA [59]. It is roughly 3 metres
long, with a mass of approximately 300 kg, and the fully assembled system can be seen in
Figure 5-10. The MAV is accommodated inside a thermally-insulated enclosure at the centre
of the SRL structure, which opens just before launch. The current concept for lift-off is to
eject the rocket with a sprung mechanism and ignite it in mid-air to avoid the complexity of
guiding mechanisms on the lander 46. Due to a combination of small payload, low gravity and
thin atmosphere, the ascent will be relatively quick: the first stage would burn for 70 sec-
onds, followed by a brief coast phase, and then the second stage would burn for another 27
seconds, after which the OS would be released in an orbit approximately 380 km in altitude.
The choice of the orbit is an ongoing trade between the performance of the MAV and that of
the return orbiter, which would struggle to depart from Mars if it ventured too deep into its
gravity well to reach the OS.

First stage First stage solid Separation Reaction control
nozzle rocket motor plane system

Lander attachment Second stage solid Avionics  Payload
points rocket motor assembly

Figure 5-10 - Semi-transparent view of the MAV with key components (credit: NASA /
MSFC)

5.2.3 Sample return

Once the samples have been delivered to Mars orbit inside the OS, it is up to the ESA Earth
Return Orbiter (ERO) to capture them and bring them back to Earth. Due to mass con-

46 This solution is also called “soft launch” or “cold launch” and is widely used in military applications for me-
dium-sized missiles.
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straints, the OS is an entirely passive system, with no manoeuvring capability, no radio bea-
cons and no batteries, freely tumbling in orbit around Mars. The last estimated trajectory of
the payload will be transmitted by the MAV after separation. ERO would have to rely on this
telemetry to approach the OS and then attempt visual localisation once in range. In practical
terms, that means shining a light and scanning the starry sky for the reflection of the bas-
ketball-sized object. At the end of the approach and rendezvous procedure, a NASA-pro-
vided payload on the orbiter would receive and capture the sphere.

All these complex operations are made even more challenging by the size of ERO, which,
with solar arrays more than 40 metres in wingspan, would be by far the largest object ever
flown to Mars (see Figure 5-11). The size of the solar arrays is driven by the power needed
by its electrical propulsion system. ERO uses, in fact, a hybrid, multi-stage approach for its
propulsion. The long interplanetary transfers rely on electric propulsion, which has high
fuel-efficiency, allowing to move such a large payload, but provides low thrust, requiring
very long “burn” times#’. The orbital insertion around Mars uses a chemical propulsion
stage, which has lower efficiency but high thrust, making it possible to rapidly enter orbit
before overshooting the planet. Once used, the orbit insertion module becomes undesirable
dead mass for the return journey and so is jettisoned at Mars before the return trip“s.

EEV

Capture
system

Solar
arrays

Return
module

Separation
system

Orbit
insertion
module

Figure 5-11 - ERO over a regular-sized basketball field (left) and broken down into main
elements (right) (credit: Airbus)

Once in proximity of Earth, ERO will guide the Earth Entry Vehicle (EEV), now containing
the OS with the samples, on a precise trajectory to perform a purely ballistic descent to-
wards the Utah Desert. Following release of the EEV, the orbiter would execute one last burn
to avoid the planet and enter a solar orbit where it will remain indefinitely. The EEV will
perform the final daring manoeuvres in the MSR campaign: entry into the Earth’s atmos-
phere at 12 km/s (43 200 km/h), aerodynamic deceleration and hard-landing onto the sur-
face [60].

47 ERO’s electric ion thrusters are actually active for almost the entire interplanetary flight, slowly altering the
spacecraft course and velocity.

48 The decommissioning of the orbit insertion module consists in passivating (i.e., depressurising) the propul-
sion system and then leaving it in a high orbit to minimise the risk of debris generation and uncontrolled re-
entry.
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The craft has, in fact, no propulsive capability and no parachute to maximise its simplicity
and robustness (see Section 5.2.4) and is therefore designed to impact the ground at termi-
nal velocity*9, acting essentially as an engineered meteorite. The OS and the tubes inside will
be protected by a carbon-carbon composite structure filled with crushable material. The
landed EEV would then be recovered and transported to the Sample Receiving Facility (SRF)
where it will be gradually opened up and its wealth of science released. Figure 5-12 provides
a cross-section of an EEV early concept and a still frame from impact landing test with an
EEV prototype.

LID TPS ORBITING SAMPLE
LID STRUCTURE—\\ | CONTAINMENT VESSEL
{ LID PUSH PAD
ENERGY-ABSORBING SPHERE
| LID PIN
AFT TPS
@ 900MM AFT STRUCTURE : 80DY MOUNT BOLT
336. 5MM |
|
60° ANGLE |
HALF -CONE
152. 2MM
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IMPACT SHELL 855 FoEN
|
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NOSE TPS EXTERNAL ML

Figure 5-12 - EEV cross section (top) and impact testing (bottom) (credit: NASA / LRC)

5.2.4 Planetary protection

As described in Section 4.4.12, planetary protection rules apply to interplanetary missions
according to five risk categories. Following the COSPAR classification, Mars Sample Return
is identified as category V restricted, meaning that the most stringent requirements for con-
tamination protection and bioburden control apply to the spacecraft involved in the se-
quence. The design and operation of these spacecraft responds especially to three primary
objectives associated with planetary protection [52]:

1. Protecting Mars from Terrestrial contamination. Since there is a small, but non-
null possibility that Mars might be currently hosting some form of biological activity,

49 The terminal velocity is the steady-state speed of a free-falling body once the resistance of the medium
through which it is falling equals its weight. For the current EEV design, it is in the order of 150 km/h.
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it is mandatory to prevent contamination to its potential biosphere by terrestrial
organisms. This translates into requirements on bioburden and contamination con-
sistent with other missions to the surface, like those described in Section 4.4.12.

2. Protecting the samples from Terrestrial contamination. This is primarily to
avoid false positives in case Terrestrial life is transferred to the sample material and
is mistaken for indigenous life or pollutes existing chemistry, compromising science
results. The associated requirements are similar to those in point 1 but generally
have smaller contamination allowances, necessitating special cleaning and sterilisa-
tion of any hardware contacting sample material and some isolation from the rest
of the spacecraft.

3. Protecting Earth from Martian contamination. This is one of the most demanding
and certainly unique aspects of a sample return mission. Differently from Mars,
Earth is known to host biological activity and its biosphere is isolated from any other
life by the vacuum of deep space. Any returning interplanetary mission must first
and foremost guarantee this isolation. The planetary protection requirements stem-
ming from this mandate secure containment of the returned material and so-called
“break-the-chain” events to interrupt any possible path of contamination. These are
further elaborated below.

With particular reference to point 3 above, the sequence of events being considered has an
extremely low combined probability: life being currently present on Mars, this life being
captured inside the samples collected and it being able to survive and reproduce in the
Earth’s environment. On the other hand, the potential consequences of a leakage could be
so severe for all life on Earth that extreme measures must be taken to further reduce this
already small probability. The mitigation approach is primarily to ensure that all Martian
material remains contained and to interrupt the chain of contamination for any elements
that might have come into contact with such material.

The tubes are hermetically sealed by Perseverance, but they are then dropped on the
ground, so their exterior surfaces have to be treated as contaminated. Their sealing is more
aimed at preserving the samples rather than avoiding contamination to Earth. The OS is
loaded with the tubes and then sealed, providing a first step in breaking the chain of con-
tamination. However, the OS is exposed to Martian atmosphere and dust during certain op-
erations and its cleanliness cannot be fully guaranteed. The OS is therefore placed inside
another sealed “biocontainer” once captured by the orbiter. The mechanisms in the orbiter
that have come into contact with the bare OS are then jettisoned before returning to Earth.
The orbiter is allowed to target Earth only after confirmation that sample containment has
been established successfully.

The EEV is kept isolated behind a biological barrier until it receives the encapsulated OS and
is then released for entry. The orbiter performs one last divert manoeuvre to prevent con-
tact with Earth’s atmosphere in the unlikely event that it has become contaminated with
Martian material. The EEV is designed with an ultra-safe entry profile to avoid any risk of
breakup or loss of sealing. The capsule is entirely passive and has a self-righting shape,
which would survive entry even if released backwards. To rule out any possible reliability
concerns on parachute opening, the craft is designed to withstand impact with the ground
at terminal velocity. The EEV is then secured immediately after landing and transported to
the Sample Receiving Facility for quarantine before disassembly. Special protocols are being
developed for gradual opening and assessment of the craft and its content.
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6 OVERVIEW OF THE SAMPLE
FETCH ROVER

The Sample Fetch Rover (SFR, sometimes referred to as Fetch Rover or simply “Fetch”) is
the machine developed to acquire the sample tubes left on the surface of Mars by the Perse-
verance rover and thus enable the retrieval mission in the Mars Sample Return campaign.
The robotic spacecraft is being developed for ESA by Airbus UK and this PhD covers the
engineering work involved in the definition of its main systems, with a particular focus on
mobility, robotics and mechanisms. The SFR mission patch is shown in Figure 6-1, providing
an indication of the spacecraft appearance and its purpose. The following pages will attempt
to describe the design of this machine and its major components.

Figure 6-1 - Sample Fetch Rover mission patch
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The work involved in this study brought the project from initial concept to a preliminary
design, going through the stages that in space programme management are called “phase A”
and “phase B1”. A spacecraft of this kind is such an intricate machine that even its prelimi-
nary design requires volumes an order of magnitude larger than this dissertation to be de-
scribed. For this reason, only certain areas are presented in detail, acknowledging that even
those cannot be explored in full depth within the boundaries of this document. The overall
architecture is briefly summarised in this chapter, using the ExoMars Rover design, dis-
cussed in Section 4.4, as a term of comparison.

ExoMars is, in fact, the origin of much of the technology on board the Sample Fetch Rover,
sometimes reused as entire units “built-to-print”, sometimes just as basic principles
adapted to a new design. The exploitation of heritage technology and components is one of
the key premises to enable the fast-paced development of such a complex spacecraft in a
mission architecture that has very little room for adjustment on the timeline. As will be ev-
ident in the next pages, the use of flight-ready items is often weighted against new bespoke
developments with the aim to minimise risk, sometimes compromising on performance, but
overall protecting the feasibility of the mission.

SFR does not only share some technology with ExoMars, but it is also developed by the same
team and it takes advantages of the same facilities, in some cases highly specialised like the
bio-clean facility described in Section 4.4.12. Even some contractors and industrial partners
are the same ones from the ExoMars industrial setup, drawing on the know-how established
by its predecessor. Lastly, some other technologies, not present on ExoMars but necessary
for the SFR mission, were identified and adopted early in the development, as it was the
case for the superelastic spring tyre design by NASA Glenn Research Centre (GRC), de-
scribed in Chapter 7.

One aspect that does not have precedents in other projects and is unique to SFR is the fact
that the rover is purely a transportation system, carrying no scientific instruments, and its
primary mission objective is to collect a payload and deliver it on time. SFR would be the
firstlogistic vehicle on the surface of another planet. From this point of view, the technology
developed here can be seen as a precursor for more machines to follow in the future. As
humankind’s spaceflight capability matures, robots of this kind are expected to become
more common, supporting our exploratory effort across the Solar System. This focus on mo-
bility and timeline performance will shape many aspects of the SFR development, as will be
evident in the following pages.

6.1 Early concepts and trade-offs

The initial concept for SFR started off as a rather small vehicle. Like its predecessor studies,
the rover was expected to travel not too far from the lander and have to deal with relatively
easy terrain. It was a broadly reasonable expectation since the sample tubes would be
cached in a region of benign terrain and the lander would aim to touchdown nearby. How-
ever, that assumption was gradually eroded as the mission became more defined.

Firstly, the study of the region of Jezero Crater highlighted challenges associated with the
complex geography of the area. Unsurprisingly, the most desirable scientific targets are not
found in the flat lowlands but in the more geologically and hydrologically complex struc-
tures around the crater rim. More areas of interest lie beyond the crater rim itself, reachable
only through an arduous climb (see Figure 5-7). In this terrain, finding large, flat areas for
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depots and landing sites would not be an easy task. Furthermore, landing ellipses can be
quite large, even for the accurate NASA descent system, and potentially deliver the rover a
long distance away from its target depot. Finally, even if the landing error could be reduced,
the lander would never be able to target the same location as the sample tube depot, due to
the risk of dispersing the tubes with the outflow from its powerful braking engines: it must
then target the next closest favourable area, which, in this complex terrain, could be kilome-
tres away.

The SFR design changed in response to these evolving traverse requirements as well as de-
velopments in its core technologies and improvements in the fidelity of the analysis of its
operations on the surface. These had the effect of making the vehicle more capable, more
autonomous, more durable but also more massive and power-hungry. Figure 6-2 depicts
four snapshots of the rover design during the early development. The first concept (A) had
a mass allocation of 120 kg, smaller than NASA MER (see Section 4.3.2), a ground contact
footprint of 1 m by 1 m, six rigid wheels 200 mm in diameter and was expected to climb
obstacles less than 200 mm in size (assuming that the obstacle meets one wheel at the time,
i.e, itis only on one side of the vehicle). The second one (B), has similar mass and footprint,
but had switched to four NASA spring tyres, increasing its obstacle climbing ability to ap-
proximately 240 mm.

Figure 6-2 - Evolution of the SFR baseline during its early phases, to scale

The third design (C) represents the configuration of peak traverse performance for SFR: the
vehicle used four spring tyres of 700 mm in diameter, arranged on a ground contact foot-
print of 1.6 m in length and 1.2 in width, and was able to negotiate harsh fractured terrain
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with wide steps up to 250 mm encountering all wheels>? on varying slopes. This locomotion
design is further discussed in Section 7.1.4. The associated mission scenario was that SFR
could land anywhere up to 15 km away from the sample tube depot and have to traverse
the same terrain as Perseverance, but in a much shorter time. At that point, it had already
become clear that the design of the rover and the lander were very closely coupled together,
and the problem had to be tackled from an overall campaign perspective.

A series of trade-offs were performed, weighting the merits of augmenting the performance
of SFR or SRL, and they led to the conclusion that it was more desirable to “transfer” some
capability to the lander. In particular, the landing accuracy was greatly improved by increas-
ing the manoeuvrability during the descent phase and implementing a terrain-relative guid-
ance system like the one trialled by Perseverance. This meant that SFR could be delivered
closer to the depot and on more favourable terrain. Careful evaluation of the terrain pro-
duced the network of potential depots and landing sites shown in Figure 5-7.

The new mission profile allowed to relax the mobility requirements on SFR, making the
rover smaller and easier to accommodate in the volume available on the lander. The result-
ing design, on the lower right (D) in Figure 6-2, became the SFR baseline at the centre of this
study and is characterised by a mass of approximately 260 kg (including the appropriate
design and system margins), uses four spring tyres 550 mm in diameter arranged over a
ground contact footprint 1.3 m in length by 1 m width in and stows in a cylindrical volume
approximately 1.6 m in diameter and 0.7 m tall. The final SFR baseline, also depicted in Fig-
ure 6-3, is able to climb one-sided obstacles up to 295 mm high.

Figure 6-3 - Artist’s impression of SFR on Mars

50 The fact that this configuration had to climb wide step features with two wheels simultaneously (as opposed
to single-sided compact obstacles) is of great relevance, as it is far more demanding. The one-sided obstacle
climbing ability of this rover was never explored in depth, but is expected to be well in excess of 350 mm.
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6.1.1 Lander interface

As noted in the previous section, the mechanical architecture of SFR is intimately coupled
to that of SRL and, as the rover grew in size, pushed by terrain requirements, it became more
challenging to accommodate it on the lander. By observing closely Figure 5-8 it can be noted
how SFR (pictured there as the baseline “C” in Figure 6-2) is stowed on the top deck of the
landing platform in an upside-down orientation. The reason for this unusual layout comes
from the fact that the interface between SRL and SFR is another major area of trade-off and
re-configuration that has been evolving since early in the programme, along with the ardu-
ous activity of packaging multiple spacecraft into an entry capsule.

At this point, it is relevant to note that the diameter of the heatshield at the front of the
capsule is heavily constrained by manufacturing issues and by the size of the launcher’s
fairing. Aerodynamics define the shape of the rest of the aeroshell behind the heatshield,
therefore the internal volume of the capsule is essentially fixed. The size of the heatshield
also determines the opposing force that the spacecraft will get from the thin atmosphere of
Mars, hence constraining how much mass it can carry whilst remaining able to decelerate
before hitting the surface. From this derives that volume and mass of the stowed lander and
rover are hard constraints.

As the rover was under pressure to improve its traverse performance and grow in size, the
lander packaging was not producing a credible solution within these boundaries. An exten-
sive trade-off exercise was set up to explore alternative mechanical configurations, where
the key variables were the stowed layout and the rover deployment strategy. The primary
objective was to find a robust packaging that allowed the largest possible locomotion sub-
system on the rover. During this process, SFR had to follow a constantly changing lander
interface and undergo numerous repackaging studies to assess the merits of each configu-
ration. Figure 6-4 summarises the main steps in this complex study.

The first configuration Figure 6-4 (A) is the baseline with which SFR started its develop-
ment: the rover would be attached on the side of the lander, just behind the MAV’s engine,
and an egress mechanism, possibly in the form of an articulated arm, would move it a short
distance to deposit onto the surface. This arrangement soon became problematic because
having the rover in line with the MAV was pushing the capsule’s diameter beyond a feasible
size. Two first alternatives were considered where SFR would be attached under the MAV:
one with the rover deployed after landing (B) and one with the rover delivered to the sur-
face before landing, with a Sky Crane5! manoeuvre (C).

51 The Sky Crane manoeuvre is a method of delivering payloads to the surface of Mars used by NASA for its
largest rovers and consists in lowering the rover on tethers from a hovering propulsive stage. The tethers are
cut immediately after touchdown and the Sky Crane descent module flies away.
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Figure 6-4 - Evolution of SRL architecture and SFR deployment concept (credit: NASA /
JPL-Caltech)

In the following iteration, the Sky Crane approach was abandoned, but the vertical stacking
(with respect to the landed configuration) was investigated further, this time placing the
rover on top of the lander and exploring different egress mechanisms: a crane system (D),
ramps (E), a turn over mechanism (F) and guiderails (G). The crane approach was judged
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too complex and difficult to control in a deterministic way, while ramps and guiderails were
too sensitive to the presence of large obstacles and, even though ramps have been used suc-
cessfully in rover deployments, they did not appear advantageous considering the height of
the SRL top deck (more than 2 meters above the ground). The turn over mechanism was
judged to be a suitable egress method, although it did not offer much compliance to irregu-
larities in the terrain. Configuration F was therefore chosen for further development, which
led to a final, commonly-accepted baseline for the SRL mechanical configuration.

Option H is a refinement of option F and represents the conclusion of this trade-off. The
rover would be stowed upside down on top of the lander and delivered to the surface by a
2-DOF arm. In Figure 6-4 the arm is shown attached to the rover’s top deck, but later adjust-
ments moved the interface to the aft panel of the rover body, so that it would be possible to
partially deploy the solar arrays before separation. A third degree of freedom was also in-
vestigated in the egress arm to be able to adjust the roll of the vehicle on uneven terrain.
The stowed configuration corresponding to this mechanical architecture is shown in Figure
6-5, where the advantages of placing the rover above the MAV enclosure become fully evi-
dent, as the stack naturally follows the conical shape of the entry capsule. The cruise mod-
ule, providing power and propulsion during interplanetary transfer, would be attached to
the top of the capsule in this view. The assembly is launched upside-down, i.e., with the
heatshield facing up towards Earth’s sky.

Parachute canister

SFR
Landing foot

Egress arm

MAV

Figure 6-5 - Cross section of the SRL entry capsule (credit: NASA / JPL-Caltech)

6.2 Spacecraft architecture

SFRis a solar-powered surface vehicle, quite similar in size and architecture to the ExoMars
Rover described in Section 4.4. Its mechanical configuration is based around a central, box-
like body, which provides structural integrity and creates a thermally-controlled environ-
ment for sensitive electronics.

With reference to Figure 6-6, at the sides of the rover body are accommodated the suspen-
sion system and the drive electronics that control all mechanisms on board. The four large,
compliant wheels dominate the external layout of the spacecraft and provide its distinctive
appearance compared to other planetary rovers. At the front are mounted the systems to
acquire the sample tubes from the surface: primarily a 6-DOF robotic arm and a storage
assembly to host up to 30 tubes. Two stereo cameras are used for navigation and tube ac-
quisition: one fixed at the base of the mast and one at the top, moved by a pan and tilt mech-
anism. On the mast head is also accommodated an engineering camera to film the MAV
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launch. On the top deck are evident the large solar arrays that provide power to the craft,
with one fixed panel and three deployable ones.

NavCam
Navigation Camera

RSA

RSTA Storage
Assembly

DEMAS

DEployable MAst

FAST Subsystem

Fetch Actuators

System for Traverse
SOLAS

SOLar Array Subsystem

Arm and Gripper
Subsystem Structure and Thermal

Hardware Subsystem
Compliant wheel

ACE

Actuator Control
Electronics

LocCam
Localisation Camera

Figure 6-6 - SFR overview with major external components

Table 6-1 summarises the main characteristics of the vehicle. The most evident differences
with the ExoMars specifications, reported in Table 6-1, are the new locomotion architecture,
the much greater speed and the absence of scientific instruments on board.

Feature Description

Mass 260 kg

Science payload 2.7 kg52

Ground footprint (L x W) 1.3mx1m

Power Solar, 120 W on Mars at noon
Locomotion architecture Four-wheeled rocker arm
Maximum speed 6.7 cm/s

Mission duration Varies, 345 sols max.53
Traverse distance 5 km

Table 6-1 - Key features of the Sample Fetch Rover

52 30 tubes containing a total of 0.5 kg of sample material, to be acquired on Mars.
53 The mission duration of SFR is not a pre-set target but it depends on the arrangement of landing site, depot
and paths, which will not be known until late in the development.
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Lastly, in Table 6-2 is reported a mass budget of the rover as it was at the beginning of phase
B1 of its development, which generally corresponds to the design discussed in these pages.
In the table, CBE stands for Current Best Estimate and DMM for Design Maturity Margins+.
The acronyms are defined in Figure 6-6.

Item CBE (kg) DMM CBE + DMM (kg)
Rover body structure (part of STHS) 19.7 15% 22.7
Thermal control (part of STHS) 10.8 15% 12.4
SOLAS (incl. panels structure) 20.4 13% 23.1
Locomotion (FAST + wheels) 60.7 20% 72.8
Arm and Gripper Subsystem 9.6 16% 11.2
RSTA Storage Assembly 1.8 15% 2.1
DEMAS (incl. all cameras) 11.1 16% 12.9
Actuator Control Electronics 15.0 20% 18.0
Avionics 13.1 10% 14.4
IMU 1.9 5% 2.0
Telecommunications 2.5 5% 2.6
Battery 10.8 4% 11.2
Harness 4.7 30% 6.2
Lander interface hardware 11.0 20% 13.2
Sub-total (kg) 224.2
System margin (where applicable)>> 20%
Total with system margin (kg) 260.6

Table 6-2 - Sample Fetch Rover mass budget

6.3 Mission profile

SRL is a propulsive platform, so its entry, descent and landing profile is not dissimilar to that
of the ExoMars mission described in Section 4.4.2. The main differences are that SRL uses
only one parachute and its propulsive descent phase is longer, with more manoeuvres to
perform a precision landing. The SFR mission begins once SRL has landed and completed
its initial deployments and checkout activities, a high-level concept of operations can be
summarised as follows:

54 The DMM is established for each component based on how advanced its design is. For subsystems formed by
multiple components, the subsystem-level DMM is the weighted average of the values at component level.

55 On SFR, system margin is not applied to the locomotion mechanism, which is already sized to carry the vehi-
cle’s mass including system margin, hence the apparent discrepancy in the totals.
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Egress to the surface
Deployment and commissioning
Outbound traverse

Acquisition of sample tubes
Return traverse

Transfer of sample tubes to SRL

oS Ul W e

The primary objective of the SFR mission is simply to retrieve up to 30 tubes and deliver
them to SRL in time for launch. A secondary objective is still under evaluation and would be
to film the MAV launch once the tube transfer is complete. As previously noted, SFR is not
designed to perform any scientific observations and its role is essentially that of a transpor-
tation system. This concise overall objective enshrouds a complex maze of possible mission
paths, operational scenarios and strategies to accomplish them.

Due to the uncertainty in the location of the sample tube depot and in how the Perseverance
mission will take shape, SFR does not have a single traverse profile, but rather is designed
as a multi-mission machine, capable of operating on different paths and combinations of
various terrains. However, the candidate depot areas and landing sites have been already
identified from orbit, so the space of combinations is defined. This situation lends itself to a
statistical approach for mission analysis, hence a simulation tool was developed early in the
project to rapidly explore thousands of paths, timelines, seasonal variations and operational
scenarios. The analysis produces a statistical report showing which missions are successful,
which are not and what factors determine the failures, helping to guide and verify the design
as the development proceeds.

One last important aspect of the SFR mission profile is that, differently from any other ex-
ploration rover, it will drive in an area where another vehicle has driven before. Persever-
ance will have laid down the depot and scouted the landing site, therefore, it will have found
aroute between the two. That path might not be the absolute best one, but it would be very
well documented, allowing to know what terrain features to expect at each step of the way.
This is informally named “the highway”. Perseverance’s tracks might even still be visible on
patches of compacted soil. Prior knowledge of the terrain significantly reduces the risk as-
sociated with high-level path planning for mission controllers, therefore, as soon as SFR
lands, it will look for the highway and follow it to the depot.

6.4 Locomotion

Being a utility-driven transportation system, the Sample Fetch Rover’s locomotion function
is unquestionably a central aspect in its design. The development of the electromechanical
systems providing mobility to the craft is also a key part of this research and therefore
treated in detail in a dedicated chapter. The SFR suspension mechanism is a rocker arm with
a rear differential linkage. It uses four superelastic spring tyre wheels developed by NASA
GRC, which are driven and steered independently. The design of these components is dis-
cussed in depth in Chapter 7.

6.5 Actuator Control Electronics

The Sample Fetch Rover’s Actuator Control Electronics (ACE) follow a similar architecture
to the ExoMars ADE: they are two central units that serve all mechanisms on board, switch-
ing between groups of actuators. The centralised architecture is, as for ExoMars, driven by
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mass constraints, which make shared electronics more mass-efficient, although not optimal
in terms of control architecture. Like the ExoMars ADE, the ACE boxes are mounted outside,
on the sides of the rover, making them “cold electronics”, exposed to the Martian environ-
ment. This is because the same thermal constraints apply, and placing them outside reduces
the amount of harness going through the rover body walls, thus reducing the heat leak
through these connections. It also avoids peaks in the internal heat dissipation due to ACE
operation, overall reducing the strain on the thermal control system.

The ExoMars ADE are connected to 18 locomotion actuators (6 driving, 6 steering and 6
deployment), 4 solar array actuators (left and right primary and secondary hinges) and 3
mast actuators (deployment, pan and tilt), for a total of 25 brushed DC electric motors. The
SFR ACE are connected to 8 locomotion actuators (4 driving and 4 steering), 3 solar array
actuators (left, right and rear hinges) 3 mast actuators (deployment, pan and tilt) and 7 ro-
botic arm actuators (6 DOF manipulator and gripper) for a total of 21 brushed DC electric
motors. It derives that the ACE controls less axes compared to its predecessor, however,
some of these actuators have much greater power needs (e.g., the locomotion, 6 times
faster) or more stringent accuracy needs (e.g., the robotic arm, for precise tube handling),
making the implementation of a common electronic design not less challenging. In addition
to the electric motors, the ACE, like the ADE, control numerous Hold-Down and Release
Mechanisms (HDRMs) and electric heaters spread over the vehicle.

The implementation of redundancy is different from ExoMars, where each unit contains in-
ternal redundancy and is connected to only about half of the actuators. On SFR, the ACE are
two identical units, each redundant for the other and connected to all actuators. This implies
more external harness to be routed around the rover, but a great advantage for the devel-
opment of the hardware, which would have a single design, a single build process and would
also allow testing of the whole system with just one unit. Figure 6-7 shows the location of
one ACE on the rover (the other one is mounted symmetrically on the other side) and a
detailed view of one unit. Each box has an envelope of approximately 480 x 200 x 120 mm
and a mass of 9 kg.

R
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Figure 6-7 - Location of one ACE on SFR (left) and design of the unit (right) (credit: Sener)
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6.6 Guidance, Navigation and Control

The ExoMars GNC, described in Section 4.4.5, can be reused on SFR with little modification
for the most part. The GNC algorithms, running on the On-Board Computer (OBC), acquire
data from very similar or identical components. In particular, they interface with the follow-
ing hardware:

e Navigation Camera (NavCam). With the same geometry and optics of the ExoMars
one (but using updated sensors), mounted on the mast head and steered by an
equivalent pan and tilt mechanism. It builds a Digital Elevation Map (DEM) of the
rover’s surroundings to plan a path.

e Localisation Camera (LocCam). As the NavCam, with the same geometry and op-
tics of the ExoMars one, it images the terrain from the rover’s top deck to detect
hazards and monitor progress. Since SFR is faster than ExoMars, the image acquisi-
tion frequency is also greater to maintain a similar spatial cadence of one picture
every approximately 0.1 metres.

e Inertial Measurement Units (IMU). Essentially built-to print from the ExoMars
units, they use the same gyroscopes and accelerometers to measure the rover’s at-
titude and estimate its movement.

e Locomotion subsystem. This is the area that presents an obvious difference from
ExoMars. While motors, sensors and control electronics use broadly similar tech-
nology, the architecture of the locomotion mechanism is clearly different and adap-
tations are necessary to control a four-wheeled vehicle. However, these modifica-
tions are mostly limited to the management of individual axes, since the two rovers
have the same vehicle-level manoeuvring ability.

The data from the sensors above is fused exactly in the same way as on ExoMars. To be most
effective, GNC algorithms have to be tuned to the response and the behaviour of the vehicle.
In this respect, the heritage ExoMars GNC will necessitate a different tuning for the SFR plat-
form, due to the different arrangement of wheels and their characteristics, such as size, ra-
dial deflection, lateral deflection, vibratory behaviour and traction profile on different ma-
terials. These parameters ultimately define how the vehicle responds to the terrain features
that it encounters and so need to be accounted for in its control.

One notable difference with the ExoMars GNC is that SFR can use an additional mode of
operation, devised to take advantage of the already-known path. The standard Autonomous
Navigation (AutoNav) mode stops the vehicle every 2.3 metres to scan its surroundings,
while this new autonomous follow-path mode would stop only every 5 metres to perform a
safety assessment of the path ahead. The pause is also shorter since only two images are
acquired rather than three, allowed by the fact that the route is broadly known and there is
no need to scan a wide angle to look for alternatives. This enables SFR to cover more ground
each sol and meet its strict timeline. If the rover encounters difficult terrain or it needs more
precision, it can always switch back to the heritage AutoNav mode.

Unlike ExoMars and any other planetary rover before, SFR does not venture into the un-
known. By the time the rover arrives on Mars, there will be various sources of information
to build a three-dimensional map of its route: orbital imagery (resolution in the order of 1
m), Perseverance’s navigation data (resolution in the order of 10 cm) and close-up depot
imagery by Perseverance (resolution better than 1 cm). These products can be combined
into a Digital Elevation Map (DEM) of the area and stored on board SFR, enabling another
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new function of this spacecraft: Absolute Global Localisation (AGL). The rover drives along
its path by regularly scanning the terrain, building consecutive DEM sectors that are
stitched together to estimate its driven path. This approach is prone to error accumulation
over time due to the accuracy of the DEMs and their merging. The AGL algorithm can overlap
these DEMs with the global map stored on board and obtain the vehicle’s true position on
the Martian surface, thus resetting any cumulative error. This strategy is illustrated by Fig-
ure 6-8.

AGL
. update
---------- Estimated path

Actual driven path

L \ Perception DEM

Figure 6-8 - Visualisation of a path following sequence with AGL update

6.7 Integrated avionics

The approach to core avionics is slightly different on SFR than on ExoMars. To maximise
mass efficiency and simplify interfaces, the Power Conditioning and Distribution Electronics
(PCDE) and On-Board Computer (OBC) have been combined into a single assembly, pro-
cured as a complete product. This device is identified as the Integrated Avionics Box Sub-
system (IABS) and the design of its enclosure can be seen in Figure 6-9. The box is approxi-
mately 430 x 420 x 160 mm and 14.5 kg in mass, which is quite similar to the size of a com-
mon desktop computer. As on ExoMars, also on SFR these sophisticated electronics are ac-
commodated inside the rover body to protect them from the cold environment.

Figure 6-9 - Sample Fetch Rover IABS (credit: Beyond Gravity)

The unit is organised in a modular way, with several circuit boards of the same size stacked
together and all connected by a mother board. Redundancy is achieved by duplication of
boards or internal redundancy where possible. All connector interfaces on the housing are
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also redundant. The IABS volume can be considered divided in two main areas (although
there is no physical separation between them): one dedicated to the PCDE and one to the
OBC. The key modules contained in the PCDE section and their functions are the following:

e Solar array regulator. Composed by power converters that regulate the input from
the solar array and distribute it to the battery or to the primary power bus depend-
ing on the demand.

e Battery management module. It delivers to the battery the current generated by
the solar array in excess of the primary power bus need, up to the maximum charg-
ing current according to the temperature. It also disconnects the battery from the
main power bus if the level of charge gets too low.

e Latching Current Limiters (LCL). The circuits that take power from the primary
power bus (fed by the battery or solar array) and distribute it to all the users. They
provide numerous channels for different user groups, each with a maximum current
allowance and rapid disconnection ability in case an anomalous current draw is de-
tected. All these channels provide an unregulated nominal voltage of 28 V56,

o Heater drivers. They activate heater channels based on the input from temperature
sensors. They serve only the heaters internal to the rover body and those in the ACE,
since the other external heaters are controlled by the ACE itself.

The key modules contained in the OBC section and their functions are the following:

e Telemetry, telecommand and reconfiguration module. The device that decodes
commands, encodes telemetry packages and also keeps on-board time while the rest
of the system is inactive is in sleep mode.

e Processor module. A radiation-hardened, failure-tolerant processor operating at
100 MHz and accompanied by 512 MB of SDRAM. It is a low-power processor and
executes the core software functions of the rover.

e Mass Memory. A flash memory module with a capacity of over 40 GB.

e Co-processor module. A powerful processor dedicated to computationally-heavy
tasks like image processing for GNC. It is based on a quad-core, radiation-hardened,
fault-tolerant processor operating at 250 MHz.

e Analog and bi-level interface. A converter that transforms analogue signals into
digital telemetry.

On SFR, power consumption is a crucial aspect, even more so than ExoMars, since its daily
traverse range is almost always limited by the energy available. Every evening, the rover
transitions to sleep mode with a certain minimum amount of energy stored in its battery to
power internal heaters to survive the night. The power consumption of the components that
remain active in this mode is the most critical, since it directly draws from this precious
energy reserve. As a consequence, a carefully coordinated “sleep pattern” has been engi-
neered for the IABS, where power is removed from most of the components listed above,
maintaining only a handful of critical LCLs and heater drivers for survival, and deactivating
most of the OBC, at exception of the telemetry, tracking and control module that keeps on-

56 This means that the voltage is not actively maintained to a certain level, but varies depending on the battery
level and the power draw. On SFR this can typically range from 21 V to 29.4 V.
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board time and wakes up the rover with a pre-programmed alarm or if a “hail” radio signal
is received.

The external interfaces of the IABS use the same architecture and protocols of the ExoMars
OBC described in Section 4.4.6, with the addition of the power lines connecting the PCDE
with the solar array, the battery and the various users on board.

6.8 Telecommunications

The communication system on SFR is identical to that on ExoMars, with the same redundant
UHF transceivers and antennas as described in Section 6.8. The communication strategy,
however, is different. Since the SFR mission is planned towards the end of the 2020s, it is
uncertain what American or European orbiters will be still operational and able to provide
relay service. One orbiter will undoubtedly be available: the MSR Earth Return Orbiter
(ERO), which will be already waiting around Mars when SRL arrives.

Having to rely on only one orbiter makes communication passes particularly critical, as
there might be only one or two per sol and might be too short to exchange the desired data
volume every time. This necessitates significant autonomy on board, making the rover ca-
pable to operate for longer without ground intervention, but also the ability to be woken up
during the night to communicate with ERO, which is undesirable due to the energy con-
sumption, but necessary in some mission scenarios.

6.9 Sample tube acquisition

The acquisition of the sample tubes left by Perseverance on the surface is the defining func-
tion of the Sample Fetch Rover and a central aspect of the work discussed here. The system
that is in charge of executing this function is called RSTA Acquisition System (RAS), where
RSTA stands for Returnable Sample Tube Assembly, indicating the individual sealed tube
prepared by Perseverance. The RAS is composed of the following elements, some of which
are shared with other functions:

e Arm and Gripper Subsystem (AGS). A 6-DOF robotic manipulator to acquire and
manipulate the tube, equipped with a camera on the wrist and a temporary tube
holding station to switch the gripping orientation.

e Navigation Camera (NavCam). The same camera on the mast head used by the
GNC system. It images the terrain in front of the rover to identify the position of the
tube.

e RSTA Storage Assembly (RSA). A storage mechanism to accommodate up to 30
tubes during the return traverse and allow exchange with the lander’s robotic arm.

e RAS software. Specialised algorithms that coordinate the tube acquisition se-
quence, process camera imagery to guide autonomous operations and deal with un-
expected events and faults. They run on the processor and co-processor modules in
the OBC (see Section 6.7).

The acquisition of tubes from unprepared terrain requires carefully choreographed robotic
operations, which would take an impractical amount of time if commanded by ground in a
step-by-step fashion. Therefore, the level of autonomy associated with these functions is
very high and the system is able to cope with uncertainties and try alternative strategies in
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case of failure. These operations and the components that execute them are described in
detail in Chapter 8.

6.10 Structure

The SFR structure relies heavily on ExoMars technology. It uses the same materials, same
construction and integration approach described in Section 4.4.9. Since SFR does not con-
tain scientific instruments, the main carbon fibre frame is smaller and has a simpler shape
than the ExoMars’ “bathtub”. It is simply a rectangular parallelepiped measuring 800 mm in
length, 750 mm in width and 420 mm in height. These dimensions are heavily constrained
by the packaging on the lander, especially the height, which is compressed between the par-
achute canister and the lander’s top deck inside the descent capsule, as shown in Figure 6-5.
Another notable difference is that on SFR the body HDRMs are located on the rover’s top
deck since it is stowed upside down, but they use similar technology to the ExoMars ones.
Beyond these implementation-specific differences, the same general considerations apply
as discussed in the ExoMars design.

6.11 Top deck mechanisms

In addition to the locomotion and the arm and gripper subsystems, two other large mecha-
nisms are present on SFR: the SOLar Array Subsystem (SOLAS) and the DEployable MAst
Subsystem (DEMAS). They are both located on the top deck of the rover and each of them
contains electrical actuators and HDRMs that are controlled by the ACE. A view of these
mechanisms in their stowed and deployed configurations is provided in Figure 6-10 with
the rover body shown in transparency.

Figure 6-10 - SFR top deck mechanisms stowed (left) and deployed (right)

SOLAS contains the solar panels that generate electrical power for SFR, whose specifications
are described in Section 6.13. The mechanism provides four attachment points on the cor-
ners of the panels, where they are secured together and to the rover body to withstand
launch vibration. During the egress of the rover from the lander, four HDRMs separate these
interfaces so that the three deployable panels can rotate. Hinges powered by brushed DC
motors rotate them one at a time by 180° and then lock them in place with a passive latch.
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The hinge and HDRM designs are strongly based on ExoMars, which uses a very similar
mechanism to deploy its solar arrays.

In Figure 6-10 it is evident how the SFR solar panels do not have any exposed solar cells
when stowed, hence the rover is not power-independent until they are deployed. The de-
ployment is performed while the rover is still receiving power from the lander through its
umbilical cable, which is disconnected only after SFR has become power-positive. The de-
ployment sequence of the panels is closely coupled with egress operations and the design
of the egress arm, which is still evolving, as mentioned in Section 6.1.1.

Observing Figure 6-10 it can also be seen how DEMAS is stowed over the solar arrays, so it
must be deployed first. The mast boom extends from a hinge on the front, over the stack of
solar panels, to the back of the vehicle, where the head is secured by an HDRM on the rear
face. The primary function of the mast is to hold the NavCam approximately two meters
above the ground and orientate it to map the terrain for the rover’s GNC. The mast head also
provides interfaces for an additional imaging payload, dedicated to recording the MAV
launch, which has only been preliminarily studied at this stage. On the base structure of the
mast is mounted the LocCam, which is fixed to the vehicle’s reference frame and does not
require active pointing.

DEMAS contains three electric hinges powered by brushed DC motors: a deployment hinge
at the base, pan and tilt axes on the mast head. The deployment hinge is used only at the
beginning of the mission and then latches into position like the solar panels, while the pan
and tilt actuators operate throughout the mission. All of them use technology similar to the
ExoMars mast, at exception of the position sensors. The SFR GNC needs accurate pointing
of the cameras to build high-quality maps of the surface and position the rover with relation
to them. Since the accuracy requirements could not be met with typical potentiometers
(widely used on ExoMars), it was decided to use resolvers for the DEMAS actuators. These
are identical to the ones in the AGS, which are discussed in Section 8.4.1.

6.12 Thermal control

The thermal architecture of the Sample Fetch Rover has elements in common with the Exo-
Mars one, described in Section 4.4.10: an insulated and thermally-controlled enclosure,
formed by the rover body, contains the most sensitive components, while the external hard-
ware is let to cool down overnight and is warmed up by electric heaters in the morning.
However, the SFR thermal control departs from the heritage design in some fundamental
areas. Firstly, SFR, differently ExoMars and any other Mars rover before, does not contain
Radioisotope Heater Units (RHU). While RHUs are generally advantageous in cold environ-
ments like Mars, this decision was made to avoid the complexity and cost associated with
handling nuclear material and to prevent potential delays caused by its procurement. With-
out RHUs, the only source of night-time survival heat are electric heaters powered by the
battery, making energy management even more critical, demanding efficiency and good in-
sulation.

The answer to these challenges is a relatively novel solution for Mars, but not unknown for
other spacecraft: Phase Change Material Capacitors (PCMC), a thermal energy storage solu-
tion that relies on the latent heat of a chosen substance. SFR is a rather powerful machine
and can generate significant waste heat during diurnal operations, while at night, without
RHUs, the rover gets cold and requires electric power to control its temperature. PCMCs
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mitigate this imbalance, as they absorb the excess heat during the day, melting and stabilis-
ing the temperature inside the rover, and they release it in the evening, solidifying and con-
tributing to keeping the rover warm. They are implemented on SFR as two containers, filled
with 2 kg of hexadecanes? each and able to store almost 1 M] of thermal energy in total. They
are bolted to an internal conductive panel called service module, onto which all the internal
equipment is mounted. Figure 6-11 shows a transparent PCMC under test, where it is pos-
sible to see the solid phase transforming into liquid in presence of a heated vertical wall.
Differently from SFR, the PCMC in this test used a more common paraffinic wax with a melt-
ing point around 28°C.
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Figure 6-11 - Example of PCMC under test in a thermal chamber (credit: ]. Stetina)

To extract the excess heat from the spacecraft, SFR uses the same ExoMars technology: pro-
pylene loop heat pipes fitted with thermostatic valves and connected to external radiators.
However, the presence of the PCMCs allows to operate these devices in a slightly different
way and improve the energy efficiency of the system. The heat pipes and radiators are not
very effective at rejecting heat during the day when the external environment is warm. In-
stead of sizing the system to reject heat continuously, it is accepted that the heat pipes will
have little contribution during this time and the PCMCs will absorb the extra energy. In the
evening, as the environment becomes colder, the heat pipes’ efficiency will increase and
they will gradually offload the energy accumulated during the day, solidifying whatever
fraction of hexadecane had melted. The heat pipes automatically turn off when the temper-
ature goes below the PCMC transition temperature. This implies that the PCMCs will be able
to help internal heating only during the first part of the night, leaving SFR on electrical
power for the coldest hours. It is, however, a necessary measure, as failure to ensure that
the PCMCs are fully solidified could mean overheating the following day.

One last difference with the ExoMars approach to thermal control is that SFR, whilst having
electric heaters on all external hardware, aims to exploit as much as possible passive warm-
up by the environment, in an effort to preserve energy. This means that SFR would typically
spend the first half of each sol warming up and charging the battery, then would wake up
only around local noon or even later. Evidently, this limits the time available for operations
and is, in fact, one of the factors that require SFR to drive much faster than other rovers.

57 Hexadecane, or cetane, is an alkane hydrocarbon with the chemical formula C;¢Hz4. Its melting temperature
is approximately 18°C.
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Nonetheless, it is an overall more efficient way of operating, not only because it saves warm-
up energy, but also because when the spacecraft is awake it uses a baseline of “housekeep-
ing” power that is independent from other activities, such as, for example, traversing. By
traversing faster, even if the traverse energy was the same, the housekeeping energy would
be reduced. It remains possible, if needed, to invest more energy into an early warm-up,
allowing to tune the activity profile to mission scenarios that are more energy-constrained
or more time-constrained.

6.13 Electrical power system

The power architecture of the Sample Fetch Rover is very similar to that of ExoMars, with
the exception of the PCDE, which is not implemented as a separate unit, but part of the IABS,
described in Section 6.7. SFR uses a built-to-print copy of the ExoMars battery, taking ad-
vantage of the already consolidated technology. This is a package of 56 SAFT MP 76065 XTD
Li-ion cells, for a total nominal capacity of 1140 Wh and an operational voltage range be-
tween 21.0 Vand 29.4 V. The unit is identical to that shown in Figure 4-22.

On the top deck is a solar array with a different layout from the ExoMars one, as it is formed
by one fixed panel and three primary deployable ones, while ExoMars has one fixed panel,
two primary deployable ones and two secondary deployable ones. This is largely driven by
the different packaging constraints of the vehicles on their respective landers. Because of
these limitations, the SFR solar array is slightly smaller and contains 36 strings of 18 cells
each, for a total of 748 elements. The cell technology is the same Azur Space 3G30, providing
a beginning-of-life power generation efficiency of 30%. The SFR solar array is sized to pro-
duce approximately 120 W on Mars at noon at the end of life (considering dust coverage
and radiation aging), but can output more than 210 W at the beginning of life.

Another notable difference with ExoMars is the concept of operations for the daily activities,
which affects the power profile. As noted in the previous section, SFR tends to wake up late
to minimise warm up energy and also to save on “housekeeping” energy required to keep
all the systems operational. In fact, when the avionics are active and the ACE is powered,
there is a considerable baseline power consumption even if the rover is not moving. The
design response to this issue is to drive faster and concentrate operations only in a small
interval of time. Furthermore, SFR features a very efficient sleep mode, as described in in
Section 6.7.

This approach has the downside that operations concentrated in a smaller time tend to be
more power-intensive. Traversing is a clear example of this: at the low speeds typical of
planetary rovers, it is reasonable to assume that driving over a certain combination of ter-
rain features roughly takes a fixed amount of mechanical energy. It derives that, being SFR
much faster than ExoMars, its traverse power consumption will be significantly higher. It
should be noted that this applies to the energy discharged outside of the vehicle, but the
mechanical losses in the drive actuators depend on the transmission design, and higher
speeds often allow simpler, more efficient gear trains. This latter contribution is dominant
on ExoMars, but not on SFR, due to the more efficient actuator design (see Chapter 7), mean-
ing that the considerations above hold true. The result is that the power consumption of the
SFR locomotion actuators is typically around 100 W, but can spike to over 500 W when
climbing difficult obstacles. This translates into a current draw in excess of 20 A, which sizes
the power distribution circuits on the rover.
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6.14 Planetary protection

As discussed in Section 5.2.4, the Mars Sample Return campaign is included in the category
V restricted of the COSPAR classification, meaning that the most stringent planetary protec-
tion requirements apply, with maximum confinement of the returned material and break-
the-chain events to prevent contamination. However, while these considerations are rele-
vant for the campaign as a whole, SFR is not meant to provide any additional confinement
or break-the-chain functions and is destined to remain on Mars. Therefore, from its point of
view, the planetary protection aspects are not particularly different from those of the Exo-
Mars Rover. SFR is, in fact, subject to the same requirements of any category IV mission.

The same cleanliness and contamination control methods apply as described in Section
4.4.12 for the ExoMars Rover. Likewise, the SFR hardware is designed to be compatible with
the techniques used to remove or Kkill biological contaminants. This means compatibility
with surface cleaning methods (typically wiping with a solution of isopropyl alcohol and
distilled water) and sterilization methods (typically DHMR treatment at 125°C). Such con-
straints have an impact in the selection of materials for the rover, which need to withstand
contamination control procedures. These also include assay of the biological contamination,
or bioburden, which usually requires compatibility with distilled water. Some exceptions
are allowed for areas sensitive to corrosion, bi-metallic interfaces or absorbent materials,
as long as neighbouring areas can be assayed.

The design drivers associated with planetary protection are not limited to materials selec-
tion, but also include the definition of the geometry of components. This should minimise
the presence pockets and narrow features that are difficult for a human operator to clean.
When confined cavities are vented, this must be done through a labyrinth that impedes the
migration of particles that might have been left inside the cavity. If the cavity contains or-
ganic substances, like lubricants, then it must be vented through a HEPA filter that prevents
the egress of such substances. Any other potential non-filtered passages must hermetically
sealed.

Moreover, assembly and integration of the hardware must follow strict protocols to pre-
serve its cleanliness. Since SFR is planned to be built in the same Airbus facility as the Exo-
Mars rover, it can take advantage of the same Bio-Clean Facility, described in Section 4.4.12.
Any tools and ground support equipment that comes in proximity to the flight hardware
must meet the same level of cleanliness. Any transportation of hardware from and to the
facility must use packaging that preserve its cleanliness. This also applied to the finished
rover, which will use a specialised bio-clean transport container

An additional set of unique requirements is placed onto SFR by one aspect of its mission
that is not strictly planetary protection but closely related: safeguarding integrity of the
samples. This is one of the highest priorities for the rover, as there would be little value in
returning samples that have been compromised. The associated requirements include me-
chanical integrity, in particular for the area of the seal, which is sensitive to mechanical
loads. This drives the design of the systems that handle the tubes to ensure that the appli-
cable load limits are respected at all times.

Thermal protection of the tube is also required, as the sample material could be chemically
altered if its temperature rose substantially above its natural range. This means that the
hardware in the vicinity of the tubes must not trap significant heat under any sunlight con-
ditions. Lastly, the tubes cannot be exposed to strong magnetic fields to avoid changing their
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potential magnetic properties. In practice, this means that no electric motors can come in
close proximity of the tubes at any point of their handling. These requirements ensure that
the samples will remain well contained inside the tubes and will retain their full scientific
potential all the way back to Earth.
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7 DEVELOPMENT OF THE SFR
SYSTEMS: LOCOMOTION

Unlike any other planetary rover before, the Sample Fetch Rover does not venture into un-
known territory. Robots will have explored the area years before its arrival and collected
large amounts of data on the terrain. In particular, the path travelled by Perseverance will
be known in detail through the numerous navigation images that are regularly downloaded
by mission controllers. This route is known as the “highway” and, even though SRL might
not land exactly on it, the first thing that SFR will do after deployment is find the highway
and follow it to the depot>8. It might not be the absolute best path, but the fact that there is
previous knowledge on it greatly reduces risks and uncertainties, making it the most desir-
able approach.

This aspect is of great significance for the SFR locomotion subsystem because it means that
the vehicle can be designed to tackle well-defined terrain features. Even though the specific
path is not known yet, but rather there is a network of possible paths, and even though com-
plete in-situ imagery will not be available until late in Perseverance’s mission, orbital im-
agery and geological assessment of the terrain allow to delineate quite well the traverse
requirements. From the large-scale morphology, terrain slopes are known, surface materi-
als can be inferred, rock distribution can be measured for large size obstacles and extrapo-
lated to smaller ones. With this information, once the route and the time available are set,
the required locomotion performance is defined. Naturally, this process is not straightfor-
ward and is the result of an intricate multi-layer analysis, as will be discussed in this chapter.

The following pages give an account of the SFR locomotion subsystem design and the pro-
cess that led to it. One clarification is due as to the terminology used herein, in particular
the designations “locomotion” and “mobility”. In this work, and often in the discussion of
European planetary rovers in general, the term “locomotion” identifies the low-level me-
chanical and electrical functions to drive the vehicle through the terrain, in other words, the

58 From the discussion in Section 5.2.1, it derives that there will always be a known highway between the landing
site and the depot, because Perseverance will lay down the depot and subsequently scout the landing site.
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mechanisms and their drive electronics. The term “mobility” usually includes these as well
as the higher-level control and decision making to reach safely a destination, i.e. the GNC
software and hardware. This is not an official or particularly strict distinction and, for ex-
ample, in the American nomenclature “mobility” and “locomotion” are synonyms and they
do not include GNC. It is however useful to highlight that the topics here discussed focus
mostly on the locomotion mechanism and its electro-mechanical design, with occasional re-
marks as to the higher-level systems. For an overview of the control electronics and GNC
design, Sections 6.5 and 6.6 can be consulted, respectively.

7.1 Trade-offs and early developments

The first challenge in defining the locomotion subsystem of a planetary vehicle is to firm up
its architecture, which is typically defined by parameters such as the number of wheels, the
suspension mechanism, the type and location of actuators, etc. In the early phases of mission
analysis, some key factors are often qualitative and only partially understood, so a common
approach is to start with known architectures from heritage or literature review and use a
trade-off process to evaluate their performance and choose the best candidate. Once com-
pleted this step, critical technologies can be identified and prioritised for development, in
particular, those characterised by a low Technology Readiness Level (TRL).

7.1.1 Number of wheels

For SFR, one of the first assessments focused on the number of wheels. As it can be seen in
Figure 6-2, the first rover concept was a six-wheeled platform with a triple bogie suspen-
sion. This simply represents the heritage starting point based on the ExoMars experience,
but it was soon put through a trade-off process that evaluated its merits relative to a four-
wheeled configuration, which is summarised by Table 7-1.

. 4 wheels 6 wheels
Feature Weight
Score Justification Score Justification
Mass 0.19 8 Close to mass target 5 Over mass target
Compliant to volume allo- Non-compliant to volume
Stowed volume 0.23 10 cation on the lander 9 allocation on the lander
Traverse Beducg d obstac.l y climb- High slope and obstacle
0.16 5 ing ability, sensitive to 8
performance wheel design performance
- Small number of actuators Up to 30% greater con-
Efficiency 0.23 10 leads to low friction losses 7 sumption than 4 wheels
Redundanc 0.07 2 Failure likely results into 7 Failed wheel can be
y ’ immobilisation dragged to some extent
. Apollo LRV (crewed), ter- Multiple Mars and Moon
Heritage 0.12 & restrial applications g robotic missions
Overall weighted scores ‘ 7.6 ‘ \ 6.6 ‘

Table 7-1 - Trade-off on the number of wheels

In this approach, a weight is associated to each feature on the basis of its significance for the
mission and for the system’s design. A score is then given through a quantitative or, where
not possible, a qualitative assessment of the performance of each configuration with respect
to that feature. The total weighted score provides an indication on which configuration is
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overall the most desirable. The individual scores also help identify what are the weak points
of each candidate and the issues that should be tackled first if it were to be chosen. Table
7-1 shows how the four-wheeled configuration became the preferred option for SFR (alt-
hough both a four and a six-wheeled design were progressed in parallel for a period of time).
It also shows how redundancy, heritage and obstacle climbing ability emerged as the weak
points of that architecture.

The first weakness is quite elementary: if one wheel, or its drive system, failed, a six-
wheeled vehicle could use the other five to drag it along and still be able to move, albeit with
degraded performance. On the other hand, a four-wheeled vehicle would remain with only
three wheels to provide traction and the resistive force of the blocked one would likely make
itungovernable. The response to this issue is provided by the nature of the SFR mission: the
key objective of the rover is to acquire and deliver a payload in time. While on a scientific
mission it is desirable to have a degraded mobility mode as a backup, in a logistical mission
with a binary success criterion, this would likely bring a time penalty too high to achieve the
target. It derives that this type of redundancy is not particularly useful for the SFR mission
and therefore a low weight is assigned to this feature. On SFR, fault tolerance will be pro-
vided by redundant electronics, redundant harness, robust wheel design, consolidated mo-
tor and gear train technology, but not by the number of wheels.

The limited heritage available on four-wheeled planetary locomotion can only be addressed
by an accelerated development programme, using early prototypes to characterise and ma-
ture this technology. This approach led to the construction of a full-scale model of the rover
quite early in the project timeline to test the vehicle’s behaviour on representative terrain,
the results of which are discussed in Section 7.4.

Lastly, rough terrain traversal, and in particular obstacle climbing ability, is a well-known
limitation of four-wheeled vehicles. Little can be done about its fundamental cause, which
is that vehicles with more wheels have more ground contact points to produce traction and
less weight on wheels encountering obstacles. However, this shortcoming can be mitigated
by the careful choice of wheels and suspension mechanism. In particular, the more compli-
ance these two elements provide to asperities in the terrain, the easier it will be to overcome
obstacles. The size and tractive performance of the wheels are also essential in facilitating
obstacle climb.

These considerations eventually led to the architecture for which the rover is known today:
a rocker arm suspension with four large compliant wheels. A trade-off exercise similar to
the previous one was performed on the suspension mechanism, with other candidates such
as fixed wheels axles (no compliance to the ground), sprung suspension designs and a com-
bination of fixed front axle and a rear bogie. The rocker arm emerged as the evident favour-
ite due to its relatively simple design, pitch-averaging behaviour on the rover body, good
stability, ability to distribute evenly the load and guarantee ground contact on all four
wheels.

The wheel size, on the other hand, has been constantly receiving upward pressure from the
challenging terrain requirements, which called for the largest wheels that could be reason-
ably accommodated. This eventually hit a limitation in the lander volume, converging onto
the size that is used today. The process is well summarised by Figure 6-2, where the rover
is seen to start with very small wheels that then gradually grow and shrink back down in
the last design iteration. The wheel technology offered by NASA’s Glenn Research Center
(GRC) immediately proved attractive in view of the limitations of a four-wheeled platform,
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thanks to their high compliance, efficiency, traction performance as well as durability and
technology maturity.

7.1.2 Actuator technology

The actuators that power the joints of the locomotion subsystem and enable movement of
the craft are another defining factor of the traverse performance. Hence, the technologies
that characterise them have been also subject of early trade-offs. In particular, Table 7-2
analyses the choice of motor type between Brushed Direct Current (BDC) and BrushLess
Direct Current (BLDC) and the type of output gear stage between Planetary Gearbox (PG)
and Harmonic Drive (HD). The table is split in two blocks to improve readability.

. BDC motor + PG output BLDC motor + PG output
Feature Weight
Score Justification Score Justification
Mass 0.16 7 25% heavier than BDC + HD 8 20% heavier than BDC + HD
- Overall actuator efficiency at Overall actuator efficiency at
Efficiency 0.23 o0 cold predicted as 60% o cold predicted as 60%
Temperature 0.14 9 Tolerant to temperature, 9 Tolerant to temperature,
tolerance ' small variation in efficiency small variation in efficiency
Thermal Easy to place heaters on the Easy to place heaters on the
erformance 0.09 8 gearbox and extract heat 8 gearbox and extract heat
p from the motor from the motor
I Analysis shows sufficient but Analysis shows sufficient but
Lifetime 0.16 7" |limited flight data 7 |limited flight data
. MSL, Perseverance, limited
Heritage 0.09 7 MSL, Perseverance 6 heritage on BLDC in Europe
. . Simplest drive electronics Complexity in electronics
Drive electronics 0.14 10 and harness 4 and harness to drive BLDC
Overall weighted scores 1 8.5 1 | 8.1 ‘
. BDC motor + HD output BLDC motor + HD output
Feature Weight
Score Justification Score Justification
Mass 0.16 10 | Lowest mass option 9 5% heavier than BDC + HD
- Overall actuator efficiency at Overall actuator efficiency at
Efficiency 0.23 S cold predicted as 32% 3 cold predicted as 32%
Temperature 014 6 Sensitive to temperature, 6 Sensitive to temperature,
tolerance ' large variation in efficiency large variation in efficiency
Thermal Difficult to warm up HD and Difficult to warm up HD and
0.09 5 5
performance extract waste heat extract waste heat
Lifetime 016 8 Demonstrated by MER on 8 Demonstrated by MER on
Mars Mars
. MER, MSL, Perseverance, Ex- MSL, Perseverance, limited
Heritage 0.09 10 oMars e heritage on BLDC in Europe
. . Simplest drive electronics Complexity in electronics
Drive electronics 0.14 10 and harness 7 and harness to drive BLDC
Overall weighted scores I 7.5 ‘ | 6.6 ‘
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[t should be noted that this assessment was carried out with particular attention to the driv-
ing actuators, but it was already known that the steering actuators would have used the
same components. This trade-off indicated that the most promising technology was a com-
bination of brushed motors with planetary gearboxes, although the equivalent brushless
option is not very far behind and only has the disadvantage of requiring more sophisticated
control electronics, which would be riskier to implement in a cold environment.

The actuator architecture used on the ExoMars Rover is a brushed DC motor with a Har-
monic Drive output, which does not score particularly high in this chart. However, if this
same trade-off was done for ExoMars, efficiency, temperature tolerance and thermal per-
formance would probably have less weight, since the energy spent driving is not the highest
priority for a science mission. Mass would have greater importance to maximise the instru-
ment payload allowance and so would heritage to minimise risk. It follows that this same
approach is actually consistent the ExoMars actuator choice, given the different constraints
of the mission.

Having established the actuator type, another point worth discussing is the positioning of
such actuators on the rover. For the driving actuators the decision is fairly straightforward,
since they are typically accommodated inside the wheel hubs and a four-wheeled vehicle
needs to maximise traction, requiring one drive actuator in each wheel. For steering, there
is a wider design space to explore, as summarised by Table 7-3.

. All wheels steering Front wheels steering Skid steering
Feature | Weight
Score Justification Score Justification Score Justification
Mass 0.19 6 4 steerm,c?7 actua- 8 2 steermg actua- 10 No steerlpg actua-
tors required tors required tors required
Minimum drive Minimum drive cDrr;ZEezotr;etl;)m-
Power 0.22 9 power + 4 steering | 10 | power + 2 steering 4 100% for sharp
actuators actuators
turns
Maximum ma- Medium manoeu- Reduced manoeu-
Manoeuvra- e i1s . o . .
i 0.28 10 | noeuvrability in- 8 vrability, typical 4 | vrability, high slip-
bility . . . .
cluding crabbing terrestrial vehicle page, low accuracy
High mechanical Medium mechani- .
complexity, me- cal complexi Low mechanical
Complexity 0.14 7 omp Y 8 omp . 10 | complexity, low
dium control com- medium control .
. . control complexity
plexity complexity
Several planetary
Heritage 017 10 |rovers, _alread_y 6 Apollo LRY, tgrres- 5 Lgnokhoq, te_rres-
compatible with trial applications trial applications
ExoMars GNC
Overall weighted 8.6 8.1 6.2
scores

Table 7-3 - Trade-off on the steering architecture

The solution with steering actuators on all four corners of the vehicle emerges as the most
advantageous, largely because of the need for accurate manoeuvring around the tubes in
the depot and the importance of energy efficiency when turning. This architecture is also
directly compatible with the GNC algorithms already developed for the ExoMars Rover,
which has the same manoeuvring ability.

The option with only front wheels steering follows shortly behind. This would be very sim-
ilar to the architecture typical of cars and many other terrestrial vehicles. It is characterised
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by good energy efficiency if the driving actuators are commanded varying speeds to match
their curved trajectories, essentially implementing an electrical differential. However, it
lacks the crabbing functionality that allows the rover to move in a straight line in any direc-
tion, which is desirable when positioning close to the sample tubes.

The skid steering solution would use the same steering principle of tanks and other compact
industrial machinery: wheels (or tracks) on different sides are commanded to different
speeds to achieve a heading change. Despite being very simple, it is characterised by con-
siderable energy losses for sharp turns. It also requires the wheels to slip considerably on
the ground, causing poor control accuracy and high sinkage in loose soil.

7.1.3 Other critical technologies

As part of the initial architecture definition process, new technologies with low readiness
level are identified and proposed for early development activities to reduce the risk associ-
ated to them. It has already been mentioned how the general approach to four wheeled lo-
comotion for a robotic rover, while well understood from terrestrial applications, is still rel-
atively unproven in the context of a real mission. From this stemmed an advanced locomo-
tion and GNC breadboard plan, where “breadboard” is a term borrowed from electronic en-
gineering®? to identify an early prototype that is representative only of certain aspects of
the design. The locomotion breadboard test programme is summarised in Section 7.4.

Other critical technologies requiring advanced development were identified in the high-
torque actuators with full planetary gear trains, the rear differential linkage and the com-
pliant wheels. For the latter, the initial research led to NASA proposing their spring tyre
technology for use on SFR, as mentioned in Section 7.1.1. This design had already been in
development for several years at NASA’s Glenn Research Center (GRC) and so provided a
significant reduction in risk. Nonetheless, an accelerated development plan was established
to adapt it to the SFR needs.

In section 6.1 is discussed a trade-off study that is clearly not at the level of the locomotion
subsystem but rather at campaign level: the SRL architecture study and its impacts on land-
ing and mobility performance. However, while being at much higher level, the implications
of this trade on the SFR locomotion are significant and need to be assessed to inform the
decision at campaign level. The fact that the paths and the terrain are known allowed to set
up an analysis to evaluate how variations of the SFR locomotion subsystem would perform
over these paths. The ability to trade locomotion sizing for traverse performance eventually
led to the rover baseline that is known today, but different concepts were explored along
that path. It is worth noting one in particular, which remained the SFR baseline for consid-
erable time, until SRL ran into serious accommodation issues, and is associated with the
maximum traverse performance for the rover. Its design and the thought process behind it
are described hereafter.

59 An electronic breadboard is a solder-free platform to build semi-permanent circuits prototypes.
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7.1.4 The Gullwing design: peak locomotion performance

The most demanding mission scenario ever studied for SFR was one in which the rover
could be deployed anywhere up to 15 km away from the sample tube depot. This meant no
guarantee of having a “highway” nearby with relatively easy terrain. In other words, SFR
would have to be capable of traversing any terrain feature that Perseverance can traverse
and possibly more, but in a considerably shorter time. Keeping in mind that Perseverance
is a one-tonne, six-wheeled nuclear vehicle, this led to a markedly oversized locomotion
subsystem and some peculiar solutions to maximise the traverse performance.

7.1.4.1 Mechanism design

The locomotion design produced in response to these challenges was nicknamed “Gullwing”
for its characteristic deployment mechanism. Figure 7-1 offers stowed and deployed views
of this design, while Figure 7-2 shows in more detail the kinematics of the deployment
mechanism. It is noted that deployment in this configuration happened with the rover still
upside down on the lander’s top deck, hence the space of motion is constrained to avoid
collisions.

Steering
actuator

Secondary
hinges

Rear bogie

segment
Pivot Front bogie

segment

Figure 7-1 - Stowed (top left) and deployed (bottom right) SFR Gullwing design

The Gullwing design already used NASA spring tyres, but of a significantly larger size com-
pared to the final SFR design. The wheels had an outer diameter of 700 mm, larger than that
of most common cars. The deployed footprint was 1.6 m in length and 1.2 in width, with a
ground clearance of approximately 400 mm. The first, obvious challenge for this concept
was to package wheels of that size, arranged over a large rectangular footprint, into a small
cylindrical volume. This was achieved through a folding layout that allowed the front and
rear segments of each bogie to rotate independently around the central pivot and also pre-
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sented a secondary hinge halfway through each segment. In this way, if the wheels are con-
figured to an appropriate steering angle, they can be gathered towards the rover body and
secured onto its corners, obtaining a rather compact package (see Figure 7-1).

During deployment, the front and rear bogie segments would rotate in opposite directions
around the pivot axis, both disconnected from the differential, which, at this stage, is still
restrained by a dedicated differential lock. The rotations around the secondary hinges can
be coupled to the main one through tie rods, thus creating a four-bar linkage on each bogie
as shown in Figure 7-2. This mechanisation would make the complete deployment achieva-
ble with only one actuator per side.

SRL TOP DECK

Figure 7-2 - Gullwing deployment kinematics with four-bar linkages

Once reached the deployed position, latching mechanisms on the pivot would secure to-
gether the two bogie halves and the connection to differential linkage, creating one single
solid body that can oscillate freely once the differential is unlocked. The design of a pivot
assembly to achieve this kind of functionality is not trivial. A preliminary solution is shown
in Figure 7-3, while Figure 7-4 provides a detailed cross-section view of the assembly.

Rover body Bogie beams
interface interfaces

Inner bogie
rotor

Outer bogie
rotor

Differential

rotor
Latch mechanism

(one each side) Differential
mechanism interface

Figure 7-3 - Gullwing pivot assembly
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The assembly can be subdivided into four main bodies:

e Pivot shaft. Stationary and mounted on the rover body, it supports the other rotat-
ing elements and carries mobility loads once on the surface.

e Inner bogie rotor. Attached to one end of the inner torsion spring, it rotates inde-
pendently from the other components during deployment, then latches with the dif-
ferential and outer bogie rotors. It provides the mechanical interface to one bogie
segment.

e Outer bogie rotor. Attached to the other end of the inner torsion spring, it rotates
independently from the other components during deployment, then latches with the
differential and outer bogie rotors. It provides the mechanical interface to the other
bogie segment and carries the latching mechanisms.

o Differential rotor. Stationary during deployment, then latches with the bogie ro-
tors to move as a single body once a central differential lock is released. It connects
to the differential mechanism located under the vehicle.

Angular contact  Inner bogie  Thrust bearings ~ Outer bogie Angular contact
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Figure 7-4 - Cross section of the Gullwing pivot

It can be seen in the cross section in Figure 7-4 above how a large torsion spring is accom-
modated inside the assembly, between the pivot shaft and the rotating elements. This spring
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provides the only deployment actuation necessary to push the bogie rotors in opposite di-
rections and unfold the Gullwing mechanism. The spring drives the two rotors by pushing
pins located at the interface points with the bogie beams. The differential rotor is not con-
nected to the spring and interfaces with the bogie rotors through thrust bearings that allow
relative motion. These bearings are used only for the deployment motion and do not move
again once the latches have engaged. The oscillation of the pivot during roving is enabled by
the angular contact bearings between the bogie rotors and the pivot shaft.

Latching is provided by two assemblies mounted onto the outer bogie rotor. Each of them
contains a pin preloaded by a spring. The pin runs against a solid-lubricated groove on the
differential rotor until the outer bogie rotor reaches the deployed position, where the pin
encounters a corresponding hole and is pushed through it by the spring. The same process
is repeated for the inner bogie rotor. Once the pins are fully engaged, the three rotors will
behave as a rigid assembly, able to transfer torques between the two bogie segments and
the differential. This assembly forms the pivot rotor of the rocker arm suspension. A poten-
tiometer is placed between the pivot shaft (stator) and the outer bogie rotor to measure the
angular position of the suspension during traverse. Lastly, a Teflon seal protects the only
rotary interface remaining exposed after latching to prevent ingress dust in the mechanism.

[t should be noted that this early design does not yet include end stop features and means
to regulate or absorb the energy during deployment. It has also not been subject to any mass
optimisation process, so the metal work does not reflect an optimised flight design. The
choice of actuator is strongly driven by the torque required to overcome the friction in the
rotary joints in the deployable mechanism, which has been only preliminarily investigated
at this stage of the design. If this torque becomes too large, it might be impractical to provide
it with a spring. In that case, an electric actuator would have to be fitted into the assembly
so that its rotor and stator can drive the two bogie rotors in opposite directions.

Differential arm
oscillation

Figure 7-5 - Possible differential layout on the rover underbelly

In this deployment scheme, the differential mechanism cannot be connected directly to the
bogie segments, as that would impede their free motion during deployment. The differential
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must therefore pick up the motion from its dedicated rotor. A proposed mechanical imple-
mentation is based on a differential arm driven by tie-rods mounted to the vehicle’s under-
belly. Figure 7-5 provides a scheme of this layout. The purpose of this linkage is to constrain
the rotation of the two bogies to be equal and opposite, thus providing the pitch-averaging
behaviour that is characteristic of this suspension. Its working principle is presented in de-
tail in Section 7.2.1, where is described a differential mechanism that operates in a different
plane but provides the exact same functionality: the rotation of a bogie causes the rotation
of the differential arm, which causes the opposite rotation of the other bogie. The Gullwing
differential arm oscillates in a plane that is parallel to the rover’s underbelly, while the dif-
ferential arm in Section 7.2.1 rotates in a plane that is parallel to the rover’s rear face.

7.1.4.2 Terrain scenario

[t is of particular interest to discuss the terrain features and the analysis process that led to
this configuration, as they offer a striking example of how the design of a rover platform can
respond to well-defined terrain challenges. The sizing scenario for the Gullwing SFR was
identified as a 250-mm-tall step obstacle wider than the rover that would have to be climbed
with left and right wheels at the same time, while going upslope on a 10° incline. This situ-
ation is a geometric interpretation of a geologic environment called “fractured terrain”,
which indicates an area where plates of bedrock (typically in the order of metres in size)
have been broken and dislocated over time, giving rise to a rugged rocky ground with une-
ven blocks of bedrock, cracks and crevasses. Figure 7-6 shows an example of this type of
terrain in a rock formation named “Kimberley” and imaged by NASA’s Curiosity rover at the
base of Mount Sharp. The height of the step features in the foreground is comparable to
those considered for SFR.

Figure 7-6 - Example of fractured terrain imaged by NASA’s Curiosity rover (credit: NASA
/ JPL-Caltech)

137



Chapter 7 Development of the SFR systems: locomotion

To climb these challenging obstacles, the wheel diameter was maximised to the largest size
that could be realistically accommodated inside the stowed volume. This is because larger
wheels engage with obstacles on a lower portion of their circumference, reducing the tan-
gential traction force that is required to lift the vehicle’s weight and surmount the obstacle.
This tangential force between tyre and obstacle is identified as Rr in Figure 7-7. The illus-
tration helps to visualise the problem by depicting wheels of different sizes at the moment
in which they lose contact with the ground and begin to climb the obstacle. Each of these
instances can be considered a view of one of the two wheels that are encountering the step
feature described above.

Y

z
-

-

Figure 7-7 - Obstacle climbing forces on wheels of different sizes

The vectors in the figure represent the loads applied to the wheel at the actuator interface
and the obstacle contact point (there are no other loads in this plane since the wheel has
already left the ground in this illustration). T, is the torque being provided by the driving
actuator, Fw is the force due to the weight of the vehicle (which can be considered fixed), Fr
is the force due to the thrust of the other wheels, Ry is the reaction force of the obstacle
normal to the wheel surface and Rr is the reaction force of the obstacle tangential to the
wheel surface. The magnitude of this latter vector is tied to that of Ry by a correlation similar
to that of static friction:

Rr = HUeq Ry

Here p.q is an equivalent coefficient of friction to represent the interaction between wheel
and obstacle, which in reality is much more complex and influenced by local deformation,
geometric engagement and dynamic effects. This coefficient varies significantly depending
on obstacle engagement by the wheel. Testing of SFR prototypes (discussed in Section 7.4)
suggests that a typical value can be taken as p,, = 0.8.

To succeed in climbing, the vertical components of Rr and Ry must counteract the weight
force. As shown in Figure 7-7, for a wheel radius much larger than the obstacle height (A),
both vectors have significant vertical components and the climb can be achieved more easily
than with a smaller wheel radius. A limit case is found if the wheel radius is smaller than the
obstacle height (C): in this situation Ry is vertical and must be equal to the weight force to
surmount the obstacle. Since Rris tied to Ry as noted above, Ry must be increased to produce
sufficient vertical force. However, Ry is simply driven by the thrust produced by the other
wheels of the vehicle, and in this case, Ry = Fy. For a four-wheeled vehicle, it is unlikely that
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the wheels remaining on the ground can produce sufficient thrust to overcome this situa-
tion, especially if there are only two, therefore the wheel would fail to climb. Incidentally,
six-wheeled vehicles can succeed in this situation and climb obstacles well above the wheel
radius, as discussed in Section 4.4.3 for the ExoMars rover.

Figure 7-8 - Obstacle climbing forces with annotated geometry

Taking reference from Figure 7-8, it is straightforward to write the equilibrium equations
for a generic obstacle climbing scenario as follows:

T

Ry cos(a) + Ry cos (E — a) = Fy
/s

Ry sin(@) — Ry sin (E - a) = Fp

The first equation represents the vertical equilibrium of the wheel and the second one the
horizontal equilibrium. Remembering that Ry = p,4 Ry, these can be rewritten as:

Ry [cos(@) + peq sin(a)] = Fy,
{ Ry [Sin(a) — Ueq COS(O{)] = Fr

which provide an expression of the required thrust to push the wheel up the obstacle and
overcome the weight force Fi:

3 sin(a) — peq cos(a)
~ cos(a) + Heq Sin(@) w

T

For a given vehicle and attitude, the weight force of the wheel is constant. The equivalent
coefficient of friction between wheel and obstacle p.q is a characteristic of the system, so the
required thrust force is a function of the angle a:

Fr = f(a) Fy

The values of a that are meaningful for this analysis are those in the interval between 0 and
/2, where the function follows the profile shown in Figure 7-9. It can be clearly noted how
this is a monotonically increasing function of a, confirming that, as described earlier, when
the wheel becomes smaller (or the obstacle larger) the required thrust increases. For a =
7 /2, the height of the obstacle is equal to the radius of the wheel (or greater, in fact, because
the force distribution does not change anymore). At that point the required thrust is maxi-
mum and equal to Fy, /fi.q, which is the normal load necessary to produce a tangential force,
Rr, of equal magnitude to the weight force, Fr.
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As a decreases (i.e., the obstacle becomes smaller, or the wheel larger), the required thrust
becomes negative. This means that the wheel is able to climb the obstacle thanks to its own
traction alone, without additional push from the other wheels. The modulus of Fris then the
amount of drag force that the wheel can overcome whilst climbing the obstacle. In the limit
case where a = 0, the wheel, which is simply rolling on flat ground, can produce a horizon-
tal force equal to peq Fw.
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Figure 7-9 - Plot of the function f («)

Lastly, the angle @ can be expressed as a function of the ratio h/r as follows:

r—h h
a= cos_l( ) = cos™ ! (1 ——)
r r

This provides a generic method of obtaining a first-order approximation of the thrust re-
quired to climb a certain obstacle with a certain wheel size, given the friction properties and
the weight of the vehicle. Vice versa, it allows to establish the wheel size required to sur-
mount the obstacle if the thrust available can be estimated by other means (e.g., through
characterisation or simulation of the wheel traction on the substrate soil).

From the considerations above, it is clear how it became necessary to maximise the wheel
size for this high-performance version of SFR. Nevertheless, multibody analysis of this con-
figuration (using the model described in Section 7.3.1) showed that, while the 700 mm di-
ameter was more than sufficient to bring the front wheels above the step feature, the rear
ones would consistently struggle to climb, especially in an upslope case. Closer inspection
of the load distribution identified two primary causes for this behaviour:

1. The slope and the step under the front wheels cause the rover body to pitch up-
wards, transferring weight from the front to the rear wheels. Using again Figure 7-7
as a reference, this means that the rear wheels will need a greater vertical compo-
nent in the obstacle reaction forces to climb and, at the same time, the front wheels
will have less normal force to produce the traction required to increase those rear
reaction forces.

2. Aless obvious contribution comes from the wheel driving torques, whose reaction
tends to rotate the bogie in favour of the climb for the front wheels, while it opposes
the climb for the rear ones, giving rise to another load to overcome. For a difficult
obstacle climb, the driving torques can be significant. Figure 7-10 provides a quali-
tative understanding of this behaviour.
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Figure 7-10 - Torques on a bogie for front and rear wheel climbing

These considerations hold true in general, not only for this particular step obstacle, and they
represent an intrinsic property of the rocker arm suspension: the rear wheels will be, in
most cases, the limiting factor for obstacle climbing performance. To address this limitation
and equilibrate the climbing performance between front and rear wheels, it was decided to
adopt a slightly unusual solution for planetary rovers: offset the Centre Of Gravity (COG)
towards the front of the vehicle. This puts more weight on the front wheels, increasing trac-
tion, and relieves the rear wheels, reducing the resistance to climbing.

By observing closely Figure 7-1, it can be seen how the rear segments of the bogies are
longer than the front ones. The COG achieved in this way is biased forward to 57% of the
wheelbase (whereas normally it would be around 50%). This is an unusual configuration
because it is typically desirable for planetary rovers to have approximately symmetric mo-
bility layouts, so that the performance in every direction is similar and the vehicle can al-
ways reverse out of a dead end. For SFR, it was accepted that the vehicle would spend the
vast majority of its time driving forward and that a point turn might be necessary to back
out of some extreme situations.

The considerations made so far implicitly assume that the loads and motions occur predom-
inantly in a plane, in particular, a vertical plane parallel to the vehicle’s velocity vector. This
is true in first approximation for an ideal case where left and right wheels encounter the
step exactly at the same time, but it becomes less relevant for more realistic situations
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where the obstacle is attacked at an angle or is not present at all on one side. In these situa-
tions, the lateral behaviour of the system becomes greatly important and it usually requires
more sophisticated analysis than what is described here. More advanced traverse modelling
was developed to cover these needs and is discussed in Section 7.3.

While multibody dynamic analysis is very accurate in predicting the behaviour of the vehi-
cle, several unknowns remain in the interaction between wheel and terrain, also referred to
as “terramechanics”. This area relies significantly on empirical knowledge and is very sen-
sitive to the wheel design and terrain properties. To improve the understanding of these
phenomena, it is essential to carry out tests as early as possible. In a fortunate coincidence,
a test vehicle with the right geometry and wheel size was available at NASA GRC from a
previous project: the Scarab rover, shown in Figure 7-11 (pictured while performing other

tests, not related to SFR). This platform can be reconfigured to achieve different footprints
and COG locations, and has a pitch-averaging suspension similar to that of SFR. Scarab is
much heavier than SFR, but its tyres were modified to produce a similar response to the
intended SFR design, so that the results would be reasonably scalable for the design under
consideration.

Figure 7-11 - Scarab rover undergoing testing at NASA’s Glenn Research Center (credit:
NASA / GRC / N. S. Kilkenny)

A testbed representing the rocky step feature was assembled at GRC with materials readily
available and numerous climbing attempts were performed with Scarab in subsequent iter-
ations. The availability of this platform has been instrumental in defining the SFR architec-
ture and understanding its interaction with the terrain early in the development. Without
this contribution, the vehicle’s design would have remained undefined for much longer, the
spring mesh tyre technology would have been considered a major risk, and possibly the
Sample Fetch Rover would not have converged onto the distinctive architecture that char-
acterises it today.
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The use of Scarab enabled a rapid design iteration process, where a new rover architecture
would be defined and evaluated in a simulation environment, then the geometry and weight
distribution of Scarab would be modified to reproduce the same conditions and tests carried
out to demonstrate the performance in the real world. This approach also improved the
model’s fidelity to a great extent, providing an incremental validation at each iteration.

Eventually, the high-performance Gullwing design had to give way to a more compact ver-
sion of SFR due to a reduction in the volume available on the lander. Orbital imagery was
reassessed and it was possible to identify a set of routes that did not include areas of frac-
tured terrain. These are the so-called “green pathways” in Figure 5-7, which are expected to
avoid large step obstacles. The SRL landing accuracy was improved to ensure that SFR
would be delivered in close proximity to one of these pathways.

Nevertheless, the new SFR baseline has its foundation in the knowledge acquired during
this intense period of testing and redesigning. Furthermore, if it was possible to justify the
reduction in traverse performance for the campaign trade-offs described in Section 6.1, it
was mostly thanks to the remarkable improvements in the simulations enabled by testing
with Scarab.

7.2 Design of the locomotion mechanisms

The following paragraphs describe the design of the SFR locomotion mechanisms as they
are today, after all the trade-offs and preliminary studies. The prominent electromechanical
system in this area is the Fetch Actuator System for Traverse (FAST). FAST comprises the
rocker arm suspension, actuators, HDRMs and associated mechanisms. The wheels are not
included in its perimeter since they are customer-furnished items built by NASA. Neverthe-
less, from an engineering point of view, they form an integral part of the locomotion subsys-
tem and therefore are discussed in these pages. FAST is developed by MDA in Canada, which
has been supporting the SFR project since its early phases. The detailed FAST design, the
locomotion analysis and testing have been carried out by MDA as part of the FAST study
contract. Table 7-4 provides a summary of the organisations involved in the development
of the SFR locomotion and their role. Figure 7-12 offers a general view of the assembly with
its key elements identified and a semi-transparent rover body for context.

Organisation Role

ESA End customer, partner with NASA as part of MSR

Airbus Prime contractor for SFR, including GNC and high-level
mobility performance

MDA Contractor for FAST

NASA GRC Provider of superelastic wheels in partnership with ESA

Maxon Supplier of actuators for FAST

Table 7-4 - Main organisations and their roles in the development of the SFR locomotion
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Figure 7-12 - FAST overview (rear left wheel in the foreground)

These sections will aim at providing an overview of FAST, rarely descending into the de-
tailed engineering, which, on the threshold of its Preliminary Design Review (PDR), already
extends over thousands of pages. The focus will be on the system architecture, the key tech-
nologies and the areas that were co-engineered with Airbus as prime contractor and, there-
fore, are of greater relevance to this PhD.

The current SFR baseline, for what concerns locomotion, corresponds to last iteration dis-
cussed in Section 6.1: four spring tyres, 550 mm in diameter, arranged over a ground contact
footprint 1.3 m long and 1 m wide. This layout is more compact than that of the Gullwing
design, discussed in Section 7.1.4, and it does not necessitate folding of the bogie beam to fit
in the launch envelope. This enabled simplification of the deployment mechanism, which
only relies on four sprung hinges (identified as “DEP hinges” in Figure 7-12), further dis-
cussed in Section 7.2.3.

The suspension is sized to climb one-sided obstacles up to 295 mm and slopes up to 20°,
whilst maintaining a vehicle speed of 67 mm/s, or 0.24 km/h. FAST is the electro-mechani-
cal system responsible for providing this capability and is one of the largest assemblies of
the rover. Its mass is 45 kg without wheels and it takes considerable volume around the
spacecraft, contributing to its unique appearance. The design of its major components is
discussed hereafter.

7.2.1 Rocker arm suspension

The primary functions of the rover’s suspension are to provide compliance to asperities in
the terrain and to distribute the load on the four wheels as evenly as possible. Any vehicle
with more than three ground contact points requires additional degrees of freedom to en-
sure that all wheels are contacting the surface. On a four-wheeled rover one additional de-
gree of freedom is sufficient to achieve this, so the SFR suspension does exactly that.

As anticipated in Section 4.2.1, two oscillating beams are connected to the sides of the rover
body through freely-rotating pivots. These beams are called “rockers” or “bogies”. The for-
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mer term is the more academically precise, especially in relation to other similar suspen-
sions®0, however, the latter is the more common and used throughout the SFR project. If the
two bogies were free to rotate independently from each other, it would imply the addition
of two degrees of freedom, i.e., one more than required. In practical terms, that would leave
the rover body free to pitch around the pivots, leading to capsizing if the centre of gravity
was higher than the pivots axis and undesirable oscillations if it was lower. To remove this
degree of freedom, it would be sufficient to leave one bogie free and fix the other two wheels
onto the rover, but that would create an unbalanced locomotion layout where the side with-
out articulation would struggle to climb obstacles. To address this issue, the differential
linkage is added to combine the rotations of the two bogies in such a manner that, if one
rotates in one direction with respect to the rover body, the other one is imposed an equal
rotation in the opposite direction, thus keeping the rover body at an average pitch angle
between the two.

B "_. ' Neutral position
[N | | O +z U P
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Figure 7-13 - Kinematics of the FAST differential in presence of an obstacle: rear view (top
left), right view (top right), orthogonal view of the rear face (bottom)

Figure 7-13 offers a kinematic scheme of how the differential produces the pitch-averaging
behaviour that makes this suspension particularly effective. It can be observed how, in this
example, an obstacle lifts the rear right wheel by a certain amount. This pulls up the corre-
sponding end of the differential arm through a tie-rod, causing the other end to lower. Such
action forces the wheel on the other side to descend by the same amount. The system settles
on an equilibrium configuration where all wheels are in contact with the surface and the
rover body pitch angle is half of that of the bogie on the obstacle (the pitch of the other bogie

60 The rocker bogie suspension makes a distinction between the two terms, where the rocker is the member
hinging on the rover body and the bogie is the one connected to rocker and carrying two wheels on its ends. For
the rocker arm suspension, this distinction is no longer relevant as there is only one oscillating element per side.
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is zero since it is on flat ground). It should be noted that there are simplifications in this
description, in particular, three-dimensional contributions outside the main planes of mo-
tion are neglected and so are elastic deflection and change of contact patch geometry. These
constitute, however, contributions an order of magnitude smaller than the displacements
due to the differential action.

7.2.1.1 Sizing the suspension for the terrain

[t is natural to think about obstacle climbing as the key sizing factor for the FAST suspen-
sion. While that is certainly a major design driver, it is not the only defining parameter of
the system. The major design drivers coming from the traverse terrain are the following:

o Obstacle size. Strong driver for wheel diameter and traction (both on the ground
and on the obstacle edge). Also defines suspension travel and ground clearance to
avoid collision between the obstacle and the rover body.

o Slope angle. It defines the minimum angle®! at which the rover must remain stable
without tipping over. This drives the footprint and the maximum height of the cen-
tre of gravity. Also contributes to determine the traction required for steep slopes.

e Substrate material. In combination with the slopes and obstacles above, it defines
the traction required to succeed in the climb and the wheel contact patch to avoid
sinking in loose soil.

e Impacts and blocked wheel loads. The impacts when slipping off rocks and other
mobility load cases where wheels are trapped by various terrain features contribute
to sizing the strength and stiffness of all the mechanical elements. In some cases,
these are already enveloped by launch loads.

Since SFR moved away from the Gullwing design and the fractured terrain described in Sec-
tion 7.1.4, the sizing obstacle is not a step feature anymore, but rather a single-sided obsta-
cle. This represents one of the typical scattered rocks present almost everywhere on Mars
to a varying degree, produced by meteoritic impacts and weathering (see Figure 3-2, for
example). These rocks usually follow statistical distributions where the frequency of rocks
decreases with their size. Such rock coverage can be inferred from orbital imagery and com-
parison with in-situ data from previous missions. A well-known method to approximate
rock distributions on Mars is Golombek’s model [61]. The model defines the Cumulative
Fractional Area (CFA) covered by rocks of diameter D or larger as a function of D:

CFA (D) = ke~ D

where k is the fraction of the total area covered by all rocks (a characteristic of local terrain
morphology) and the parameter q(k), which governs how rapidly the fraction of the total
area covered by rocks decreases with increasing diameter, is approximated by:

0.152
qk) = 179 +——

61 The minimum stability angle is usually higher than the slope angle to take into account local roughness, wheel
sinkage and deflection, dynamic oscillations and margin. As a rough order of magnitude, the minimum stability
angle is typically 10° greater than the maximum slope that the vehicle can encounter.
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These equations produce the graphs shown in Figure 7-14 for different values of k, super-
imposed with in-situ measurements from various Mars missions [62].

As mentioned, the parameter k is a characteristic of the terrain and can be inferred from
orbit. This allows to produce maps of the mission site where random rock distributions gen-
erated from Golombek’s model are superimposed to the terrain. Once the obstacle climbing
ability of the vehicle is set, a statistical analysis can be performed on these maps, where the
rover follows multiple paths, driving around the rocks that it cannot climb. This calculates
what percentage of paths are successful and what is the distance (or time) penalty associ-
ated with avoiding obstacles. This process was used to decide an appropriate obstacle
climbing ability for SFR. Following some iterations, the analysis showed that, if the rover
could overcome obstacles up to 275 mm high (a wheel radius), it would always be able to
find a path on the maps and the obstacle avoidance penalty would be generally satisfactory.
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Figure 7-14 - Golombek’s CFA curves and in-situ measurements (credit: M. Golombek)

It is reminded, once again, that these are compact rocks that encounter only one wheel at a
time (the statistical distribution makes an encounter with two large rocks at the same time
extremely unlikely). Such obstacles are more benign than the wide steps described previ-
ously and are the reason why it was possible to reduce the size of the SFR locomotion sub-
system. FAST remains capable of traversing step features and crevasses, although of smaller
size.

[t must also be clarified that the obstacle performance of a vehicle cannot be effectively sum-
marised by one rock size: while on flat, compact ground the rover would climb obstacles
275 mm high with ease, on slopes or soft soils its climbing power would decrease. The result
of this reasoning is a mapping of obstacle size to slopes and substrates, whose analysis is
further discussed in Section 7.3.1.

Once the obstacle size is known, it can be used to size the mechanical capability of the sus-
pension and the ground clearance that it must provide, however, some further steps need
to be considered for these. The rover’s GNC system is responsible of autonomously identi-
fying and classifying obstacles based on NavCam stereo imagery. If, on flat ground, an ob-
stacle is measured as higher than 275 mm, it would be marked as non-negotiable and the
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vehicle would steer clear of it. This process is unavoidably affected by errors (due to image
quality, illumination, DEM reconstruction, etc.), amounting to a total of 20 mm in the worst
case. It derives that an obstacle could be up to 20 mm higher or lower than the measured
value, so a rock estimated as 275 mm high - and therefore traversable - by GNC could be up
to 295 mm high. For this reason, the sizing obstacle for FAST is always 20 mm higher than
the targeted obstacle for that particular terrain configuration.

When sizing the ground clearance, other contributions need to be taken into account in ad-
dition to the GNC error: the possible sinkage of wheels in the soil, the deflection of the whole
system and appropriate margin. The result is that, to clear a rock that is up to 295 mm high
with GNC error included, the unloaded system must have a ground clearance of 375 mmSz2.
This approach is summarised by Figure 7-15.
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Figure 7-15 - Process to size obstacle climbing ability and ground clearance

One last terrain aspect worth dwelling upon for the sizing of the FAST suspension is the
slope capability. From the geography of Jezero Crater, it is known that SFR will have to climb
inclines up to 20°. As always, the actual climbing performance is also dependent on the ter-
rain, which, if composed of dune sand, might lose cohesion well before that angle and cause
the rover to slip without climbing.

Considering the 20° requirement, adding potential roughness and dynamic effects, it is evi-
dent how slope negotiation is another major driver for the suspension design. SFR must
have a rather high stability angle to navigate this terrain, which means a large footprint and
alow centre of gravity. However, the footprint is constrained by the stowed volume and the
COG position is in direct conflict with the ground clearance requirement, which demands a
higher rover body. To support the careful balancing act between these two requirements, a
static stability analysis was carried out with a simplified version of the multibody model of
the rover described in Section 7.3.1, which led to some notable observations.

The first finding was that the rocker arm suspension can have a minimum in stability when
tilting along its diagonal direction. This appeared counterintuitive, since it would be reason-
able to expect that an object with a rectangular footprint could tolerate a greater tilt along
its diagonals than along the directions of its sides. Nonetheless, the analysis for SFR was
showing that the rover would tip over at a smaller inclination when the local gradient of the
groundsé3 was aligned with the diagonal direction of its footprint.

62 This is the CAD-measured vertical distance between the rover belly pan and the lowest point of the tyre.

63 Here the gradient of the ground indicates the vector of the partial derivatives of the function of the plane that
describes the height of the ground. Geometrically, it is simply the vector that points in the direction of greater
change of height, i.e. directly upslope.
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Further study of the load distribution identified the cause of this behaviour in the fact that
an articulated suspension is not a rigid rectangular surface, but it allows the wheels to move
in such a way that one can lose contact with the ground. If, for example, the front right wheel
was located downslope, it would be loaded with a greater portion of the vehicle’s weight
than the other ones. The reaction force would tend to raise such wheel with respect to the
rover body.

Considering the behaviour of the differential described by Figure 7-13, to a rotation of a
bogie corresponds a counter-rotation of the other one, so, if the front right wheel
(downslope wheel) is pushed upwards with respect to the rover body, then the rear left
wheel (upslope wheel) also tends to move upwards in the same reference frame. This mo-
tion is opposed by the ground reaction forces on the front left and rear right wheels. How-
ever, as the slope angle increases, these two wheels become less loaded and the wheel
downslope becomes more loaded. This eventually initiates a rotation of the bogie that lifts
the wheel located upslope and causes the vehicle to lose stability. Such phenomenon is il-
lustrated by Figure 7-16.

Bogie rotates
and lifts the
. upslope whee

Greater load on

§ the downslope
Local terrain “( wheel
gradient /

Figure 7-16 - CAD visualisation of a diagonal slope case

Another remarkable observation made through this analysis was that the position of the
pivots has a noticeable influence on the behaviour just described. In particular, if the pivots
are located above the centre of gravity of the rover body, its weight will produce a stabilising
torque around the pivot that opposes the tipping over motion. If the pivots are high enough,
this action becomes sufficient to neutralise the diagonal weakness of the rocker arm sus-
pension, which is why SFR has its pivots located high up, close to the top deck.

Ifit was possible to identify this solution it was only thanks to the simulation of the complete
suspension mechanics for various slope heading directions. The approach used in this anal-
ysis is essentially to take a scenario similar to that depicted in Figure 7-16 and rotate the
vehicle around its vertical axis, so that the heading direction with regards to the gradient of
the ground changes in discrete steps. At each rotation step, the static equilibrium of the sus-
pension is solved for increasing inclination until loss of contact with the ground is detected,
indicating tip-over.

The outcome of this analysis for the final SFR architecture (with raised pivots) is shown in
Figure 7-17. An uncertainty is added to account for unknowns in the COG location (contrib-
uting approximately +1° to the stability angle) and tyre deflection (contributing approxi-
mately -2° to the stability angle) at the time of the analysis. This leads to a minimum stability
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angle of 35° in the lateral direction (corresponding to pure rolling of the vehicle) and 44° in
the longitudinal direction (corresponding to pure pitching of the vehicle).
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Figure 7-17 - SFR critical stability angle as a function of heading angle.

7.2.1.2 Mechanisation of the suspension

Once the kinematics required to comply with terrain features are understood, a mechanisa-
tion can be outlined for the suspension system. Using Figure 7-12 as a visual reference, the
main mechanical elements forming this assembly, wheels excluded, can be identified as fol-
lows:

e Pivot

e Bogie beam

e Steering actuator
o STR-DEP transition bracket
e Deployment hinge
e  Wheelleg

e HDRM

e Driving actuator

e Differential tie rod
o Differential arm

o Differential pivot

The pivot is one of the key interfaces between FAST and the rover body and its purpose is
to transfer the vehicle’s weight to the suspension whilst providing the rotary degree of free-
dom required to comply with uneven ground. The pivot is a simple rotary joint, with a cen-
tral shaft bolted to the rover and an outer housing that forms part of the bogie beam. Be-
tween the two are large diameter journal bearings to withstand mobility loads and guaran-
tee a low resistance to the rotation, which is desirable to equalise the load on the wheels
and to maintain the ride as efficient as possible. The oscillation range of the pivot is esti-
mated to be less than £7° for the worst-case obstacles. Its position is always known to the
rover’s GNC system thanks to a potentiometer placed in its housing. A rotary seal protects
the assembly from the ingress of dust.

The bogie beam is a single solid body rotating around the pivot. A trade-off is still open on
whether it is built as a machined piece or round tubular sections with end fittings. The out-
come will depend on detailed assessment of the mass, stiffness and ease of manufacturing
of the two options. The bogie’s stiffness and strength are driven by mobility and launch
loads, since it is a rather large appendage offset from the main structural frame. The other
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mechanical interfaces of the bogie are the connections with the differential tie rods and the
steering actuators located on each end of the beam. The bogies also carry the harness for
the electrical components further out in the FAST assembly.

The rotor of each steering actuator is bolted to its interface in the bogie beam. This means
that the stator, where the harness enters the actuator, is located underneath, towards the
wheel. Such arrangement adds moving harness but has the benefit of placing the smaller
end of the actuator (the motor side) in the lower portion, where volume is needed by the
deployment hinge. The range of the steering actuators is over £90°, providing the rover with
the ability to follow trajectories of any curvature and crab in any direction. The internal
design of the steering actuators is further discussed in Section 7.2.2.

The steering actuator is connected to the deployment hinge by an intermediate STR-DEP
bracket, which is simply an angular machined piece interfacing with the two joints. The de-
ployment hinge is the element that allows the wheel leg to fold up at the sides of the rover
body for accommodation on the lander. This is the only deployment joint that is required to
stow FAST, since the bogie is short enough to fit into the allowable volume without further
mechanisation. The deployment hinge is a sprung rotary joint with a latch and a binary sen-
sor to confirm deployment. Its functioning is further discussed in Section 7.2.3.

The wheel leg is a structural piece that connects the deployment hinge to the drive actuator,
providing the rover with the desired ground clearance once deployed. Each wheel leg also
carries an HDRM interface, which holds it attached to the rover when stowed. These sepa-
rable interfaces are the holding points used to increase the structural stability of the FAST
assembly during highly dynamic events. Their purpose is to limit the response to the vibra-
tion environment and so the loads induced onto the system. The wheel leg is therefore an
important load path during launch and EDL, when the large offset mass of the wheel is ex-
cited by vibrations and quasi-static accelerations.

Four HDRMs are attached to the rover body, one for each wheel leg. The mechanism is based
on a non-explosive actuator that separates the two mating parts. The device was prelimi-
narily selected as a TiNi Frangibolt, using a Shape-Memory Alloy (SMA) element in nickel-
titanium (also known as Nitinol) that expands when heated and fractures a notched bolt. Its
operating principle is shown in Figure 7-18. Around the Frangibolt are arranged the mating
interfaces of the HDRM. These are cup / cone couplings that, once preloaded by the bolt,
allow to transfer the launch loads from the wheel leg to the rover body structure.

Heater coil

Fractured section

SMA cylinder

Notched bolt Separation plane

Figure 7-18 - Operating principle of a Frangibolt SMA actuator (credit: EBAD)

At the end of each wheel leg is located a driving actuator. Differently from the steering ac-
tuator, it has an unlimited range of rotation, but presents an otherwise very similar con-
struction. Its design is discussed in Section 7.2.2.
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Moving on to the rear of the vehicle, it can be observed in Figure 7-19 how each bogie beam
is connected to a tie rod. These tie rods have the purpose of linking the rotation of each
bogie to the differential arm, so that it can perform its function of constraining the two ro-
tations to be opposite and equal in magnitude, as described in the previous section. The tie
rods in this illustration are only notional volumes to define the correct kinematics, but are
not representative of their mechanical design. A more realistic representation is provided
by Figure 7-20, showing some common tie rods used in automotive steering. Since the rota-
tion of the differential arm and the bogies occur in orthogonal planes, the tie rods have
spherical bearings on their ends, which will be encapsulated in a sleeve of textile material
for operation in dusty environments.

r[ees
=
Differential arm
Tie rod —— STR actuator
S —— Bogie beam
- o) 5
DEP hinge LY/ - ' - Pivot
Wheel leg ) ;
DRV actuator

Figure 7-19 - Rear view of SFR with main locomotion components

Q. |
2 ‘@

'@

e

Figure 7-20 - Automotive tie rods, similar to the FAST differential

The differential arm is a freely rotating element, similar to a bogie, but smaller and much
simpler in geometry. Its mechanical loads are benign compared to those of a bogie beam,
making it possible to adopt a more lightweight construction. The differential arm rotates
around a pivot which is, again, similar but smaller than the side pivots and carries less load.

7.2.2 Actuators

The actuators are a central element in the vehicle’s traverse performance. They must pro-
vide torque to overcome large obstacles, a relatively high speed and accurate position con-
trol for steering. They also have to be efficient while doing so across a wide temperature
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range. It is useful to take the ExoMars locomotion actuators as a comparison, where similar
issues have already been solved for less demanding performance requirements. For what
concerns the torque / speed characteristic of the actuators, the sizing points are reported
in Table 7-5, along with the holding torque requirements [63].

Requirement SFR FAST ExoMars BEMA

Max. torque point ~ 87.6 Nm at 14.6°/s 87.0 Nmat 7.0°/s

Max. speed point 5.4 Nm at 24.7°/s 7.5Nm at 7.6°/s

Holding torque 28 Nm 35 Nm

Table 7-5 - Sizing torque and speed requirements for FAST and BEMA actuators

[t can be noted how the maximum torques are very similar, which is reasonable because the
SFR and ExoMars wheels have a similar normal load and the sizing scenario corresponds
lifting that load over an obstacle. However, the speed values are quite different, with the
SFR ones reaching more than three times the ExoMars ones.

Figure 7-21 provides a chart with all the torque / speed points for the SFR and ExoMars
actuator. Analysing this distribution, it was established that one common design for driving
and steering actuators would have been sufficient to satisfy all the requirements, as it was
done on ExoMars. This approach would greatly simplify development and manufacturing
activities. The SFR driving and steering actuators share all the parts of the transmission,
bearings and housings, but present one prominent difference: the steering actuators include
a position sensor (a potentiometer) that is not present on the driving ones. In Figure 7-21
are also reported the torque / speed curves of the FAST and BEMA actuators at their mini-
mum operational temperature of -60°C.
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Figure 7-21 - Torque / speed requirements and performance curves at -60°C for FAST and
BEMA actuators
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The actuator architecture defined in response to these requirements is based on a DC
brushed motor and a four-stage planetary gearbox, as already justified by the trade-offs in
Section 7.1.2. On the front end of the motor (where it connects to the gearbox) is placed an
electrically-actuated friction brake that engages automatically when the actuator is not
powered. On the other side is a magneto-resistive motor encoder. The stator and rotor hous-
ings are made of machined titanium alloy and supported by a single cross-roller bearing,
which constitutes the main load path for the actuator. Aluminium covers close off the as-
sembly, while a two-stage rotating seal protects the rotating interface from any soil ingress.
A HEPA filter is added for venting and, on steering actuators, also a custom potentiometer
to provide absolute position knowledge. Some of these elements, like the rotary seal and the
potentiometer are a direct reuse of BEMA parts, while others are fairly new technology. Ta-
ble 7-6 provides a detailed comparison between the main components of the two actuators.

It can be observed how the SFR actuators are not too dissimilar from the ExoMars ones, but
the technology had to be upgraded in various areas to adapt to the more challenging mobil-
ity requirements. The motor is still a brushed Maxon DCX model, but quite larger in size to
provide more power. The transmission is perhaps the most evident difference in the actua-
tors’ architecture. ExoMars had a small planetary gearbox feeding into a Harmonic Drive,
which is a quite common choice in high-torque applications for spacecraft, because Har-
monic Drives package very large reduction ratios into lightweight units and can deliver re-
markably high torques for their size.

Feature SFR FAST ExoMars BEMA
Maxon DCX 32L Maxon DCX 22L
Motor
brushed motor brushed motor
3-st 1 t.
Gearbox 4-stage planetary stage planetary +

Harmonic Drive

Total gear ratio

1738:1

5280:1

Motor encoder

7-bit magneto-resistive,
redundant

3-bit hall-effect,
redundant

Brake

Electromagnetic active
friction brake

Magnetic passive
detent brake

Main bearings

Single cross roller

Double angular contact

Seal

Spring-energized
Teflon seal

Spring-energized
Teflon seal

Position sensor

Resistive potentiometer

Resistive potentiometer

(STR only)
Mass 2.70 kg 1.89 kg

® 125 mm, ? 125 mm,
Volume

length 160 mm

length 126 mm

Table 7-6 - Comparison between FAST and BEMA actuator architecture
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However, while the Harmonic Drive’s torque density is unrivalled, its working principle re-
lies on the elastic deformation of a flexible splineé4. This deformation takes energy and re-
quires good lubrication. Unfortunately, all the fluid lubricants that have a low enough va-
pour pressure to operate in space without boiling also have a relatively high freezing point,
meaning that at typical Martian temperatures they are rather viscous and inefficient. The
result is that the overall efficiency of a gear train like that of ExoMars can drop to around
30% at the coldest operational temperature of -60°C. The need for high energy efficiency
made this solution unsuitable for SFR, as predicted by the trade-offs in Section 7.1.2.

The FAST actuators adopted a custom-built four-stage planetary gear train with a smaller
reduction ratio than the ExoMars BEMA ones (also thanks to the higher speed and the more
capable motor) that maintains an efficiency well above 50% across the temperature range.
Due to the number of actuators, the simpler suspension and the more efficient spring tyres,
the difference between FAST and BEMA is particularly pronounced for overall traverse en-
ergy: driving in a straight line over a benchmark terrain BEMA would consume 6.9 kJ/m
while FAST less than 1.2 kJ/m.

Despite the excellent average performance, the FAST actuators still have large motors,
which can become rather power-hungry in certain situations. On particularly difficult con-
figurations of obstacles and slopes, the overall FAST power demand can peak to over 500
WS, which is a sizable amount for a Mars rover. Considering the low voltage at which the
system operates (28 V nominally, but down to 24.5 V on low battery), this translates into a
current draw in excess of 20 A. Such high currents put non-insignificant strain on the power
system, but they are a necessary toll for navigating harsh terrain at relatively high speed.
This actuator design is what enables SFR to drive faster and in a more efficient way, re-
sponding to two of the key challenges of the mission: time and energy.

Regarding the other elements of the actuator, it can be noticed how the encoder was up-
graded to one with a greater resolution. This is due to the desire for a finer speed control
and to obsolescence of the BEMA encoder parts. The brake is another novel feature of the
SFR actuators. Typically, motor brakes are used to provide holding torque when the system
is off. On BEMA, a magnetic toothed wheel on the motor shaft is coupled with corresponding
teeth on the stator: when stationary, the magnetic flux provides holding torque, but, once
overcome by the motor, the torque becomes pulsating and quickly disappears as the motor
picks up speed. This is a simple, passive design, but it has no stopping power: it only engages
when the motor is already stationary.

On FAST, the high efficiency of the gear trains makes them easier to backdrive, to the point
that, if power was removed on a downward slope (e.g., in reaction to an anomaly on board),
the rover would continue to roll downhill uncontrolledly. To prevent this behaviour, the
rover needs brakes that automatically engage when the actuators are not powered and are
able to dissipate the energy of the moving rover. Similar types of “fail-safe” electromagnetic
brakes are common in industrial applications, where friction surfaces are clamped against
a rotating disk by springs. Only when current is fed through an actuating coil the friction
blocks overcome the spring force and release the disk, leaving it free to rotate. However, the

64 A flexible spline, or Flex Spline, is a cup-shaped gear with external teeth that is deformed by an elliptical piece
rotating inside it.
65 For comparison, the expected maximum power draw of the ExoMars Rover’s locomotion is less than 300 W.
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ability to fail engaged that makes these brakes so desirable in the industry poses a major
issue for this application: if a brake failed closed, the rover would be immobilised and the
mission lost. Therefore, the FAST brake is a custom design, inspired to the industrial equiv-
alent, but provided with redundant release coils and fully integrated into the transmission
assembly.

While the rest of the actuator design is fairly close to ExoMars heritage, all the items just
described are novel technologies to some degree, which are brought together for the first
time in this assembly. It is therefore highly desirable to test these items as early as possible
to reduce risk on the actuator development. An accelerated breadboard test programme
was established to do exactly that and the actuator shown in Figure 7-22 was built according
to the preliminary FAST design. This assembly includes the DCX 32L motor, the magneto-
resistive encoder (not redundant), the friction brake, the planetary gear train, the output
bearing and the main structural housing. Potentiometer, seal, heaters and covers are not
included in this prototype. For comparison, in Figure 7-23 is shown a fully assembled BEMA
flight actuator. It is evident how the two actuators present different aspect ratios, mostly
due to BEMA’s more compact Harmonic Drive. It is also true that the FAST breadboard ac-
tuator is missing some components, like the potentiometer and the seal, which would add
some volume towards the front end.

The testing of this breadboard actuator covered launch vibration, shock, functional and per-
formance demonstration in ambient environment as well as at Mars-representative pres-
sure and temperatures. The tests showed that the critical components of the FAST actuator
work successfully together to deliver the performance required by the SFR mission and al-
lowed to collect valuable data on the behaviour of some novel items like the integrated fric-
tion brake, which was built for the first time for this actuator. The information gathered
provides confidence that the development is on the right path and can be used to fine-tune
the design for optimal performance.

Figure 7-22 - FAST breadboard actuator (credit: Maxon Motors)
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Figure 7-23 - ExoMars BEMA flight actuator (credit: MDA)

During the tests it was also possible to carry out a preliminary thermal characterisation of
the actuator, which gathered data on its capability to warm up in a cold environment and
reject heat in a hot environment. The thermal performance is, in fact, another important
characteristic of the actuator, because it defines the amount of energy needed to warm up
in the morning and the amount of time that it can operate under heavy load before over-
heating, which both link back to the key challenges in the SFR mission.

Like most of the external hardware on the rover, locomotion actuators have to withstand
the minimum Martian night temperature of -125°C and the DHMR treatment temperature
of +125°C, however it is uncommon for active components to operate across such a wide
range. On the cold end of the spectrum, the grease inside the gearbox freezes into a solid
block not far below -60°C, so this is usually taken as a minimum operational temperature.
On the hot side, the maximum temperature is set by the tolerance of the motor to overheat-
ing of the windings, which can cause permanent demagnetisation of the magnets nearby.
This depends on the detailed motor design, but it is typically not much higher than +125°C.

The ability to retain heat during warm-up and to reject it during high-power operations de-
fine how easy it is to maintain the actuator inside its operational range, leading to appar-
ently contradictory requirements. The thermal characterisation demonstrated that this
conflict can be resolved using the topology of the heat sources inside the actuator. Warm-
up performance was optimised by placing heaters on the housing of the faster planetary
stages, where good lubrication is most needed. Heat rejection was improved by connecting
the outer housing to the motor, where most of the waste heat is generated.

7.2.3 Deployment

It has been discussed extensively in the early sections of Chapter 6 and 7 how the stowage
of the locomotion subsystem on the lander has always been a major challenge for SFR. The
layout and mechanisation of the FAST deployment has been carefully co-engineered with
the SRL design authority. When the complex mechanisation of the Gullwing deployment in
Section 7.1.4 was abandoned, it was replaced by four simple hinges located just below the
steering actuators. Such deployment hinges allow the wheel legs to be stowed by rotating
upwards and connecting to HDRM interfaces on the rover body. This achieves a rather com-
pact package, as shown in Figure 7-24.
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Figure 7-24 - FAST stowed and deployed, side views (left) and front views (right) with sa-
lient dimensions in mm

An important feature of this configuration is that the deployment happens with the rover in
an upright orientation, i.e., after it has been rotated by the egress arm and is suspended
above the terrain. In this orientation, the deployment can be mostly gravity-driven, as the
heavy wheel and actuator will tend to rotate downwards. Springs are added to the deploy-
ment hinges to ensure that friction is overcome and that the end of travel is reached even in
case the rover is not perfectly aligned with the gravity vector, so that the last part of the
motion is actually going upwards.

A latch is present on the same deployment hinge, where spring-loaded pins or similar fea-
tures engage with corresponding slots as soon as the rotation reaches the correct position,
permanently coupling¢é the wheel leg and the STR-DEP transition bracket as one solid body.
The deployment latch would rely on a similar solution to that described in Section 7.1.4.1,
although smaller in size.

The wheel weight and the action of the spring can provide significant acceleration to the
assembly, which, in a worst case, could reach the end of travel with a dangerous amount of
kinetic energy. To avoid this, methods of controlling the deployment speed will be adopted,
although the specific device has not been selected yet. Some candidates are: crushable ma-
terials, viscous dampers and mechanical speed regulators.

66 This connection is not physically irreversible: on ground, the latch can always be released with a dedicated
resetting tool. In mission, however, there are no means to release the latch once engaged.
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Figure 7-25 - FAST separation planes

By observing Figure 7-25, it can be noticed that the separation plane of each HDRM is verti-
cal, slightly angled with respect to the side of the rover. Therefore, the first motion to clear
the fractured bolt and the cup / cone interfaces should be normal to that plane, i.e., side-
ways, away from the rover body. However, the deployment motion just described is a rota-
tion that begins by moving the wheel leg downwards.

The solution to this discrepancy lies in a cam that inhibits deployment of the wheel leg until
it has been steered away from the HDRM interface. This means that the first motion after
separation is actually a steering motion, commanded by the rover. Only after a few degrees
of rotation the cam is free and the wheel leg springs downwards. This concept can be visu-
alised with the help of Figure 7-26, which describes three steps in the deployment sequence.

@ ®

Latch
engages

Cher- O

Sprung hinge HDRM
+ latch fires Cam exiting
slot
The HDRM fires, no appreciable motion STR performs first motion and Once free, wheel
happens as the wheel leg is constrained separates HDRM interfaces, the leg drops and
by the cam / slot interface. cam / slot inhibits deployment latches in position.

Figure 7-26 - Visualisation of the FAST first motion and deployment
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While Figure 7-26 still illustrates correctly the principle, it was decided to incorporate the
cam and slot directly into the HDRM in a future iteration of the design, where their mechan-
ical implementation would be more straightforward. In fact, in this area, the metal work of
the wheel leg and the HDRM bracket are in close proximity to each other and well-suited to
carry the cam interface loads. A cam feature can be machined in the wheel leg, interfacing
with a slot in the HDRM structure that constrains its initial motion after separation.

One last important aspect of the FAST deployment sequence is that, even if the hinge is
sprung, an electric signal is required to confirm successful deployment and latching of each
leg. To provide it, micro switch sensors are included in the hinge. The rationale for this re-
quirement is due to the fact that the deployment happens in mid-air, while SFR is still sup-
ported by the lander’s egress arm. Most of the sequence is automated to avoid waiting for
ground commands, so the lander needs to receive positive confirmation of FAST deploy-
ment before lowering the rover onto the ground.

7.2.4 Wheels

As discussed in Section 7.1.1, the choice of a four-wheeled architecture, while having several
advantages for the system, tends to be more reliant on the performance of the individual
wheel, especially if there is a desire to navigate difficult terrain and overcome large obsta-
cles. The simple fact that there are fewer contact points available to support the vehicle and
produce traction, makes them more critical for the traverse performance. This was imme-
diately identified as a source of risk for the SFR development and contributed to the interest
for the spring tyre technology under development at NASA GRC.

The superelastic spring tyre offered good traction and load bearing capability on loose soil,
but also - particularly relevant to SFR - ability to envelope obstacles, high energy efficiency,
and extended durability. These latter aspects are probably the areas where the spring tyre
design stands out the most from other candidate solutions.

Firstly, some clarification of the terminology is due. The spring tyre was invented in 2009
by NASA Glenn Research Center and Goodyear Tire & Rubber Company [64]. A spring tyre
consists of a flexible toroidal structure constructed by several inter-coiled helical springs,
also called tyre mesh, which has the ability to deform under load and contour to the terrain
surface. The mesh is secured by a rim onto a hub using a clamp system with features that
interlock with the springs. The assembly of tyre mesh, rim and hub is referred to as a Wheel
and Tyre Assembly (WTA) or, more directly, a wheel. An example of this assembly is pro-
vided in Figure 7-27, which depicts a recent prototype of an SFR wheel.
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Figure 7-27 - SFR wheel and its constituent parts (credit: NASA / GRC)

While the springs used in this first design were made of steel alloy, a second patent was
submitted in 2016 for a superelastic spring tyre composed by nickel-titanium alloy (Nitinol)
springs [65]. The term “superelastic” refers to the fact that this alloy can withstand strain
values more than 10 times higher than steel before undergoing permanent deformation.
The phenomenon is due to a peculiar phase transition in its crystal structure. Nitinol, al-
ready mentioned in Section 7.2.1.2, is a shape-memory alloy, which can produce significant
deformation when subjected to temperature variations. In particular, it does so by transi-
tioning from a martensitic phase to an austenitic one under the application of heat, which
corresponds to its traditional use as shape-memory alloy actuator. However, the austenitic
phase, within a certain temperature range, exhibits another interesting property: if subject
to high strain, it transitions to a particular type of stress-induced martensitic crystal. This
rearrangement of the crystalline lattice can absorb a considerable amount of deformation,
but is not stable, so it returns to the original austenitic phase when the load is removed,
restoring the original shape of the component and producing the superelastic behaviour.

Figure 7-28 helps visualise the principles of Nitinol phase transition, with some important
clarifications: firstly, superelasticity only emerges inside a certain temperature range,
which can be tuned by careful control of the alloy’s composition and manufacturing process.
If the temperature is too high, austenite is not able to turn into martensite and simply yields.
If the temperature is too lowé’, martensite is stable and does not turn back into austenite,

67 This lower limit corresponds to the starting point of a temperature-induced martensitic transition (i.e., with
no load applied).
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causing some permanent deformation to remain. Luckily, a solution exists that enables this
behaviour at typical Mars surface temperatures.
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Figure 7-28 - Phase transitions of nickel-titanium alloy

The second point to note is that superelasticity does not mean strength. In fact, austenitic
Nitinol is not as strong as aerospace-grade steel or titanium alloys and its martensitic phase
is even less strong. This means that, after all the useful material has transitioned to stress-
induced martensite, that martensite eventually yields quite easily. However, this is not par-
ticularly critical for the superelastic tyre: thanks to its geometry, when the load and the de-
formation increase, the number of springs involved also increases, distributing the load on
more material. The result is a variable stiffness profile not dissimilar from that of off-road
pneumatic tyres.

These spring tyre technologies are remote descendants of one eminent wheel in space ex-
ploration: the Apollo Lunar Roving Vehicle’s wire mesh tyre. Already reported in Figure 4-1,
its similarity with the SFR wheel is evident. The detailed construction of the two tyres differs
in the fact that the Apollo tyre mesh was woven with steel wires in an over / under pattern
[66], much like a textile, while the SFR tyre mesh is composed by inter-coiled springs. The
weave pattern tended to create stress concentrations at the wire intersections, which lim-
ited the scalability and durability of the design, while the inter-coiled springs have more
freedom of movement and flexibility to reorganize and conform to irregular surfaces.

Figure 7-29 offers a schematic of the key steps involved in manufacturing a wire mesh tyre,
while Figure 7-30 shows a detail of the spring interlacing process to produce a spring tyre.
In the latter, each spring is inter-coiled with the next one with a screw-like motion, gradually
building a rectangular mesh. The last spring is coupled with the springs at both ends of the
rectangle, turning it into a cylinder, very similar to that in the third step of the wire mesh

162



Mars Delivery Service

construction in Figure 7-29. For the spring tyre, the final shape is achieved simply by push-
ing the two edges of the cylinder together through clamping at the wheel rim. This makes
the springs arch outward and produces the toroidal shape of the tyre.

S

REMOVE FROM
STRESS-RELIEVE FIXTURE

MOUNT ON RIM

Figure 7-29 - Main steps in the construction of the Apollo wire mesh tyre (credit: D.
Freidman)
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Figure 7-30 - Process of interlacing springs to create a spring tyre (credit: NASA / Good-
year)

The availability of a wheel design that had already been under development for years was a
great benefit for the SFR project and allowed to retire several risks associated to this critical
component. As it happens in automotive, tyre specifications are tuned to the type of vehicle
and the required driving performance, so significant work still had to be done to adapt this
design to be suitable for SFR. This was possible only through a direct and open collaboration
among all parties involved in the rover’s design, its locomotion subsystem and the develop-
ment of the spring tyres.

A co-engineering group composed by experts from every organisation involved was estab-
lished to guide the wheel design. The group was dedicated to rapid iteration through a
multi-layer approach that would run through mission analysis at rover level to establish the
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required traverse performance, terramechanical simulation at locomotion level to identify
the required wheel performance and wheel design assessment in response to these require-
ments. If a design issue or a need for change of requirements arose from the wheel or other
intermediate level, the same chain would be followed in reverse to estimate the impacts on
the mission.

Some specific challenges of the SFR wheel development were associated to achieving the
required traction (including in loose soil) and obstacle climbing ability. This implies a suffi-
ciently large contact patch with the ground and enough enveloping ability on the obstacle
edge®8, generally demanding more deformation and a softer wheel. On the other hand, these
requirements are in conflict with durability, which for the SFR mission is not insignificant
and generally needs deformation to be minimised. As discussed in Section 7.1.4, the inter-
action between wheel and terrain is very difficult to predict based on theory alone and the
simulations are generally as good as is the empirical data used to validate them. Hence, GRC
initiated an aggressive build-and-test approach with incrementally representative proto-
types. This effort has been vital to advance the wheel design well before the rover had a
consolidated baseline. Figure 7-31 shows an early prototype of a 700-mm-diameter tyre
undergoing life testing on simulated terrain inside a thermal chamber.

Figure 7-31 - Wheel prototype during life testing (credit: NASA / JPL-Caltech / GRC)

Life testing on early prototypes revealed that the primary failure mode was fatigue break-
age of the spring elements. Analysis of the results showed that the tyre was being displaced

68 These aspects are also heavily affected by the friction coefficient between the wheel mesh and the terrain
material, however, that was found to be a parameter on which there is very little design control, since the wheel
material and small-scale geometry are defined by its construction and the terrain material varies greatly.
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laterally off its centreline by large rocks and pinched at the rim, creating stress concentra-
tions. To address the issue, the tyre material processing was changed to have lower residual
stress, springs with thinner wires were used to reduce bending stress, and the spring geom-
etry was modified to reduce deflection and prevent pinching. Repeat testing demonstrated
that the changes had mitigated the failure, and the item survived 4 times the maximum ex-
pected traverse life for SFR without detrimental damage.

Testing also allowed to characterise the traction performance on loose sand, which requires
a sufficiently large contact patch to be achieved by deformation of the tyre. This is evaluated
for the hottest operational temperature, where the alloy is stiffest. In contrast, establishing
sufficient traverse life means limiting deformation and associated material stress. This is
evaluated for the coldest operational temperature, where the alloy is softest. It was ob-
served that the spring geometry allowed the fine sand to seep excessively through the mesh,
thus, the pitch and diameter of the springs were adjusted to achieve a denser mesh. Further
details on wheel testing are provided in Section 7.4.

Launch vibration testing was also performed on wheel prototypes to ensure that the flexible
mesh would not undergo excessive displacement or encounter resonance issues. This is an-
other area where simulations typically fall short of capturing the complex behaviour of the
mesh geometry, which contains tens of thousands of contact points, so testing is a preferable
way to characterise the system. The results were rather promising and showed that the dis-
placement was limited to a few millimetres and the first natural frequency was in excess of
100 Hz®.

7.3 Traverse analysis

Some examples have been presented in the previous chapters of how traverse analysis at
various levels has supported the development of the SFR locomotion subsystem and wheels.
It is worth dwelling on a few of these analyses to explain their nature and how they can
support the mission.

7.3.1 Terramechanical simulations

Early in the SFR development, MDA developed a simulation environment based on a ter-
ramechanical model coupled with a dynamic model of the SFR locomotion. The simulation
was gradually augmented as the design of the rover and the locomotion became more de-
tailed and as more information was gathered from wheel testing. Ultimately, this model be-
came the primary tool to predict the vehicle performance on all the combinations of soils,
slopes and obstacles that could be found on its path. This model was instrumental in sup-
porting the campaign-level trade-offs that shaped the SRL and SFR designs. Figure 7-32 re-
ports an example of the model’s graphic interface processing an obstacle climbing case with
visualisation of the contact forces and coefficients of friction.

69 This high frequency is desirable for the wheels because it would ensure that their first vibrational mode is not
excessively excited by the vibration of the suspension or the structure (which have lower natural frequencies).
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Time=045s Time=25s Time=6s

Figure 7-32 - Visualisation of the terramechanical simulation solving an obstacle climbing
case (credit: MDA)

The tool is implemented in MATLAB environment and is composed by two major elements:
a multibody dynamic model to represent the rover motion and a terramechanical model to
represent the interaction with the terrain. The implementation of both was adapted for SFR
from previous work by Ghotbi B. [37]. The multibody model uses a custom MATLAB library
that solves numerically the dynamic equations of a three-dimensional system of flexible
bodies. The analysis captures in detail the mechanical behaviour of the locomotion mecha-
nism, with representative mechanical joints and stiffness properties assigned to the main
contributing elements (e.g., bogie beams and tyres). The rover body and its appendages are
modelled as a rigid body with assigned mass properties.

The terramechanical model provides loads in input to the multibody model coming from
the interaction with the ground. It estimates traction, sinkage, slippage and rolling re-
sistance for each wheel through terramechanical equations that represent the characteris-
tics of the terrain material and the wheel behaviour on it. The whole simulation is solved
numerically at each time step, for intervals as small as desired. In general, a small time in-
crement is desirable to capture the dynamic phenomena involved in terrain interaction,
which have characteristic times shorter than a second. It derives that a model like this typ-
ically runs slower than real time. This is not an issue when producing local, high-fidelity
locomotion simulation, but it needs to be taken into account if the analysis has to be ex-
tended to an entire mission, as will be discussed in Section 7.3.2.

The multibody dynamic part of the simulation is relatively well-understood and validated.
The accuracy of its results is essentially driven by how well defined are the stiffness prop-
erties and mass distributions of the various elements. The terramechanical model, on the
other hand, is where most of the unknowns reside, partly because of the empirical nature
of wheel / soil interaction, partly because of the limited information available on the actual
mechanical properties of the Martian soil. Significant efforts went into filling gaps in these
areas, with early wheel testing for the former and geological assessments for the latter.

Orbital imagery allowed geologists to categorise the mission area into a variety of terrain
classes with different origins and characteristics. For the purpose of traverse performance
simulation, they were narrowed down to a list of the most widespread and the most chal-
lenging for locomotion design. The substrates associated with these terrains (i.e., the under-
lying material forming the driving surface, separate from obstacles, which are usually made
of rocky material) can be compared with Martian simulants available on Earth to provide
an approximation of their mechanical properties. In particular, the terrain classes were
mapped to corresponding ES simulants, described in Section 3.3.4. The main three sub-
strates on which most of the analysis and test was performed are the following:

166



Mars Delivery Service

1. Compacted regolith. Also called the “highway” soil. Varying in granulometry but
generally dense and cohesive, capable of providing good bearing capacity and trac-
tion with negligible sinkage. Most of the mission paths are purposely on this soil.
The equivalent simulant is ES-4.

2. Aeolian drift or dune sand. Fine material that is deposited by the wind, usually in
ripples or dunes. It offers little cohesion and flows easily, causing slippage and sink-
age. Traction on this soil is very limited and is therefore used as a worst-case sce-
nario. The equivalent simulant is ES-2.

3. Bedrock. An exposed layer of solid rock emerging above the regolith. It can exhibit
cracks, gaps and roughness to a varying degree, but can also be rather smooth if
shaped mostly by wind erosion. Since the ES simulants were developed to represent
regolith, there is no equivalent for bedrock, however, the material can be repro-
duced using certain types of sandstone.

The advantage of identifying equivalent simulants is that they are well characterised, so
their parameters can be used in the analysis and the results can be validated by testing on
the actual simulant. Figure 7-33 and Figure 7-34 provide examples of the occurrence of
these soils on Mars: the first one shows Perseverance next to a rock nicknamed “Rochette”,
from which two core samples were acquired for return to Earth. In front of the rover are
some small patches of exposed bedrock, while Perseverance was sitting on compacted reg-
olith at the time of the image.

Figure 7-33 - Perseverance at “Rochette” sampling site (credit: NASA / JPL-Caltech)
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The second image shows Curiosity next to a sand accumulation called “Namib Dune”, which
it is testing with its wheels. This dune is composed of aeolian drift sand that flows easily
when disturbed. It is worth noting how the left wheels of the rover were intentionally kept
on bedrock to avoid any risk of becoming trapped in a situation similar to that of Figure
3-13.

Figure 7-34 - Curiosity at “Namib dune” (credit: NASA / JPL-Caltech)

Once complete with soil properties, wheel - soil interaction parameters and validated
through test data, the terramechanical model becomes a powerful tool to estimate the loco-
motion performance of the vehicle. The simulation can predict what obstacles and slopes
the rover can climb on each substrate and evaluate the success of any manoeuvre on the
terrain. As it does that, it also computes mechanical loads on the system, actuator torques
and powers.

The analysis was run regularly during the SFR development on a spectrum of soil types,
slopes and obstacle heights. The outcome would provide data points to update the overall
performance of the rover on the mission paths. Some results are provided in Table 7-7, re-
porting the predicted obstacle climbing ability of the SFR baseline considered in this work.
As mentioned in Section 7.2.1.1, there is a 2 cm difference between the mechanical capabil-
ity and the height of the maximum targeted obstacle, which is reported in brackets.
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Max. obstacle on

Max. obstacle on

Max. obstacle on

Slope angle compact soil (cm) drift soil (cm) bedrock (cm)
0° 29.5 (27.5) 29.5 (27.5) 29.5 (27.5)

5° 29.5 (27.5) 20 (18) 25 (23)

10° 24 (22) 10 (8) 16 (14)

15° 13 (11) - 9(7)

20° 5(3) - -

Table 7-7 - Obstacle performance on different substrates predicted by the terramechani-
cal model

7.3.2 Surface Operations Engineering Tool

While terramechanical simulations can assess the rover’s performance locally, another
layer of analysis is required to extend these results to the overall mission. A Surface Opera-
tions Engineering Tool (SOET) was set up by Airbus in the early phases of the project as an
end-to-end simulator for SFR. Since the SFR mission is not fully defined, but constrained to
a limited number of paths, a statistical approach is suitable for this analysis. SOET is also
implemented in MATLAB, but, differently from the terramechanical model, it must run much
faster than real time to cover many mission scenarios in a useful time.

The tool processes all combinations of start and end points for traverse, changing other in-
puts in discrete steps, such environmental conditions and possible timelines of activities on
the surface. The outcome is an array of several hundreds of possible missions, showing
which combinations would lead to mission success and which ones would not. Detailed re-
ports can be generated to assess what caused the failures, which is typically running out of
time or energy to complete the assigned tasks. The review of the SFR mission analysis typi-
cally follows a “3-sigma rule”, i.e., it aims at a success rate of 99.7% across the spectrum of
possible mission scenarios.

The terramechanical simulations described in the previous section are one of the many in-
puts to SOET, providing the capability and performance indicators for traversing different
terrains encountered on the paths. It would be unfeasible for SOET to solve the detailed
terramechanical model on hundreds of paths, so it simply interpolates its results based on
local terrain classes. The local terrain is defined for each traverse segment by processing
maps of the surface, which provide the substrate, slope and rock distribution at that loca-
tion. From these parameters, the traverse capability, energy and time required to drive on
that terrain can be extracted from the results of the terramechanical model.

Figure 7-35 provides an overview of the information flow into SOET and around it. It can be
observed how the locomotion branch does not only provide performance parameters for
SOET, but also supports a number of locomotion-specific tasks (such as actuator, suspen-
sion and wheel design) and non-locomotion-specific tasks (such as computing power losses
for the thermal model).

Before being used into SOET, the locomotion inputs are processed by GNC analysis. Knowing
the obstacle capability of the locomotion subsystem the GNC system will steer the vehicle
to avoid obstacles that are above that threshold, driving a slightly longer distance each time
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it does so. Such distance penalty can be calculated statistically for various levels of rock cov-
erage. The rock coverage (CFA, as described in Section 7.2.1.1) is estimated from orbit for
each area of the map, so the associated path penalty can be computed. The energy and time
predictions of the terramechanical model are augmented with these penalties when they
are processed in SOET to obtain the global traverse performance of the rover.
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Figure 7-35 - Information flow in SOET and associated analyses

The algorithm in SOET follows each path and accumulates energy and time penalties as it
progresses along the route. This runs on the backdrop of the Martian diurnal cycle with its
solar illumination and temperature profiles. The tool simulates the behaviour of the rover’s
thermal control and electrical power system, so each day the rover warms up before com-
mencing traverse operations and it continues for as long as there is sufficient power. Com-
munication passes and ground planning cycles are also coded in the simulation, including
allowances for less predictable events such as faults and planning mistakes. The mission
success for each simulation run is defined by managing to complete the outbound and re-
turn traverse within the allowable time and energy.
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7.3.3 Other analyses

Other analysis tools that are worth mentioning, since they are rather specific to the rover’s
mobility, include the calculation of the vehicle’s stability angles, which is already described
in Section 7.2.1.1. This analysis has a central role in defining the architecture of the vehicle,
especially in sizing its footprint. It was also observed how, in this case, it determined the
mounting point of the pivot joints, constraining the mechanical interfaces of the rover’s
structural frame. The stability calculation is purely static, simply solving a multibody model
of the rover to determine the slope angle at which one wheel loses contact with the ground.
Since it does not account of dynamic effects, robust margins must be placed on its results,
so, in operation, the rover would automatically stop well before its attitude reaches the crit-
ical angle.

To augment the calculation of stability angles, detailed non-linear dynamic simulations are
also carried out for some corner cases. These are more resource-intensive and can cover
only specific scenarios, however, they capture far more accurately the behaviour of the ve-
hicle when interacting with terrain features. One area where such approach is particularly
effective is the determination of impact loads. They emerge when driving or sliding off a
large rock and they are the sizing factor for most of the locomotion subsystem’s structure
and other deployable appendages like the mast and the solar arrays. The non-linear dy-
namic model allows to simulate these particularly energetic events, including the response
of the highly compliant tyres.

Another relevant piece of analysis is the motorisation assessment, which focuses on verify-
ing that motors have sufficient torque to overcome all worst-case losses and resistive loads
whilst still producing the desired output. This analysis is actually common to any spacecraft
and is performed in accordance to the European Cooperation for Space Standardisation
(ECSS) rules. Nonetheless, the application to planetary locomotion of regulations developed
with microgravity in mind can be challenging and potentially lead to overdesign. According
to the standard ECSS-E-ST-33-01C Rev.2, Space Engineering: Mechanisms [67], the mini-
mum design torque for a rotary actuator, T}, ;,, is given by the following equation:

Toin = MF (U; I + Ug S+ Uy Hyy + Ug Fg + Uy Hy + Uy Hy + Up Hp) + U Te + T,

In this expression, MF is the motorisation factor and is always equal to 2 according to the
regulation. The terms that follow represent resistive torques internal to the actuator and
are clarified by Table 7-8. With reference to the uncertainty factors, the values to use in the
equation above are chosen from the table on the basis of how the associated resistive torque
contributor has been quantified: if it is computed by analysis, then the uncertainty for the
theoretical value is used, if it is determined though test on representative hardware, then
the uncertainty for the measured value is used. Lastly, T, is the required output torque,
which, in the case of locomotion actuators, is given by:

TL =MFKLT£

where K is an uncertainty factor on the estimation of the required load (established on the
basis of the fidelity of the model, typically ranging from 1.2 to 1.5 in this case) and Tj is the
raw prediction of the resistive torque to overcome during traverse.
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Resistive torque Uncertainty for Uncertainty for
. Symbols .

contributor theoretical value measured value

Inertial loads due jco I U =11 U =11

external acceleration

Spring S Us =12 Us=11

Magnetic effects Hy Uy=15 Uy =11

Friction Fg Up =3 Up =15

Hysteresis Hy Uy =3 Uy =1.5

Others (e.g., harness) H, U,=3 Uu,=15

Adhesion Hj Up=3 U, =15

Inertial loads due t

pertial foads due *o T, Up = 1.25 Up = 1.25

actuator acceleration

Table 7-8 - Resistive torque contributors and uncertainty factors

The application of this approach to planetary locomotion faces two peculiar aspects: firstly,
the output torque T} and the resistive contributions are unusually large and, with uncer-
tainty and motorisation factors, they would need actuators that are prohibitively powerful
and heavy. Secondly, multiple actuators can be involved in providing the same function (e.g.,
driving), meaning that the contributions of their motorisation factors add up in overcoming
the external load.

In light of these considerations, a tailored approach was established to replace the typical
motorisation factor of 2 with an array of factors varying from 1 to 2, depending on the sce-
nario. The sizing cases were categorised according to their probability of occurrence and
their severity, then a motorisation factor was associated to them based on the combination
of the two. For example, a large obstacle at the limit of the rover capability (275 mm) is
expected to occur in the order of 100 times in the overall mission, so the associated proba-
bility is medium. The failure to overcome such obstacle would cause a GNC error that stops
the vehicle and calls for ground intervention, which is undesirable but not mission-threat-
ening, so its criticality is also medium. The corresponding motorisation factor is 1.5, requir-
ing the motor to provide 1.5 times the torque required by this scenario instead of 2, thus
avoiding excessive oversizing of the mechanism.

Lastly, the locomotion subsystem is involved in a variety of standard spacecraft analyses
that contribute to shaping its design, such as Finite Element Method (FEM) modelling of
launch vibration, thermal analysis for warm-up and overheating, thermo-elastic distortion,
etc. However, all of these are common processes of spacecraft engineering and not particu-
larly specific to planetary mobility, so they will not be discussed here.

7.4 Traverse testing

To augment the fidelity of the terramechanical model described in Section 7.3.1 and validate
the novel design of the superelastic spring tyre, a testing campaign was devised with the
aim to characterise the traction performance of wheel prototypes on representative soil
simulants. These are single-wheel tests, where a wheel is driven on a testbed filled with soil
by a rig that simulates the vehicle’s weight by applying a normal load onto the wheel. One
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of the most important performance indicators to characterise is the drawbar pull, i.e., the
net thrust produced by the wheel, as a function of slip ratio. The results obtained are shown
in Figure 7-36 for ES-4 simulant (compacted regolith) and Figure 7-37 for ES-2 simulant
(dune sand). The wheel prototypes used in this test would be then be mounted ona 1:1 scale
breadboard model of SFR for full vehicle testing.
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Figure 7-36 - Drawbar pull as a function of slip ratio on ES-4 for a prototype SFR wheel
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Figure 7-37 - Drawbar pull as a function of slip ratio on ES-2 for a prototype SFR wheel

The slip ratio used in these tests is defined as:

V—wT,
§=—
v
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where v is the velocity of the vehicle, w the angular velocity of the wheel and r, the effective
rolling radius (accounting for tyre deflection). When the slip ratio is negative, it means that
the vehicle is moving faster than the velocity commanded to the wheels, for example, when
skidding downslope.

In Section 7.1.1 it was noted how a full-scale locomotion breadboard would be highly ad-
vantageous in addressing risks associated to four-wheeled planetary mobility and un-
knowns around the usage of superelastic spring tyres. The platform shown in Figure 7-38
was developed by MDA for such purpose and tested on a variety of representative terrains.

Figure 7-38 - Design of the SFR locomotion breadboard (credit: MDA)

One of the challenges associated to full-vehicle locomotion testing is that it has to produce
loads on the wheels that are representative of Martian gravity, which is only 38% of Earth’s.
While for a single-wheel test the desired load can be applied through adjustment of the test
rig, on a mobile platform this constrains the total mass to be 38% of the flight system’s mass.
The only alternatives are complex offloading systems using cables that are undesirable and
can affect the locomotion behaviour, reducing its fidelity.

On SFR, the locomotion subsystem accounts for an unusually large mass fraction of the ve-
hicle: around 30% of its total mass. This means that, if FAST was built according to the flight
design, there would be very little mass left for the rover frame, control electronics and sen-
sors. Furthermore, the centre of gravity would be far too low compared to the flight config-
uration. To address these issues, the breadboard rover uses a very lightweight version of
the SFR locomotion, with fully-representative kinematics, but stripped down to the mini-
mum structure necessary. The resulting platform is able to closely reproduce the weight
and COG of the flight rover.

A test campaign was outlined for this platform, with the overall objectives of validating the
SFR locomotion design, measuring its traverse performance, characterising wheel behav-
iour, quantifying the mechanical loads generated during mobility, augmenting the fidelity
of the simulation and identifying areas of improvement in the rover’s mobility [68]. A spe-
cialised rover test centre was selected, located at Beyond Gravity’s (former RUAG Space)
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site in Zurich. The facility uses a 6 m by 6 m testbed that can be filled with ES simulants or
bedrock and populated with obstacles. The testbed is mounted on a tilting platform that can
be configured to any slope up to 26°. Several force and torque sensors are incorporated in
the system and also placed on the terrain when needed. The facility is equipped with a 3D
tracking system to measure the motion of the vehicle and cameras positioned at multiple
viewing angles.

The test programme focused on characterising the rover’s ability to climb slopes and obsta-
cles, but also included lateral slope cases, static stability tests, impact loads and traversal of
randomly-structured terrain. An initial investigation was carried out to determine the most
difficult obstacle shape to climb. The survey included rocks shaped like rectangular blocks,
hemispheres or pyramids and demonstrated that the rectangular block clearly produced
greater torques and slippage, thus becoming the reference sizing shape for all obstacle anal-
yses. This initial investigation also demonstrated how the limiting factor is always the rear
wheel climb, as predicted by the analysis in Section 7.1.4.

The slope and obstacle characterisation produced the results reported in Table 7-9, which,
compared to the predictions in Table 7-7, shows better performance than expected for all
combinations. The values reported here reflect the raw locomotion capability, so should be
compared with the prediction without the 2 cm margin. The maximum slopes that the rover
can climb without obstacles were found to be 12° on ES-2 and more than 25° on ES-4 and
bedrock.

Max. obstacle on com- Max. obstacle on drift Max. obstacle
Slope angle

pact soil, ES-4 (cm) soil, ES-2 (cm) on bedrock (cm)
0° 32.570 325 3171
5° 29.5 295 31
10° 25 25 31
15° 18 Not tested 27
20° 10 Not tested 15

Table 7-9 - Obstacle performance of the SFR locomotion breadboard on different sub-
strates and slopes

The critical stability angle was measured as 35.8° in the lateral direction, in good accordance
with the analysis in Section 7.2.1.1. Impact loads were measured through force impact
plates positioned where the wheel would land descending an obstacle. These loads will be
used to size the mechanical elements of the suspension and the wheels. Lastly, test runs on
randomly distributed rocks were performed to reproduce certain CFA levels. These pro-
duced very good results in terms of energy consumption, measured at 250 J/m on CFA 5%

70 On this breadboard the ground clearance is greater than on the flight configuration, allowing to test obstacles
taller than 29.5. The limit of the purely wheel-driven capability (i.e., neglecting ground clearance) was not found
for the low slope angles, but is expected to be well above 32.5 cm.

71 The tallest obstacle on bedrock is only 31 cm due to the bedrock substrate taking up some height, however,
the capability is expected to be even greater than that on other soils.
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and 300 J/m on CFA 10% (both on 0° slope). One of the tests included a “torture track” con-
figuration with a great number of sharp rocks - many more than any CFA level that SFR
would encounter - to test the robustness of the wheels. Figure 7-39 shows some snapshots
of the testing: slope climbing on ES-2 (A), static stability (B), torture track (C), obstacle
climbing on bedrock (D).

Figure 7-39 - Snapshots of the breadboard locomotion testing (credit: MDA / Beyond
Gravity)

The results of this test campaign have been extremely valuable in demonstrating that the
design of the SFR locomotion subsystem is on the right path and in retiring risk on its de-
velopment. The superelastic spring tyres have consistently performed above expectations,
proving that they are an appropriate choice for a four-wheeled platform. The information
gathered has been used to calibrate the simulations described in Section 7.3.1, leading to a
higher-fidelity estimation of the vehicle’s capability, the energy and time penalties associ-
ated with each terrain configuration. This allowed to tune the GNC system to account for
this performance and provided confidence that SFR can complete its mission within the time
and energy available.
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8 DEVELOPMENT OF THE SFR
SYSTEMS: SAMPLE ACQUISITION

The essence of the SFR mission can be crudely summarised as traversing to the depot, ac-
quiring tubes and traversing back to the lander to deliver those tubes. In this view, the two
most prominent high-level functions of the spacecraft are locomotion and tube acquisition.
While the former has been described in the previous chapter, the latter will be covered in
the present one, which is dedicated to the system responsible for acquiring up to 30 Return-
able Sample Tube Assemblies (RSTAs) from the surface of Mars: the RSTA Acquisition Sys-
tem (RAS).

The elements that form the RAS are spread across the perimeters of multiple subsystems,
sometimes shared with other functions (e.g., cameras used also by GNC during traverse), so
the aim of this chapter is to summarise how they come together to enable autonomous re-
trieval of the sample tubes. The following pages will firstly outline the architecture of the
system and its operations, then describe the chosen technical solutions and discuss how
their implementation is justified by analysis.

Before entering the detailed discussion, one clarification should be made as to the terminol-
ogy associated with the sample tube. In this document so far, the item to be retrieved from
the surface of Mars is described as an RSTA (or, more simply, “tube”), corresponding to the
assembly shown in Figure 5-6. However, late in the SFR development, a choice was made to
leave another piece of hardware attached to the tube, called “glove”72. The glove is a tita-
nium part connected to the wider portion of the tube, whose function is to facilitate its han-
dling inside the Perseverance rover. The reason for leaving this component on the tube is to
aid subsequent handling by the robotic systems on board the lander. The thereby obtained
item is called an “RSTA and Glove Assembly” or RGA and the RAS was requested to be com-
patible with it. However, this was only preliminarily assessed at the time of writing and
therefore will not be included in this summary. Most of the considerations discussed here

72 This decision can be made while Perseverance is already on Mars because it has the functionality to separate
the glove from the tube or not before dropping it in the depot.
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remain valid also for the acquisition of RGAs, even though they are larger than RSTAs and
have different mechanical interfaces, so they would affect the detailed mechanical design of
some components.

8.1 RAS architecture

The RSTA Acquisition System performs the high-level functions of identification, acquisi-
tion, manipulation and stowage of the sample tubes. To achieve these functions, the system
is composed of a suite of hardware items and software applications, as follows:

e Vision system, containing:

o Navigation Camera (NavCam), shared with the rover’s GNC (see Section 6.6).
The same stereo camera that maps the rover’s surroundings for traverse is used
by the RAS to image the terrain in search of the tube.

o RSTA Detection Camera (RDC), a small “eye-in-hand” camera on the manipula-
tor’s wrist, dedicated to close-up imaging of the tube.

o Vision-Based Detection Software (VBDS), the algorithm that analyses images
and returns the estimated position of the tube in space.

e Arm and Gripper Subsystem (AGS), containing:

o Robotic arm, a 6-DOF manipulator to reach and handle the tube.

o Gripper, the arm’s end effector that captures the tube and carries it to its stor-
age location.

o RSTA Re-grip Bracket (RRB), a temporary resting feature for the tube to allow
to switch the grasping point.

o AGS control software, the program that transforms high-level commands into
arm motion profiles and monitors their execution.

o RSTA Storage Assembly (RSA), a structure containing 30 slots to secure the sam-
ple tubes acquired by the RAS.

e Acquisition Management Software (AMS), the software in charge of the end-to-
end acquisition sequence, from the moment the rover arrives at the tube location to
when it is ready to depart.

The RAS also uses other elements on board the rover that are part of other systems, in par-
ticular the Actuator Control Electronics (ACE), which control all mechanisms on board in-
cluding the AGS, the Integrated Avionics Box Subsystem (IABS), which runs all the software
required by the RAS, and the Mission Management Software (MMS), the central software of
the Sample Fetch Rover that orchestrates every phase of the mission and issues commands
to the AMS. Some of the hardware elements mentioned above can also be seen in Figure 6-6.
Table 8-1 provides a summary of the main organisations involved in the RAS and their roles
in its development.
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Organisation Role
ESA End customer, partner with NASA as part of MSR

) Prime contractor for SFR, technical authority for the
Airbus

RAS and developer of the AMS

Contractor for the AGS, including control software,

L d

eonardo RDC and RRB
Sener Contractor for the gripper
GMV Developer for the VBDS

Beyond Gravity Contractor for the RSA

Maxon Supplier of actuators for the AGS

Table 8-1 - Main organisations and their roles in the development of the RAS

8.1.1 Design drivers

The main design drivers that have influenced the RAS implementation are the tube pickup
timeline, the topology of the depot terrain and the physical configuration of the rover. With
regard to the timeline, it might not appear particularly demanding upon first assessment,
since SFR has a period in the order of 100 sols to pick up 30 tubes during a typical mission.
However, it is easy to underestimate the time required to carry out complex robotic opera-
tions on a deep space mission.

If, for example, the rover was primarily teleoperated by ground, the sequence would take
an enormous amount of time. It can be imagined how a command (e.g., move the arm to a
certain location) would be scripted, checked and issued by ground, beamed to Mars through
a Deep Space Network (DSN) antenna and received by an orbiter of the Mars Relay Network
(MRN) a few minutes later. Following that, the orbiter would have to store the data until a
usable pass over the rover’s location, which might be hours away. Once the instructions are
downlinked to the rover, they would be executed over a timespan of minutes to hours for
typical robotic operations like in this example. At the end of the activity, the rover would
collect telemetry and any useful information on the outcome, then wait for an orbiter link
and transmit the data. A few minutes later, ground would have feedback on the execution of
their instruction. At that point, even if everything went perfectly and mission controllers
already had the next batch of instructions ready for upload, the rover would have most likely
transitioned to sleep, so any other activities would be carried out the next day.

The heavy time penalties that come with telecommunications across the Solar System can
be avoided only through a high degree of operational autonomy, so that the spacecraft is
able to continue its mission for prolonged periods without ground intervention. Even Per-
severance, which has excellent autonomy and direct-to-Earth communication capability
(i.e., it does not need to wait for an orbiter pass) takes days, sometimes weeks, to collect a
sample. If the RAS took the same time to retrieve it, the SFR mission would be completely
unfeasible.

As aresult, SFRis able to carry out its tube acquisition operations in full autonomy. Not only
can it approach, identify, pick-up and stow a tube by itself, but it can also handle various
failures and anomalies and decide whether to re-try with alternative strategies or stop the
sequence. Furthermore, once operations on a tube are terminated, it can automatically drive
to the next one marked for pickup. If operations are interrupted in the evening, the rover
would be able to resume from that point the following day. The most frequent termination
condition for RAS operations is due to the sun producing shadows too long to allow reliable
visual recognition.
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The morphology of the terrain on which the tubes are deposited drives the design of the
vision algorithms and of the manipulation systems, in particular the gripper. Naturally, this
terrain cannot be known until Perseverance has prepared the depot, but a series of guide-
lines, established in cooperation between the SFR and the Perseverance teams, allow to
bound its characteristics. Tubes cannot be deposited on loose sand, because they would get
covered by the action of the wind and become unrecoverable. They cannot be deposited on
any type of terrain that is too featureless, as there would be no reference points for posi-
tioning the rover. On the other hand, the presence of large rock formations can impede ac-
cess to the tubes.

Figure 8-1 - Tubes lying on terrain with rocks and crevasses (credit: NASA / JPL-Caltech)

The ideal depot location is an area of flat bedrock or compacted regolith with a degree of
general roughness and small rocks. This implies that there will be features that can produce
various shadows and shapes that the vision system must be robust to. It also means that
there will be situations where the tube is lying in proximity of an obstacle or in a depression,
so the arm and gripper need to be able to access narrow spaces. Figure 8-1 provides some
examples of such situations. It should be noted that this figure contains several tubes in
close proximity, which are arranged in this way to exercise the vision system but do not
represent a real depot layout.

The last key design driver for the RAS is the physical configuration of the rover, in particular
the forward-facing area, where most of the RAS elements are located. The mechanical archi-
tecture of the rover is heavily constrained by its accommodation on the lander and the stow-
age of the locomotion subsystem, described in Chapters 6 and 7. As a consequence, the
ground footprint and the size of the rover body cannot go beyond certain limits. These con-
straints define, respectively, the workspace on the ground between the wheels from where
the tube can be picked up and the area on the vehicle’s front face where the RAS hardware
can be mounted.

The SFR GNC controls the vehicle by monitoring terrain features, so it is generally unaware
of the presence of tubes. However, the location of each tube with respect to the terrain is
known a priori, so can be inferred during navigation. In the depot area there will be DEM
data available at medium to high resolution, enabling SFR to position itself with respect to
the tube before attempting visual detection. This operation is affected mainly by two types
of error: on position knowledge and on position control. The error on position knowledge
is based on the quality of the DEMs (the one produced by Perseverance and the one gener-
ated on board SFR) and the feature matching process. The error on position control is
mostly due to interactions with the terrain (such as areas with different traction, slip, sink-
age, resistance caused by obstacles), plus a small contribution from the locomotion actua-
tors’ accuracy. A conservative estimate places the total error at approximately 310 mm,
with a contribution of 100 mm from position knowledge and 210 mm from position control.
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[t derives from the above that, as the rover attempts to position itself for picking up a tube,
it will have a maximum error of #310 mm in any direction. Expressing it from the rover’s
point of view, it means that the centroid of tube can end up in any location within a 620-
mm-diameter circle on the surface. Adding the tube length, this leads to a circle of 765 mm
in diameter containing the entire tube.

The circular region just described is of great importance for the physical architecture of the
RAS and of SFR. It defines the area that must be visible by the cameras for tube recognition,
it sizes the robotic arm’s workspace and it constitutes a keep-out zone where the wheels
cannot drive to avoid the risk of damaging the tube. As the pickup area is located between
the front wheels, this circle also sets a minimum value to the width of the rover. The tube
pickup area just described is reported in Figure 8-2, while Figure 8-3 provides the projec-
tion of this area in the field of view of the NavCam tilted downwards.

Figure 8-3 - Tube pickup area with viewing cones from the NavCam
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One last driving requirement worth noting on the physical layout comes from the interface
with the lander for tube transfer. All tubes must be provided with their “heads” (i.e., the
larger portion of the tube) pointing upwards. In addition, their spacing and the hardware
around them must guarantee access corridors for the large Sample Transfer Arm (STA). This
drives the size and location of the tube storage assembly, contributing to the constraints on
the front face of the rover.

8.2 Tube fetching operations

In response to the challenging timeline described in the previous section, the tube fetching
operations are highly automated, so that the rover can carry out most of them without the
intervention of mission controllers. SFR can handle several error conditions and failures by
itself and would call for ground only for critical faults or if tube safety is threatened. This
implies the definition of a robust failure management strategy for all those situations that
are not planned but have a non-insignificant probability of occurring. Once again, the ap-
proach is statistic: only the most credible events are covered to avoid excessive complexity
in the software. The following pages describe the typical operational sequence of the RAS
and the management of some of these exceptions as they occur.

8.2.1 Tube approach

The Sample Fetch Rover orientates itself primarily by observing terrain features. This is
true also when driving up to a tube in the depot. As described in Section 6.6, the SFR GNC
provides a novel function, never implemented on board a planetary rover before: Absolute
Global Localisation (AGL). This feature allows the rover to compare DEMs or images of its
surroundings with maps stored on board and estimate its position with relation to them
[69]. AGL is available in two variants: AGL-T for traverse operations and AGL-D for depot
operations.

AGL-T is activated regularly while driving and it compares the local topology with maps
from the High-Resolution Imaging Science Experiment (HiRISE) payload on board Mars Re-
connaissance Orbiter. HiRISE data has a resolution of approximately 0.3 m and the AGL-T
process is expected to achieve a positioning accuracy better than 10 m (varying on the basis
of the quality of the HiRISE data at that particular location).

The rover transitions to AGL-D upon arrival in the depot area. This location will have been
mapped by Perseverance with a resolution varying from a few cm for the overall coverage
to 1 mm in close proximity of the tube. The AGL-D process is expected to achieve a position
knowledge accuracy better than 10 cm, in line with the assumptions in Section 8.1.1. A sim-
ulation was run using a dataset from a previous rover field trial where both NavCam images
and ground truth information are available. The ground truth map was scaled down to the
worst-case resolution from Perseverance and was provided to the AGL-D algorithm as ref-
erence. The algorithm was then fed with NavCam images that were combined into DEMs
and compared to the reference. The results are shown in Figure 8-4, which plots the 2D
position error (obtained by comparison with ground truth) and the 2D uncertainty (esti-
mated by the AGL-D feature-matching algorithm) for 1000 test runs on this dataset.
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Figure 8-4 - Results of AGL-D performance simulation (credit: M. Dinsdale)

Once the rover has completed the approach and is parked in proximity of the tube, one final
command tilts the mast head down so that the cameras’ line of sight is orthogonal to the
ground. The locomotion and mast actuators are then powered off and the control is handed
over to the Acquisition Management Software. This marks the beginning of the RAS opera-
tions.

8.2.2 Tube detection

The first part of the RAS operational sequence is dedicated to the identification of the tube
and estimation of its position with respect to the rover. The detailed sequence of activities
is presented in Table 8-2.

Activity Illustration

1. NavCam-based detection
a. AMS requests NavCam stereo image acquisition
b. NavCam images are sent to VBDS for processing
c. VBDS returns 5-DOF tube pose7? and point cloud of
the terrain around the tube 5
d. AMS verifies that the tube is reachable by the arm
without collisions and computes preliminary ap-

proach trajectory

73 The roll angle around the tube’s major axis is neglected as it is not required for the operations.
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2. AGS deployment
a. AMS requests a deployment trajectory to a prede-
fined idle pose to AGS software
b. AMS sends motion profiles to ACE
c. ACE commands AGS actuators to achieve the de-
sired trajectory

3. RDC-based detection

a. AMS generates two arm poses for stereo imaging of
the tube with RDC

b. AMS requests trajectory to first RDC pose to AGS
software

¢. AMS sends motion profiles to ACE

d. ACE commands AGS actuators to achieve the de-
sired trajectory

e. AMS requests RDC image acquisition

f. Steps b. to e. are repeated for second RDC pose —n

g. RDC images are sent to VBDS for processing

h. VBDS returns updated 5-DOF tube pose

4. Generation of pickup trajectory
a. AMS generates set of waypoints to the tube location
b. AMS sends waypoints to AGS software to generate
pickup trajectory
c. AGS software returns pickup trajectory
d. AMS confirms successful completion of tube detec-
tion sequence to MMS

Table 8-2 - Operational sequence for tube detection

It can be noticed in the sequence how the visual detection process is performed in two iter-
ations: a first one using the NavCam on the mast and a second one using the RDC on the
robotic arm’s wrist. This is due to the fact that the NavCam provides a wide view of the
terrain that certainly includes the tube, while the RDC allows more targeted close-up imag-
ing that increases the accuracy of the pose estimation on the tube. For tubes that are clearly
visible and not placed in challenging terrain (i.e., there are no features around them that
require accurate position knowledge to be avoided), the NavCam-based detection alone can
be sufficient. When approaching those tubes, step 3 can be inhibited in the sequence to save
time. Knowledge of the terrain from Perseverance’s data allows to configure this a priori in
certain cases.

It was discussed in Section 8.1.1 how a high degree of autonomy is necessary to meet the
pickup timeline and particularly how the resolution of certain types of failure must be at-
tempted on board before calling for ground intervention. The activities in Table 8-1 consti-
tute the nominal sequence, but a significant number of alternative approaches are coded
into the AMS logic to deal with exceptions. For example, the NavCam-based visual detection
is an activity that cannot be guaranteed to always succeed due to lighting conditions and
terrain features around the tube.
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If the first detection attempt failed, the AMS would request more images with different ex-
posures to try to mitigate shadowing issues. In case this also failed, the rover would exit
from its RAS operation mode and re-engage the locomotion subsystem to drive around the
tube location and obtain another viewing angle, which might be more favourable to detec-
tion. If even this last attempt was unsuccessful, the system would request ground interven-
tion. However, it would not do so in a way that interrupts the fetching sequence: it would
simply save all the images acquired for transmission to ground control and move on to the
next tube. In this way, mission operators can address the issue offline, with minimum im-
pact on the operational schedule of the rover, and return to that tube at a later time. Similar
strategies are coded in multiple areas of the RAS operations to maximise the rover’s ability
to autonomously manage anomalies.

8.2.3 Tube grasping

The sequence of operations for the tube grasping phase is reported in Table 8-3 (the num-
bering is continued from Table 8-2).

Activity Illustration

5. Arm motion to pickup point
a. AMS sends motion profiles for pickup trajectory to
ACE
b. ACE commands AGS actuators to achieve the de-
sired trajectory
c. AGS motion is stopped by detection of contact with
the tube or the ground by sensors on the gripper’+

6. Tube grasping
a. AMS commands (via ACE) to close the gripper
b. AMS sends motion profiles to follow the pickup tra-
jectory in reverse to ACE
c. ACE commands AGS actuators to achieve the de-
sired trajectory
d. AMS commands (via ACE) to close the gripper again

to guarantee preload’s

e. AMS sends motion profiles for idle pose to ACE

f. ACE commands AGS actuators to achieve the desired
trajectory

g. AMS verifies that AGS telemetry?¢ indicates pres-
ence of the tube between the gripper’s fingers

74 These sensors and the detailed gripper design are further discussed in Section 8.4.2.

75 Once the tube has been lifted above the ground, a second closing motion is commanded. Its purpose is to
restore the preload in case sand was present between the tube and the fingers and had fallen out during pickup,
loosening the grip.

76 The fingers strain gauges and position sensors are read to confirm that the position at which the preload is
detected is consistent with a tube being present between the fingers.
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7. Grasp check
a. AMS requests trajectory to a predefined grasp-
check pose’” to AGS software
b. AMS sends motion profiles to ACE
c. ACE commands AGS actuators to achieve the de-
sired trajectory
d. AMS requests NavCam stereo image acquisition

e. NavCam images are sent to VBDS for processing
f. VBDS returns confirmation of tube presence and po-
sition of the gripping point on the tube’s shaft

Table 8-3 - Operational sequence for tube grasping

These operations contain the first contact between SFR and a sample tube: that would be
the first time two human-made objects, launched at different times, meet on another planet.
It has been mentioned in Section 8.1.1 how the safety of the tube and its content are a major
design driver. In the case of direct mechanical manipulation of the tube this becomes even
more critical. Mars Sample Return aims to provide humankind with pristine samples from
the Martian surface, so there is little value in returning damaged tubes that would expose
their content to contamination from the Earth’s atmosphere. The point that is particularly
sensitive to mechanical damage is the area of the seal, where thin metal parts are plastically
deformed to form an airtight connection.

The operational sequence takes this aspect into account and aims to ensure that no hard-
ware on the rover ever makes contact with the tube seal. As a result, some types of faults
cannot be corrected on board. In particular, if the grasping activity is not successful and the
tube is not detected in the gripper after a pickup attempt, the AMS would return to point 1
in the sequence and trigger another detection of the tube. If that shows that the tube is still
in the workspace and can be picked up, then the activity would restart. On the other hand,
if the tube is not detectable anymore, it might mean that it has rolled away or it has been
dropped?’8 at some point in the sequence. In that case, the rover would acquire various im-
ages and call for ground. It would not even try to drive away as the tube might be in prox-
imity of a wheel. Itis a prerequisite of the autonomous RAS operations that the tube remains
in full control at all times.

One last aspect worth noting in this sequence is the role of the grasp check operation. This
is not only to confirm that there is a tube in the gripper, but also to estimate the position of
the gripping point along the tube shaft, which is affected by errors during grasping. Knowing
this position is useful for aligning the tube during insertion into the RRB, part of the next set
of activities.

8.2.4 Tube stowing

Table 8-4 provides a summary of the tube storage operations (the numbering is continued
from Table 8-3).

77 The grasp-check pose brings the sample tube up towards the NavCam to facilitate imaging.
78 Dropping to the ground from this height is not harmful for the sample tube. That is, in fact, how the tubes are
released by Perseverance.
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Steps 9 and 10 in this sequence are dedicated to insertion and extraction in the RSTA Re-
grip Bracket (RRB). The role of this device is simply to provide a temporary station to switch
the grasp of the tube from a “body grip” (approximately located in the middle portion of the
tube shaft) to a “head grip” (holding the head of the tube with the shaft pointing away from
the gripper). The head grip is necessary to secure the tube into the storage, where the shaft
is inserted into the storage slot and would not be accessible. The tube storage assembly and

the insertion motion are further discussed in Section

Activity

INlustration

8. RRB approach
a. AMS requests trajectory to a predefined RRB ap-
proach pose to AGS software
b. AMS sends motion profiles to ACE
c. ACE commands AGS actuators to achieve the de-
sired trajectory

9. RRB insertion
a. AMS requests trajectory to first RRB alignment
pointto AGS software
b. AMS sends motion profiles to ACE
c. ACE commands AGS actuators to achieve the de-
sired trajectory

d. AGS motion is stopped by contact with the first RRB

alignment sensor

e. Steps a. to d. are repeated for second RRB alignment

point
f. AMS commands (via ACE) to open the gripper

10. RRB extraction

a. AMS requests trajectory to a predefined RRB pickup

pose to AGS software

b. AMS sends motion profiles to ACE

c. ACE commands AGS actuators to achieve the de-
sired trajectory

d. AGS motion is stopped by detection of contact with

the tube by sensors on the gripper
e. AMS commands (via ACE) to close the gripper

f. AMS requests trajectory to a predefined RRB extrac-

tion pose to AGS software

g. AMS sends motion profiles to ACE

h. ACE commands AGS actuators to achieve the de-
sired trajectory
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11. RSA approach

a. AMS requests trajectory to a predefined RSA ap-
proach pose to AGS software

b. AMS sends motion profiles to ACE

c. ACE commands AGS actuators to achieve the de-
sired trajectory

d. AMS allocates a slot in the RSA to the tube and re-
trieves the approach pose for that slot

e. AMS requests trajectory to RSA slot approach pose to
AGS software

f. AMS sends motion profiles to ACE

g. ACE commands AGS actuators to achieve the de-
sired trajectory

12. RSA insertion

a. AMS requests trajectory to RSA slot insertion pose to
AGS software

b. AMS sends motion profiles to ACE

c. ACE commands AGS actuators to achieve the de-
sired trajectory

d. AGS motion is stopped by reaching the end of travel
on the RSA slot

e. AMS commands (via ACE) to open the gripper

13. Arm stowage

a. AMS requests trajectory to a predefined idle pose to
AGS software

b. AMS sends motion profiles to ACE

c. ACE commands AGS actuators to achieve the de-
sired trajectory

d. AMS sends motion profiles to ACE for predefined 5
arm stowage sequence

e. ACE commands AGS actuators to achieve the desired
trajectory

f. Once stowage is confirmed by AGS sensors, AMS flags
sequence as completed and hands over to MMS

Table 8-4 - Operational sequence for tube stowing

The set of activities in Table 8-4 concludes the RAS operations. The entire sequence, from
step 1 to 13, is repeated for each tube, with deviations, as mentioned above, in case of failure
or if ground control chose different activity plans for some specific tubes. As a matter of fact,
in the SFR mission there is one last sequence involving the RAS, although this happens with
the system completely inactive: the tube transfer operation. This constitutes the handover
of the tubes to the Sample Retrieval Lander (SRL), for which SFR has to park in a specific
location within the workspace of the Sample Transfer Arm (STA). The vehicle is then
switched off and the STA autonomously offloads all the tubes from the storage and secures
them into the canister that will be launched into orbit.

8.3 Vision system

The components used for visual detection of the sample tube are spread across the perime-
ter of multiple subsystems. They consist in the Navigation Camera (NavCam, part of the
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rover’s GNC), the RSTA Detection Camera (RDC, part of the AGS perimeter) and the Vision-
Based Detection Software (VBDS, coded on the rover’s computer in the IABS). A brief sum-
mary of their design is provided below.

8.3.1 Cameras

As described in Section 8.2.1, the first attempt to detect a sample tube is always made using
the NavCam on top of the rover’s mast. This camera offers a wide view that can be assumed
to always contain the tube, so it does not require any specific pointing beyond being tilted
downwards. However, the accuracy on tube pose estimation from the NavCam is limited by
the width of the stereo bench, which is only 0.15 m, while the tube is more than 1.7 m away.
Triangulation errors are significant when dealing with such a small stereo base, so for the
tubes that require precise positioning of the gripper to avoid terrain features, the NavCam
is not sufficient.

The RSTA Detection Camera (RDC) is a single-lens camera, it is close to the ground and re-
quires pointing towards the tube’s location (previously estimated using the NavCam).
Through movement of the arm, the camera can acquire a stereo pair of images from two
positions that have a spacing of the same magnitude of the tube distance from the camera,
thus achieving a much tighter pose estimation error. Furthermore, RDC images can be re-
quested at any moment during the tube grasping sequence, allowing ground to command
the arm more accurately for difficult pickup situations. Figure 8-5 shows CAD models of the
NavCam and the RDC mounted on the robotic arm, while Table 8-5 reports some key speci-
fications of the two cameras.

Figure 8-5 - NavCam (left) and RDC on the arm’s wrist (right) (credit: Neptec / Leonardo)

Feature NavCam RDC

Field of view 65°x 65° 65°x 65°
Resolution 2048 x 2048 px 1024 x 1024 px
Colour mode Monochrome Monochrome
Focusing distance 1.7m- oo 150 mm - 350 mm
Stereo base 150 mm Single lens

Mass 0.95 kg 0.30kg

Table 8-5 - Key features of the NavCam and RDC
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8.3.2 Vision-Based Detection Software

It has been discussed on multiple occasions how SFR takes advantage of the availability of
imagery and data from Perseverance to simplify both traverse and RAS operations. Bringing
this reasoning further, it could be envisaged to implement a tube detection strategy that
attempts to recreate the very same images acquired by Perseverance. If the two pictures
correspond, the presence of the tube in them is certain and its location can be estimated
accurately through an image-to-image feature-matching process.

However, this approach encounters fundamental issues. Firstly, the control of a rover on
rough terrain is not sufficiently accurate to replicate so closely another vehicle’s position.
Secondly, the camera properties and viewing angles would be different, as would the light-
ing conditions unless the pictures are taken at the same time of the day, during the same
season and with similar weather. Lastly, SFR could arrive at the tubes years after the images
have been taken, so the constant deposition of dust by the wind could have changed the
appearance of the tubes and the scenery.

The SFR Vision-Based Detection Software (VBDS) is used to provide identification and pose
estimation of a tube in different steps of the acquisition sequence: during tube detection
from the NavCam, from the RDC or during the grasp check (see Section 8.2). The software
must meet its performance under varying conditions of illumination and dust coverage. Fur-
thermore, it must be executable within the limits of the computational resources on board
and within the time available in the pickup sequence (the time for tube detection is in the
order of 10 minutes, depending on the images used).

The working principle of the VBDS is a semantic segmentation performed using convolu-
tional neural networks. The segmentation approach consists in pixel-level labelling and
grouping of pixels that are recognised as belonging to the same object. In this specific case,
the pixels can be labelled only as belonging to the tube or the terrain. The neural network
used for the segmentation is ESPNetv2, pre-trained with a tube template. Once a group of
pixels has been effectively identified as a tube, the 3D point cloud formed by those pixels is
processed to estimate its position and orientation in space. The algorithm does not attempt
to establish the rotation along the major axis of the tube (roll) because it is not necessary
for the handling and the features to be detected for that would be too small for the resolu-
tion available.

8.4 Arm and Gripper Subsystem

The Arm and Gripper Subsystem (AGS) is developed by Leonardo for the Sample Fetch
Rover project. It consists in a 6-DOF robotic arm with its control software, an end effector,
an RSTA Re-grip Bracket (RRB) and supporting hardware. The RDC is also formally within
this perimeter, although it has been already discussed as part of the vision system Section
8.3. These components can be seen in Figure 8-6. The primary function of the subsystem is
to provide the manipulation capability required to bring the tube from the ground to its
designated storage on SFR.
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Gripper

Figure 8-6 - Front face of the rover with RAS hardware annotated

8.4.1 Arm design

The robotic arm can be easily identified on the front face of SFR in Figure 8-6. It is stowed
onto the rover body, under the tube storage, and its workspace extends between the wheels
and at the front of the vehicle. Figure 8-7 depicts the arm extended to a typical tube pickup
location.

Figure 8-7 - AGS in a tube pickup pose

The stowed volume and the arm'’s reach are strongly conflicting requirements. The former
is essentially limited by the rover’s width and the latter is driven by the size of the tube
pickup area described in Section 8.1.1. To satisfy both design drivers, the arm must be folded
onto itself into a compact package and the pickup area must be situated as close as possible
to the rover (where a hard constraint is placed by the visibility from the NavCam). The arm
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is also mounted close to the ground to facilitate reaching the tube, however, it must be con-
sidered that also delivering the tubes into the storage is a driver for vertical reach.

The arrangement of the six joints along the arm is designated as R-P-P-R-P-R, where R indi-
cates roll and P pitch, starting from the base of the manipulator. Two principal limbs define
the length of the arm, with clusters of actuators located at their extremities. This layout is
depicted in Figure 8-8. The arm’s limbs are composed by aluminium tubes, while the hous-
ings of the joints and their mounting brackets mostly use machined titanium for their con-
struction. The entire assembly has a mass of less than 10 kg.
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Figure 8-8 - Extended robotic arm with key dimensions in mm

The robotic arm uses two sizes of actuators in its joints, identified as light and heavy. The
first three joints from the base have to support long limbs with offset masses at their ends,
therefore they use the heavy actuator. The last three joints only support the mass of the
wrist and gripper, so they use the light design. Like all the actuators on board SFR, the AGS
joints use brushed DC motors. The two sizes differ in gear ratio, but they implement the
same geartrain architecture: a three-stage planetary gearbox feeding into an output Har-
monic Drive. This is different from the FAST actuator design described in Section 7.2.2, but
more similar to a classical design for high-torque space applications. The robotic arm does
not consume significant power, but its design is highly sensitive to the suspended mass.
Therefore, lightness is far more desirable than efficiency, leading to the choice of a Harmonic
Drive for the output gear. These and other key features of the AGS joints are summarised in
Table 8-6.

Braking is required only for the heavy joints, whereas for the light ones the internal losses
are sufficient to counteract the worst-case loads. The same type of motor brake described
in Section 7.2.2 is used on the AGS. One peculiar feature of the AGS actuators is the position
sensing solution, which differs from the typical resistive potentiometer (ExoMars heritage
technology and widely used in extreme environments like Mars). Both light and heavy joints
use redundant, single-speed pancake resolvers for position sensing. The light joints mount
two General Dynamics resolvers size RP019 and the heavy joints use size RP022.

The choice of different position sensors is driven by the accuracy requirements of the arm,
especially for pickup of the tube and insertion into the storage. While a typical value for a
potentiometer’s position knowledge accuracy is around 1° (occasionally 0.5° for high-spec
flight units), resolvers offer an improvement of one order of magnitude, often producing an
error as small as a few arcminutes’. The major downside of resolvers is the complexity of

79 These values are the theoretical position knowledge performance of the sensor and they do not include the
contributions of the reading electronics, harness or mechanical errors.
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their reading electronics. A potentiometer can be fed with a DC voltage and the measure-
ment of the resulting voltage drop simply provides the position of the rotor. A resolver, on
the other hand, requires excitation with a sinusoidal alternating current at a specific fre-
quency and a resolver-to-digital converter to transform the signal into a binary reading rep-
resenting the position of the rotor.

Feature AGS light joint AGS heavy joint
Maxon DCX 14L Maxon DCX 22L
Motor
brushed motor brushed motor
Gearbox 3-stage planetary + 3-stage planetary +

Harmonic Drive

Harmonic Drive

Total gear ratio

55146:1

37191:1

Motor encoder

7-bit magneto-resistive,
redundant

7-bit magneto-resistive,
redundant

Brake

None

Electromagnetic
friction brake

Main bearings

Double angular contact

Double angular contact

Position sensor

Single-speed resolver

Single-speed resolver

Required output torque 8 Nm 81 Nm
Required holding torque 3 Nm 47 Nm
Mass (excluding inter- 0.6 kg 12 kg

face flanges)

Table 8-6 - AGS actuators specifications

Like many other critical components on board SFR, the robotic arm takes advantage of ex-
isting technology and early prototype testing. In this particular case, a lightweight robotic
arm of similar size and capability was already available at Leonardo. The prototype is called
DELIAN and is already built to operate in Martian environment [70]. The possibility to use
this arm since the start of the project allowed early testing on the RAS that provided valua-
ble insight on the operation of the system.

In the first instance, the arm was mounted onto pre-existing ExoMars rover test platforms,
which provided mobility functions and cameras similar to those on SFR, enabling a rudi-
mentary end-to-end testing of the system. One of these breadboard tests in the Airbus Mars
Yard is shown in Figure 8-9. These test campaigns then grew in fidelity as more hardware
was produced from the preliminary SFR designs. The results provided early validation of
the system’s architecture and the flight design of the AGS remained strongly based on the
DELIAN arm.
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Figure 8-9 - Breadboard testing with the DELIAN arm in the Mars Yard

The AGS interfaces with an unstructured environment during pickup of the tube and with a
more deterministic one during re-grip and stowage. The first one can be considered essen-
tially unknown until the VBDS returns an estimation of the tube pose and a point cloud of
the terrain around it. The capture of the tube can be successful even in presence of errors in
the order of several millimetres (unless it is a particularly difficult geometry), however, the
difficulty in estimating the tube’s location with relation to the rover or the arm makes this
case none the less challenging. On the other hand, the hardware on the rover like the RRB
and the RSA is much better characterised and does not change during mission, although it
typically requires more precise manipulation to correctly engage the features on the tube.

The currently specified arm position control performance can be summarised as follows:

e Absolute positioning accuracy: +5 mm and +1°
e Relative positioning accuracy: #2 mm and +0.5°
e Positioning repeatability: +2 mm and +0.5°

Here absolute positioning refers to the placement of a reference frame on the end effector
with respect to a reference frame fixed to the robotic arm’s base. Relative positioning refers
to the positioning of a reference frame on the end effector with respect to a previous posi-
tion of the same reference frame. The latter is more accurate because it is less affected by
systematic errors (like gravity and thermal distortion in the arm, which don’t change signif-
icantly during the motion), leaving mostly random errors.

These numbers are typical values, but in reality, they vary as a function of the arm configu-
ration, so the arm has different performance in different areas of the workspace. It must be
noted that these include only errors internal to the arm’s perimeter, so other errors, for
example, thermal distortion in the external interfacing hardware (RRB and RSA) or vision
errors must be added to these. The errors associated with visual estimation of the tube pose
are particularly significant as they can be an order of magnitude greater than the arm’s po-
sitioning accuracy, as analysed in Section 8.6.
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It would be ideal to operate the arm in all the scenarios above with a “fly by numbers” ap-
proach, where the manipulator is commanded to the target pose and any errors are accom-
modated by mechanical compliance or clearance around the target. However, this is not al-
ways possible and, in particular for contact operations, could lead to collisions and over-
loading of the hardware, so specialised sensors have been introduced in the AGS to assist
these operations. In particular, the gripper is equipped with a detection plate that senses
the presence of the tube in its capture zone and with strain gauges on the fingers that meas-
ure the gripping force (further discussed in the next section). The RRB is also equipped with
two sensors that stop the motion of the arm when the tube is correctly aligned in the lateral
and axial direction.

Protecting the integrity of the tubes is the highest priority for any element of the RAS, since
it directly affects the campaign-level objective of returning pristine material from the sur-
face of Mars. By design, the arm’s torque capability is more than sufficient to damage a tube
if handled improperly. When the tube is in close proximity of other features, for example
during difficult pickup or insertion into the storage, the positioning error of the arm could
bring it into contact with its surroundings and exceed its load limits. Mechanical analysis of
these scenarios showed how the inherent flexibility of the arm would be insufficient to pre-
vent overloading of the tube in some cases. Since the accuracy of the arm is already at the
limit of the position sensing technology available, the possible responses to this issue could
be to increase the mechanical compliance or add further sensors to detect dangerous loads.

The choice was made to introduce a 6-axis force torque sensor on the manipulator’s wrist,
which provides more operational flexibility and ability to control any load on the tube
within configurable ranges. This new component was only preliminary investigated at the
time of writing, so it is not described in detail in this document. A redundant sensor was
chosen from ATI, the same manufacturer of the force torque sensors on board the Persever-
ance rover, depicted in Figure 8-10.

Figure 8-10 - Force torque sensor on board NASA’s Perseverance rover (credit: ATI)

The accommodation of this item is not straightforward, since it adds considerable mass and
volume at the end of the manipulator and requires a large amount of harness lines to be
routed on the arm. Considering additional heaters and HDRM lines for the sensor, approxi-
mately 50 additional lines are estimated. This will unavoidably lead to a mass increase on
the arm and a more complex harness routing system. Moreover, an impact on the electron-
ics design is also expected since the sensor will require dedicated signal-processing boards.
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From this preliminary study, it is clear that accommodating a 6-axis force torque sensor on
a 10-kg-class robotic arm is extremely challenging and would likely push the AGS well out-
side this mass envelope.

One last aspect worth discussing about the arm’s design is its launch restraint system. The
manipulator is a long, slim appendage and therefore requires structural support to with-
stand the severe mechanical environment. Launch load paths are provided by clamps that
wrap around the elbow and wrist joints, so that the main structural beams forming the arm
are supported at both ends. The clamps are released on Mars by Frangibolt actuators like
those described in Section 7.2.3, allowing the arm to deploy. The base structure of the
clamps is used throughout the mission as resting features for the arm during traverse oper-
ations, which ensure that high mobility loads, such as those associated with descending
large obstacles, would not affect the joints’ gear trains.

8.4.2 Gripper design

The SFR gripper is part of the AGS and is developed by AVS for the Sample Fetch Rover
project. It has two primary functions: to capture the tube from the ground using the body
grip and to insert it into a slot in the storage assembly using the head grip. The need for two
different gripping geometries arises from the fact that the wider end of the tube - the “head”
- must remain accessible once inserted into the storage. This area will be used for subse-
quent manipulation and is populated with mechanical features that can be exploited for pre-
cise handling. The head is also the main load path for maintaining the tube secured inside
the tube in the Orbiting Sample, from launch from Mars up to crash-landing on Earth.

On the other hand, the middle portion of the tube shaft, corresponding to the body grip area,
is easier to access when the tube is lying horizontally on the ground and has a simpler ge-
ometry that allows for larger errors during grasping. Due to these considerations, the tubes
are picked up using a body grip and stowed using a head grip, requiring the gripper to be
compatible with both and necessitating an intermediate re-grip bracket to switch from one
to the other. The two possible gripping geometries are visualised in Figure 8-11.

BODY GRIP
HEAD GRIP

Figure 8-11 - Body grip and head grip areas on the tube (credit for tube image: NASA /
JPL-Caltech)

The two different interfaces define the profile of the surfaces on the gripper’s fingers that
need to engage with them. Another defining factor for the gripper design is certainly asso-
ciated with the terrain. While every effort will be made to select a depot area that presents
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minimum challenges for pickup, it is likely that there will be a certain degree of roughness
and the tubes might end up in proximity of features that obstruct access to them. Further-
more, due their cylindrical shape, they will have the tendency to roll into local depressions
and cracks.

To overcome these challenges, the gripper needs to be slender and nimble, thus, while the
tube interface shapes the internal geometry of the fingers, the terrain shapes the external
geometry and the overall footprint. One last aspect to consider is the presence of sand that,
although will not be abundant in the depot terrain, can be transported by wind over the
years and deposited in small amounts around the tube. The finger’s profile must be able to
penetrate through the sand and reach the tube’s body without scooping up a significant
amount of material, since that would compromise the stability of the grip.

As for any other novel technology, a breadboard plan was established to produce early pro-
totypes of the gripper. Their testing allowed to evaluate the performance of different con-
figurations and inform the gripper development. The breadboard gripper design included a
number of interchangeable parts, for example the finger tips and the RSTA detection plate,
in order to experiment with different geometries. The resulting design is shown in Figure
8-12. In this image, the gripper is shown with short finger tips, which ended up not being
selected for the flight design.

Fingers

Detection plate

Worm gear Flexures
housing
Spur gear
housing

Motor

Detection switch

Connector

Gripper hinges

Figure 8-12 - Design of the SFR breadboard gripper (credit: AVS)

The breadboard gripper was tested with different terrain geometries and dust, its ability to
comply with errors and misalignment was characterised, as well as the stability and accu-
racy of its grasp [71]. Various sensors on the assembly monitored the loads on the tube
throughout the test campaign. Figure 8-13 shows the fully assembled breadboard gripper,
in this case mounting long finger tips, which proved necessary to comply with narrow ter-
rain geometries.
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Figure 8-13 - SFR breadboard gripper during testing (credit: AVS)

The gripper is a 1-DOF system, actuated by a Maxon DCX 14L motor driving a 3-stage plan-
etary gearbox, both already used on the arm’s light joint. The gearbox feeds into a spur gear
that drives a worm gear to open and close the gripper. Each finger is connected to a worm
wheel driven by a worm on the same shaft: one with a left-handed thread and the other one
right-handed, so that their motion is always symmetrical and synchronised. This transmis-
sion is not reversible, so the grasp can be maintained even without power.

Strain gauges are placed at the base of the fingers to estimate the closing force exerted onto
the tube by measuring the bending of the finger’s structure. These sensors were initially
meant only for the breadboard tests, but proved so useful in controlling the grasping pro-
cess that they have been passed over to the flight design. A typical set point for the closing
force is in the order of 20 N. When the measurement on one of the strain gauges reaches
this value, the closing motion is halted.

Between the two fingers is a detection plate to sense the presence of the tube in the grasping
area. The plate is guided by flexures that allow an approximately linear motion: when
pushed by the tube, this triggers a micro switch at the base of the gripper that stops the tube
approach motion of the arm. The gripper is robust against contact with the terrain, even
with the full force of the arm. The strain gauges could be used to detect contact with the
ground, but they are optimised to detect bending in the fingers, so their signal is not partic-
ularly reliable for this purpose. Since the addition of a force torque sensor on the arm’s wrist
is being considered, this would be a more effective way of detecting contact with the ground.

Another peculiar aspect of the gripper design - and, to a lesser extent, of the whole arm - is
that it must preserve not only the mechanical integrity of the sample tube, but also the mag-
netic one. This implies strict limits on the magnetic fields that can be experienced by the
sample material, since it could contain information on Mars’ geomagnetism that can be eas-
ily altered. Such limitations translate into a ban on ferromagnetic materials in close prox-
imity of the tube. The gripper fingers and its structure are mostly made of titanium and al-
uminium, which do not pose any issues, however, its brushed DC motor is, by necessity,
ferromagnetic and generates magnetic fields during operation.
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This is appeared of particular concern considering the construction of the DCX Maxon mo-
tors, which are defined as “permanent magnet motors with coreless windings”, where the
windings are formed into a cup structure that rotates around a permanent magnet. Such
arrangement is depicted on the left in Figure 8-14. In a motor with this layout there are coils
moving at high speed immediately under the motor housing, with potential magnetic fields
induced into the surrounding space. FEM magnetic analysis at Maxon suggested that the
magnetic circuits should close mostly inside the housing, as shown on the right in Figure
8-14. However, these models usually focus on the inside of the motor, where the electromo-
tive force is generated, rather than on the leakage outside.

Bearing Brushes Self-supporting Permanent Bearing
winding magnet

Mounting
Press ring Commutator Shaft Housing flange  Pressring Stator magnetic circuit

Figure 8-14 - Maxon DC motor cross section (left) and stator magnetic circuit (right)
(credit: Maxon Motors)

Given that all the SFR motors are derived from industrial models, the most immediate way
of retiring this risk was to take measurements in the proximity of commercially-available
Maxon motors with a magnetic probe. The test yielded reassuring results, demonstrating
that the magnetic flux is indeed well-contained inside the housing and there is little differ-
ence between an active or inactive motor. The magnetic field intensity was characterised as
a function of distance from the housing, leading to the conclusion that approximately 50 mm
would be sufficient to protect the sample from magnetic fields. In the SFR gripper, the motor
is located close to the base to ensure that the magnetic requirements are never breached on
the tube.

As previously mentioned, the need for a re-grip station arose from the fact that the tubes
are picked up using one type of grip but stowed using another. The RSTA Re-grip Bracket
(RRB) is part of the AGS perimeter, even though it is actually mounted on the front end of
the storage assembly for ease of access. The overall design of the RRB is based on a V-shaped
sprung mechanism that engages with the tube to provide an accurate centring. This is
needed to ensure that the head grip is engaged successfully and with enough precision to
carry out the subsequent insertion into the storage. The RRB is equipped with two sensors
to stop the motion of the arm once the tube is axially and laterally aligned in its seat. A pro-
totype of the RRB is shown in Figure 8-15.
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Axial alignment Lateral alignment
sensor sensor

Tube volume

Figure 8-15 - RRB prototype with superimposed tube volume (credit: Leonardo)

8.5 Tube storage

The RSTA Storage Assembly (RSA) is developed by Beyond Gravity for the Sample Fetch
Rover project. Its main purpose is to accommodate up to 30 sample tubes and store them
securely during the return traverse. The RSA is also required to support tube transfer oper-
ations by providing accurate tube positioning, visual markers and access corridors for the
lander’s Sample Transfer Arm (STA). The access requirements also mean that the tubes
must be held so that their heads are accessible, as they constitute their main mechanical
interface for further handling.

The size of the RSA is limited by the volume available on the lander and also by visibility
considerations since its footprint must not occlude the view of the pickup zone from the
NavCam (refer to Figure 8-3). On the other hand, the tubes cannot be arranged too densely
or too close to the surrounding hardware, otherwise the access corridor for STA would be
compromised. The assembly must also be shaped so that it is entirely accessible by the
rover’s robotic arm without collisions. These design drivers led to the configuration shown
in Figure 8-16, which is based on a shelf-like structure composed by a thick sandwich panel
with aluminium honeycomb core and carbon fibre skins. This provides a lightweight con-
struction that is populated with storage slots in the form of titanium tubes with sprung clips
on their upper ends.
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Figure 8-16 - RSTA Storage Assembly

The choice of the interface mechanism is mostly driven by the accuracy with which the tubes
must be held. Due to time constraints, the tube transfer operations are fully automated, so
STA relies on visual recognition of the RSA and proceeds to unload the tubes one at a time.
Grasping the tube’s head requires rather precise placement of the end effector, so the posi-
tion of the tube with relation to the storage must be well-controlled. This led to a storage
design that engages tightly with the tube through metallic clips. Each storage unit is a turned
titanium piece with flexures machined in its body to capture a groove at the base of the
tube’s head, as depicted in Figure 8-17. At the lower end of the slot is placed a ring that acts
as end stop, ensuring an accurate axial positioning.

Figure 8-17 - Representation of the tube engagement geometry (credit for tube image:
NASA / JPL-Caltech)

The interface mechanism described above must be tight around the tube head and rather
stiff to guarantee a robust engagement under mobility loads. This means that the clearance
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around the tube during insertion is very limited, leading to the positioning accuracy issues
anticipated in Section 8.4.1. Since it was decided to implement force torque sensing rather
than passive compliance, this capability can be used to aid tube insertion.

The SFR flight electronics are not powerful enough to perform real-time force torque con-
trol, so the operation is based on load thresholds. The arm is commanded to perform the
insertion trajectory and, if any of the loads detected by the force torque sensor rises above
a preconfigured threshold, the motion is halted immediately. A short-range motion to re-
lieve the load is computed offline from the arm control, then sent to the arm. Once the load
is successfully removed, the insertion motion is resumed. This approach is followed until
the tube reaches the end of travel and engages with the retain mechanism. The end of travel
produces a distinctive spike in the vertical force8? in the expected position range, which is
detected by the sensor as indication of successful storage.

It has been discussed above how SFR must ensure that the sample tubes are protected
against mechanical damage and magnetic contamination. One last aspect of safeguarding
the scientific value of the samples is related to temperature. The material must be main-
tained at temperatures that are not too far from the natural range experienced on the sur-
face of Mars, otherwise it might become chemically altered if exposed to excessive heat. This
constraint becomes relevant in particular for the storage because the sample tube is de-
signed to maintain the right temperatures while lying on the surface of Mars. However, once
placed into the storage, its radiative and convective environments change, so the hardware
around it must be designed to guarantee a suitable temperature range. In particular, the
RSAis required to avoid geometries that trap solar irradiation and direct it towards the tube
or that prevent it from discharging heat towards the environment.

8.6 Fetching analysis

Among the analysis work encompassing the typical fields of spacecraft engineering, three
pieces in particular are worth discussing in further detail since they are highly specific to
the RAS: the RSTA Acquisition and Fetching Timeline (RAFT) analysis, the grasping error
budget and the mechanical modelling of the robotic arm.

8.6.1 RSTA Acquisition and Fetching Timeline

A highly-autonomous decision-making process was coded into the AMS to operate in the
unstructured and - to some extent - unknown environment of the depot terrain. This opens
up a wide spectrum of alternative approaches that the RAS might follow during operations.
Considering the uncertainty on depot terrain, which cannot be observed yet, but only in-
ferred by comparison with other Martian terrain, this leads to a great number of possible
mission scenarios, similar to the situation described in Section 7.3.2 for traverse operations.
As in the previous case, such variation lends itself well to a statistical approach to mission
analysis. The RSTA Acquisition and Fetching Timeline (RAFT) analysis uses a similar strat-
egy to SOET, but instead of focusing on traverse operations, it models fetching operations.

80 It should be noted that, in this configuration, the tube can tolerate well axial forces and the corresponding load
limit can be set higher than in other operations.
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Like SOET, RAFT is coded in MATLAB and reuses some of the modules already present in
SOET, for example, the simulation of the environment, communication passes and lost sols
for general anomalies. Unlike SOET, which achieves statistical significance by exploring
hundreds of combinations that are established in a deterministic way, RAFT implements
true randomness. Operational steps have a probability of success associated to them and, at
each execution of the model, they fail or succeed randomly according to that probability. In
a typical simulation campaign, the model is run 10 000 times to sufficiently explore the pos-
sible combinations of events and achieve statistical significance.

A RAFT simulation run starts at point 1 of the concept of operations illustrated by Table 8-2.
Each sub-activity is assigned a probability of success: in some cases, it is predefined and, in
some others, it is calculated by the simulation (e.g., activities whose success is influenced by
the environment being encountered at that particular moment). Some steps have a proba-
bility of success of 100%, such as exchanges of data and arm motions in free space. The
reason is that failure of these activities is extremely rare and associated with major mal-
functions, which are covered by other layers of margin added to the analysis results, like the
allocation lost sols for on-board faults.

Assigning success rates to each function is a challenging task on its own, and it is usually
done through statistical analysis of error distributions, specific simulation of the task under
consideration and, as more prototypes are built, input from test data. The vision-based de-
tection (step 1.c. in Table 8-2) is a good example of this process. The VBDS software devel-
opment started with a certain specification that could be used as a starting point to define
the success rate. During the coding of a preliminary algorithm, virtual scenarios were used
to test it, in the form of images of computer-generated landscapes with tubes deposited on
them. Software like Blender or PANGUS8! can be used for this purpose. Thousands of these
images were fed to the prototype VBDS software, producing a first update to the success
rate and accuracy.

Nonetheless, the synthetic reproduction of a highly complex natural environment is rarely
satisfactory, so “sandbox” testbeds were built with visually representative terrain and cam-
eras similar to the SFR ones. Several images were acquired with different lighting condi-
tions, tube locations and sand coverage. The results of vision-based detection on these im-
ages were used to update the success rate for tube identification in RAFT.

The logic coded in RAFT replicates the on-board decision-making process, so, when a failure
is encountered, a new branch of the decision tree is followed. In the case of vision-based
detection, the retry sequence described in Section 8.2.2 would be enacted, triggering differ-
ent exposures and movement of the rover before abandoning the task and moving on to the
next tube. It is important to remember that each of these activities costs time and energy,
which will ultimately be the defining factors of mission success. The RAFT simulation runs
on the backdrop of the evolving environment, with a daily energy profile and the arrival of
the evening that can interrupt operations due to low power or low illumination of the scene.
After simulating the collection of tubes in the depot thousands of times, the tool produces a
report of how many missions have been successful and what is the distribution of mission

81 Blender is an open-source 3d rendering software, while PANGU, Planet and Asteroid Natural Scene Generation
Utility, is a software developed by the University of Dundee in collaboration with ESA to generate photorealistic
views of the surface of several Solar System bodies.
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duration. As in SOET, multiple analytics tools are available to extract any desired parame-
ters and indicators from the simulation, usually of particular interest in the investigation
the failure cases.

In some situations, the probability of success is a strong function of the local environment,
i.e., the conditions specific to that individual tube, such as the terrain on which it is located.
To cover these scenarios, depot terrain models were developed by NASA using DEMs pro-
duced by the Curiosity rover and populating them with tubes. While the placement of tubes
is somewhat arbitrary and the terrain only reflects an expectation of how the depot might
be, these models are useful to analyse the performance of the system against more or less
challenging terrain geometries. The simulation processes each tube placed on the DEM by
measuring the distance between points belonging to the tube and points belonging to the
terrain around the tube shaft. This allows to define the maximum opening that the gripper
can have to avoid hitting the terrain before grasping the tube.

Ideally, the gripper should have an opening that is as wide as the errors? on the visual esti-
mation of the tube’s pose in order to have confidence that the tube will be found between
the fingers during approach (further discussion on this error budget can be found in Section
8.6.2). However, in some cases, the terrain might make it necessary to command a smaller
opening, thus creating the possibility that the tube might not be in the capture range and
reducing the probability of success of the operation. Figure 8-18 provides a visual summary
of this reasoning.

Grasp geometrically impossible Grasp geometrically possible

Distributions of the probability of presence of the tube

Figure 8-18 - Grasping a tube in a depression using a wide opening (left) and a narrow
opening (right)

[t can be assumed that the vision error produces a spatial distribution of probability of pres-
ence of the tube profile similar to a normal distribution. It derives that, if the opening of the

82 Usually, the 30 error is used for these calculations, i.e., a value that envelops 97% of the cases, assuming that
the error is a normally-distributed random variable.
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gripper is reduced, then some of that distribution is left outside of the capture ranges3. The
probability of success of the operation is simply the integral of the portion of the curve con-
tained within the capture range.

A tool like this can also be used in mission, once the tubes are deposited on the Martian
surface and the geometry around them is known. The analysis would estimate the grasping
probability of each tube, flagging which are the difficult ones. For some of them, the proba-
bility might be judged too low to attempt a fully autonomous pickup and the rover might be
pre-programmed to switch to a step-by-step approach driven by ground control. This costs
precious time but can be significantly more effective in tight geometries.

8.6.2 Grasping error budget

[t has been discussed above how the errors in locating the tube with respect to the gripper
play a key role in the grasping success. The overall accuracy is dominated by the vision-
based pose estimation, although that is not the only contribution. An error budget analysis
is performed to control the error both in the lateral and axial directions of the tube. The
former defines the required opening of the gripper and the success of grasping as a function
of the terrain, while the latter determines if the tube can be safely grasped within the spec-
ified body grip area on the shaft (see Figure 8-11).

The required gripper opening is the given by the sum of the following contributions to the
lateral error budget:

e Tube radius, equal to 7.5 mm. This is not an error but rather a fixed quantity that
needs to be accommodated on each side of the tube’s axis to succeed in grasping.
e Vision error, currently estimated at +7.6 mm for NavCam-based detection and
formed by the following contributions:
o Equivalent resolution of the cameras on the ground plane (pixel/mm).
o Pose estimation error, defined by the performance of the detection software.
o Camera aberrations that cannot be fully neutralised by calibration.
e Arm positioning error, currently estimated at +7.4 mm in a worst-case configura-
tion and given by the sum of the following contributions for all arm joints and limbs:
o Position sensing error, given by the performance of the resolvers in the arm’s
joints and their reading circuits.
o Position control error, driven by how accurate the control electronics are at
achieving the target position.
o Geartrain error, caused by backlash and deformation in the joint’s geartrains.
o Structural deflection in the arm’s limbs or other structural components due to
gravity, external loads or thermoelastic effects.
e Margin, which can be specified a priori or computed against a desired total value
for the error budget. The latter approach is used in the RAS.

The composition of this error budget is illustrated in Figure 8-19.

83 By observing Figure 8-18, it can be imagined how the fingers of a gripper that is not fully opened might also
contact the tube, risking to damage it. In this case, a sensor is needed to protect the tube from overloading, such
as the force torque sensor being considered for the arm’s wrist.
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Figure 8-19 - Lateral error budget for tube grasping (credit for tube image: NASA / JPL-
Caltech)

The vision and arm errors are considered randoms8* and not correlated to each other, so
their contributions can be summed with a Root Sum Squared (RSS) method, which follows
the generic formula below:

where eggs is the total error and e; the ith error contribution out of a total of n. This calcula-
tion leads to a minimum opening requirement of 36.2 mm. Preliminary testing with the grip-
per on various geometries showed that an opening of 43 mm is generally successful and
hence was taken as a target value, leading to a margin of 3.4 mm on each side.

The same process is repeated for the longitudinal error, along the tube’s axis. In this case,
there is a hard constraint on the overall budget since the body grip area along the tube shaft
is only 58 mm long. Similarly to the calculation above, the error budget includes 7.5 mm on
each side for the finger’s width (which is 15 mm in total), +26.6 mm for the NavCam vision
error and +7.4 mm for the arm positioning. This leads to a total of 70.2 mm, which exceeds
the allocated length of 58 mm. Figure 8-20 shows how the contributions stack up along the
tube’s shaft.

84 It should be noted that the vision error follows a random distribution when multiple images of multiple tubes
are analysed, but it does not vary randomly if multiple images of the same tube are processed without changing
the rover’s position. In other words, if the same scene is offered multiple times to the vision algorithm, the error
on the estimated tube pose will remain fairly constant. This means that taking multiple images of the same tube
does not improve the accuracy of the vision algorithm.
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Figure 8-20 - Longitudinal error budget for tube grasping (credit for tube image: NASA /
JPL-Caltech)

Multiple strategies can be adopted to improve this budget, such as biasing the target grasp-
ing point towards the tube’s head, which would avoid contact with the sealing area but risk
disturbance from the key feature on the tube. The major contribution is obviously from the
vision-based detection, so another strategy would be to improve the precision of the algo-
rithm (currently preliminary) in the longitudinal direction. Alternatively, the most straight-
forward approach is simply to use the RDC instead of the NavCam, which would immedi-
ately bring the required length to 55.2 mm, providing positive margin. Since the error cal-
culation is based on a series of worst-case assumptions on the detection conditions, these
conditions can be used as a discriminator between those tubes that need RDC detection
(with associated extra time) and those that can be acquired using only the NavCam.

8.6.3 Mechanical models of the arm

Another piece of analysis where some specific considerations for the RAS should be dis-
cussed is related to the mechanical modelling of the robotic arm. This model is developed
by Leonardo with the typical approach of structural analysis for a spacecraft appendage. It
is a FEM model built using Patrans5 as pre-processing software and solved in Nastransé. The
model is used in the common analyses of spacecraft engineering, such as verification against
launch loads and investigation of modal frequencies in the stowed configuration, which are
not dissimilar from any other spacecraft hardware and so are not discussed here. The same
elements can be rearranged to analyse the arm in a deployed configuration, which is more
interesting in this case.

The flexible model of the deployed arm allows to calculate its deflection under load and
particularly under gravity. The arm is a rather slim structure and its deformation due to
gravity alone is a significant contributor to the error budget at the end effector. Being able
to predict this displacement allows to correct it when operating the arm, thus reducing its
impact on the positioning accuracy. Since the model of the arm will always be imperfect and
some elements are especially difficult to model with high fidelity, such as backlash in the
gear trains, the error due to gravity cannot be fully neutralised. The correction implemented

85 Patran is a pre- and post-processing software for finite element analysis, distributed by Hexagon.
86 Nastran is a finite element solver tool for structural analysis developed by MacNeal-Schwendler Corporation
for NASA and now distributed by Hexagon.
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in mission is expected to correct approximately 60% of the gravity-induced displacements’.
Figure 8-21 shows a snapshot of a gravity deflection analysis on this model.
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Figure 8-21 - FEM analysis of arm deflection under Martian gravity (credit: Leonardo)

The SFR flight computer is far from powerful enough to solve a detailed FEM model, so what
is coded in the on-board gravity compensation algorithm is simply a function that approxi-
mates the expected displacement at the tip depending on the configuration of the joints. The
expected displacement is then provided as an input to the AGS trajectory generation algo-
rithm, which corrects the target pose by this quantity when generating the arm’s motion
profiles.

A challenging feature of the robotic arm design is that it must be able to complete all its
operations in the Martian gravity field as well as in the Terrestrial one during ground test-
ing, since using offloading devices would be impractical with its range of motion. This is
generally feasible in terms of mechanical sizing because the motorisation margins are large
enough to approach Earth gravity loads, so the arm can be operated with reduced motori-
sation margins. However, the gravity-induced error would most likely impede interaction
with the surrounding hardware. The gravity compensation model becomes useful also in
this case, reducing the error and enabling ground testing of the armss.

Lastly, a flexible model of the deployed arm is also useful for modal analysis. This is per-
formed in the same way as for the launch package: by searching modal shapes and frequen-
cies with Nastran. In this case, the results are not used to demonstrate robustness against
the launch vibration but rather to improve the control of the arm. By knowing the resonant
frequencies of the assembly, the motion laws can be adjusted to minimise excitation of those
frequencies.

87 The efficacy of the gravity compensation model is currently estimated based on previous experience of similar
applications at Leonardo.

88 The gravity compensation remains imperfect, so the error under Earth gravity will still be greater than in
mission, but generally small enough not to cause frequent stops due to incorrect positioning.
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9 CONCLUSION

The research work presented in these pages reached its conclusion with the SFR Prelimi-
nary Design Review (PDR), a milestone at which the European Space Agency evaluates if the
development of the spacecraft is ready for proceeding into the implementation phase,
thereby authorising the detailed design and build process. This decision point is often asso-
ciated with the mission adoption, i.e., the final commitment to fund and fly the mission un-
der consideration. In the case of SFR, while the review was passed successfully, demonstrat-
ing that the design is fit to fly, it was already clear that the mission adoption would not be
straightforward. Then, in the political aftermath of the Russian invasion of Ukraine, the can-
cellation of the project was eventually confirmed.

Nonetheless, over the three years of this PhD, the development of the rover was advanced
from initial concept to preliminary design, leading to a solution that responds appropriately
to the demanding requirements of the Mars Sample Return Campaign. The spacecraft archi-
tecture was consolidated and robust solutions were presented in the key areas of this re-
search. Furthermore, critical technologies for the mission were identified and matured dur-
ing this period. Despite the cancellation, the knowledge acquired through this project will
remain available for future applications. An effort was made to condense as much as possi-
ble of that knowledge into this dissertation.

This volume provides an overview of the context, the motivations, the design and analysis
processes that led to such achievements. In Chapter 5 is presented the 2019 architecture
for Mars Sample Return, which shapes and is shaped in return by the SFR design. Chapter 6
describes the rover’s architecture in response to the needs of this campaign. It offers a broad
view of how SFR can use the technologies described in Chapter 4, in particular the heritage
of the ExoMars Rover, to operate in the Martian environment and carry out its mission.

A deeper dive into the core topics of this research is carried out in Chapters 7 and 8, dis-
cussing the rover’s mobility and robotic systems, which are also particularly critical to its
role in MSR. A carefully balanced mix of heritage technology and new solutions was neces-
sary in these areas to meet the mission objectives. These would eventually define the most
distinctive features of the vehicle and establish its remarkable capability. The major design
choices regarding these systems are presented and justified herein. Where possible, prelim-
inary analysis or even test results are discussed.
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It must be mentioned that, while the cancellation has brought most of the design work to a
halt, some testing activities are still proceeding and will carry on for the near future. In par-
ticular, a rover-level, integrated breadboard test campaign has only just started. A full-scale
SFR prototype was built around the locomotion breadboard described in Section 7.4. It was
fitted with a complete vision system, an on-board computer running flight-representative
GNC software, off-the-shelf rechargeable batteries and Wi-Fi communication ability to allow
standalone operation. This breadboard rover is shown in Figure 9-1 during a field test in
the UK.

Figure 9-1 - SFR integrated breadboard field tests

The initial tests were remarkably successful and demonstrated that the vehicle can drive
autonomously over long distances, traversing more than 300 metres in a single day without
human intervention. They also showed that the on-board Absolute Global Localisation (see
Section 6.6) is very effective in estimating the rover’s position on the map. Thanks to this
feature, there are no theoretical limits, with the exception of failures, to the distance that
the rover can drive autonomously. The locomotion hardware is only a prototype, but it has
already exceeded the mission lifetime of 5 km without noticeable degradation in perfor-
mance. This rover is currently in the process of being fitted with a robotic arm to also enable
tube acquisition, after which further testing will follow.

These results are a testament to the validity of the rover’s design and the effectiveness of
the technologies on which it is founded. It is also thanks to these achievements that SFR will
not quietly fade into oblivion. As part of future work following this project, studies are al-
ready under way to investigate the application of these technologies to other missions.

Advanced mobility, autonomous navigation, robotic manipulation, recognition and acquisi-
tion of payloads are all attractive technologies for future planetary expeditions other than
Mars Sample Return. An assessment is under way with the objective of transferring these
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technologies to a lunar rover inspired to the SFR design. Earth’s moon is becoming the most
reasonable near-term application for planetary rovers due to the returning interest in hu-
man and robotic exploration.

It is possible that the robotic descendants of SFR will one day roam on the Moon, Mars or
other worlds, supporting humankind’s next steps into the Solar System. Wherever they will
be, these machines will find similar challenges to those encountered in this project. This
document contains some of the knowledge of how these hurdles were overcome for the
Sample Fetch Rover; the rest lies with the exceptional team that made it.
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