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Motto

And the fox said to the little prince: men have forgotten this truth, but you
must not forget it. You become responsible, forever, for what you have tamed.

Antoine de Saint-Exupery, The Little Prince



Foreword: Asteroids in the Service of
Humanity

There are at least three compelling reasons for the human race to initiate a
major programme to explore and better understand the ‘minor planets’ of
the Solar System:

(1) Enhancing scientific knowledge: Asteroids represent material that failed to
get incorporated into planets when the Solar System formed. As such they
constitute a metaphorical ‘gold mine’ of scientific information relating to
the properties of the early Sun, astrophysical processes in the protoplane-
tary disk, and the early stages of planetesimal formation and evolution (US
National Research Council, 2011). The fact that many asteroids (i.e. the
parent bodies of chondritic meteorites) are undifferentiated, and therefore
largely unaltered since the solar system formed, is especially important
in this respect. Moreover, the differentiated asteroids (i.e. the sources of
metallic and achondritic meteorites) are also of great scientific interest,
as their study will shed light on our understanding of the earliest stages
of planetary differentiation into cores, mantles and crusts. These scientific
objectives can only be fully addressed in the context of an ambitious pro-
gramme of space exploration able to conduct in situ investigations of, and
sample collection and return to Earth from, a large number of different
types of asteroid.

(2) Mitigating the impact hazard: Some asteroids, especially those near-Earth
asteroids (NEAs) on Earth-crossing orbits, represent an impact hazard for
our planet. Based on data from NASA’s Wide-Field Infrared Survey Ex-
plorer (WISE) spacecraft, more than 20,000 NEA’s larger than 100m across
are thought to exist, and there are probably over a million smaller objects
(Mainzer et al, 2011). Although the probability of a civilisation-destroying
impact is low (no more than one is expected every 100,000 years), as the
Tunguska (1908) and Chelyabinsk (2013) impacts remind us, the Earth is
hit by asteroidal (and/or cometary) debris capable of causing significant
damage and loss of life much more frequently. In order to better mitigate
this threat we need to increase our knowledge of the numbers and orbits
of NEAs (especially for the smaller sizes where current catalogues are in-
complete), and start developing techniques to disrupt or deflect any objects
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found on Earth collision trajectories. Achieving that latter capability re-
quires both a spacefaring capability able to visit asteroids at will (and
possibly at short notice) in order to place explosive or propulsive devices
on their surfaces, and a detailed understanding of the nature of asteroidal
surfaces so that we can predict how they will react to such interventions.

(3) Utilizing extraterrestrial resources: Asteroids represent a significant po-
tential resource of raw materials, both in support of continued space ex-
ploration activities and for the wider global economy (e.g. Martin, 1985;
Hartmann, 1986; Lewis et al., 1993; see also other chapters in this book).
Many NEAs are relatively easy to reach in energy terms and have very
low surface gravities, which would minimise the cost of transferring ma-
terials extracted from them to the vicinity of the Earth. Moreover, for
many of these objects nature has already performed significant refining, or
at least beneficiation, for us. For example, metallic asteroids (which con-
stitute a few percent of the NEA population) consist of essentially pure
nickel-iron alloy, and although Earth has significant reserves of both these
elements they may still be very useful in the context of future space de-
velopment. Perhaps of greater interest is the fact that metallic asteroids
also contain about one hundred parts per million of gold and platinum
group elements (PGEs), which are of sufficiently high value (for exam-
ple as industrial catalysts) that they may be worth importing directly to
Earth (e.g. Kargel, 1994). At today’s prices for these elements ($20,000
to $50,000 per kilogram) it follows that a single small metallic asteroid
about 200 metres across could be worth of the order of $100 billion dol-
lars. Thus, in addition to being metaphorical scientific gold mines, some
asteroids may prove to be literal gold mines as well! Moreover, although
essentially rocky objects, ordinary chondritic asteroids (which probably
account for the majority of NEAs) themselves consist of several percent
Ni-Fe metal, which similarly contains hundred ppm-levels of PGEs. In ad-
dition, carbonaceous chondrites (which make up perhaps 10-15% of NEAs)
are relatively rich in volatiles, which could be of great value to a future
space economy by providing water, hydrogen, and oxygen for future space
missions without the need to haul these materials out of Earth’s gravity.
Last but not least, there are also strong environmental arguments for min-
ing even relatively common materials (such as iron, nickel, copper, and the
increasingly important rare earth elements) from asteroids as an alterna-
tive to invasive strip-mining on Earth – asteroids do not have indigenous
ecosystems that may be disrupted by mining activities whereas our planet
does (see the discussion by Hartmann, 1986). For all these reasons, devel-
oping the capability of extracting useful resources from asteroids, and from
other extraterrestrial sources, can be seen as an important investment in
the future of the world economy (e.g. Crawford, 1995).

This book focusses mainly on the latter of these motivations, but clearly there
are strong synergies between all three. For example, before either impact
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mitigation or economic utilization can be implemented it will be necessary
to learn a great deal more about the nature and compositions of NEAs, both
in general and for specific objects of interest. This implies initiating a major
programme of scientific investigation, using both astronomical remote-sensing
and in situ spacecraft investigations.

Moreover, the potential synergies also act the other way. As Martin Elvis
(2012, see also his chapter in this book) has convincingly argued, the human
and robotic missions needed to fully explore the Solar System, as well as
the next generation of space telescopes required to advance our knowledge
of the wider universe, will be so expensive that they may be unaffordable
unless additional sources of funding can be identified. Leveraging some of
the economic wealth locked up in NEAs (for example in the PGEs) may be
one way to help finance ambitious future space exploration activities. And,
of course, it goes without saying that the kind of infrastructural investments
that will be required to extract the economic wealth of asteroids will be
essentially the same as those required to destroy or deflect Earth-impacting
asteroids should this ever prove to be necessary.

All these activities would benefit from greater international cooperation
in space exploration by the World’s space agencies, and the recognition that
asteroids are important targets for human and robotic exploration. In this
respect it is heartening that in September 2011 twelve of the world’s space
agencies came together, under the auspices of the International Space Ex-
ploration Coordination Group (ISECG), to produce a Global Exploration
Roadmap for the human and robotic exploration of the inner Solar System
(ISECG, 2011). In addition to missions to the Moon and Mars, which are im-
portant exploration targets in their own right, the Roadmap includes a strong
focus on NEAs. Implementation of the Global Exploration Roadmap would
both contribute to, and benefit from, the economic utililization of asteroidal
resources.

Much also depends on the extent to which the cost of access to space
can be reduced by new launch service providers such as SpaceX, or by new
generations of vehicles such as the Skylon re-useable space-plane concept (e.g.
Hempsell, 2010). The more the cost of accessing space can be reduced the
greater will be the incentives for entrepreneurs to invest, and the sooner the
economic utilization of asteroidal resources is likely to begin. By providing
raw materials for in situ resource utilization (ISRU) for future space activities,
as well as possible additional financing arising from the sale of valuable raw
materials, asteroid mining may greatly facilitate ambitious space exploration
activities such as envisaged by the Global Exploration Roadmap. Ultimately,
it is not too much to hope that these activities will result in the creation of an
economic and industrial infrastructure in the inner Solar System from which
all humanity will benefit.
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For all of these reasons, a book reviewing opportunities for the exploration
and utilisation of asteroids is especially timely. Professor Viorel Badescu is
therefore to be congratulated for compiling this volume, which I am sure will
make a lasting contribution to the field.

Ian A. Crawford
Department of Earth and Planetary Sciences,

Birkbeck College, University of London
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Preface

This is a third volume of a Springer book series making an inventory of
the material and energy resources of our Solar system. The first two books,
referring to resources existent on Mars and Moon, were published in 2009
and 2012, respectively.

This book presents a present-day perspective on the asteroids’ energy and
material resources for prospective human use. One investigates the advan-
tages and limitations of various systems thought-out for future mankind uti-
lization. The book collects together recent proposals and innovative options
and solutions. It is a good starting point for researchers involved in current
and impending asteroid-related activities.

The book is structured along logical lines of progressive thought and may
be conceptually divided into eight sections.

The first section deals with asteroid detection and contains three chapters.
After the introductory Chap. 1, showing what we have learned from twenty
years of space exploration, Chap. 2 refers to Trojan asteroids in the inner
Solar System and Chap. 3 describes the orbital and dynamical characteristics
of small bodies in the region of inner planets.

The second section of the book deals with asteroid characterization and
contains four chapters. Chapter 4 enters the details of prospecting the asteroid
resources while Chap. 5 describes asteroid models for target selection and
mission planning. Chapter 6 presents the first steps towards the utilization of
asteroid resources and Chap. 7 shows a system perspective concerning human
missions to Near Earth Objects (NEOs).

The third section of the book, dealing with the design, building and opera-
tion of robotic miners, consists of three chapters. Chapter 8 shows how robots
are designed for gravity-independent locomotion while Chap. 9 describes bio-
inspired landing approaches and their potential use on extraterrestrial bodies.
Also, Chap. 10 presents the electric power system options for robotic miners.

The fourth section of the book, referring to technology and in-situ resources
utilization (ISRU), consists of seven chapters. Chapter 11 describes the gran-
ular physics of the rubble-pile NEOs while Chap. 12 presents the anchoring
and sample acquisition approaches for asteroid In situ Resource Utilization.
Chapters 13 and 14 refer to the closed-cycle pneumatics for asteroid regolith
mining and to the extraction of the asteroidal mass for robotic construction,
respectively. The curing of the construction composite materials on asteroids
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is presented in Chap. 15 while in Chap. 16 the architecture of an asteroid-
mining spacecraft is described. Chapter 17 refers to prospecting, orbit mod-
ification, mining and habitation of Near Earth Asteroids (NEAs).

The fifth section of the book, referring to transportation between Earth,
low Earth orbit and asteroids, consists of five chapters. Chapter 18 deals with
available asteroid resources in the Earth’ neighborhood. Chapters 19 and 20
refer to asteroid capture and how the asteroid trajectory may be changed,
respectively. The opportunities for asteroid retrieval missions are presented
in Chap. 21 while Chap. 22 focuses on shaped metal Earth-delivery systems.

The sixth section of the book, dealing with less common asteroid utiliza-
tions, consists of five chapters. Chapters 23 and 24 refer to artificial gravita-
tion on asteroids and on how to make the asteroids habitable, respectively.
The usage of asteroid resources for space-based geo-engineering is treated in
Chap. 25 while Chap. 26 shows how the asteroids may be used for launching
and/or changing the trajectory and acceleration of space ships. Chapter 27
describes the observation of asteroids for searching extraterrestrial artifacts.

The seventh section of the book, dealing with the management of the space
environment, consists of Chap. 28, with commercial concerns and considera-
tions.

Finally, the eighth section of the book refers to laws and regulation and
consists of Chap. 29 with legal considerations on asteroid exploitation and
deflection.

Most of the chapters are interdisciplinary by nature and some of them
might be equally well included into more than one section. For example,
Chaps. 12, 13, 16 and 17 may be included into the third section, while Chap.
14 could be associated with the third or fifth sections.

More details about the twenty-nine chapters of the book are given below.
Chapter 1, by Ivano Bertini, shows that asteroids are the remnant debris

from the formation of the inner solar system. Their study provides therefore
important clues on the original materials and the mechanisms which formed
the terrestrial planets. These small bodies can be object of a strong interac-
tion with Earth’s biosphere both as possible carriers of water and organics to
our planet in the past and as potential impact hazards. They also represent
an extraordinary source of minerals which can be exploited for the increasing
necessities of our civilization and for the future exploration and colonization
of the solar system. In the last twenty years dedicated space missions revealed
asteroids as intriguing complex worlds, combining the advantages of observ-
ing in a wider range of wavelengths and geometries with respect to Earth
to the high resolution possible only with close encounters. Spacecraft data
have so far complemented, improved, and in many cases revolutionized, the
theories and findings derived from ground-based data. This chapter contains
a summary of the main scientific results obtained in these exciting years of
asteroid space exploration, starting from the encounter of the NASA Galileo
mission with asteroid (951) Gaspra in 1991 and ending with the visit of as-
teroid (4179) Toutatis by the Chinese Cheng’E 2 spacecraft in 2012. Future
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missions already approved and under development by the various space agen-
cies are also outlined at the end of this work.

Chapter 2, by Michael Todd, shows that most of the asteroids in our Solar
System are located between the orbits of Mars and Jupiter; however there are
many less populated regions where asteroids are found. One special case is the
Trojan asteroids, which occupy the so-called stable Lagrangian regions and
orbit the Sun in a 1:1 mean motion resonance with a planet. Very few Trojan
asteroids have been discovered in the inner Solar System in the orbits of Earth
and Mars. Modelling and simulations indicate that there should be more
waiting to be discovered. The regions in which Trojans for Earth and Mars
are most likely to exist have been identified. The probability distributions
for Earth and Mars show that the longitudes where Trojans are most likely
to exist are consistent with classical Lagrangian points, but that they are
much more likely to be inclined orbits. The small number of predicted Trojan
asteroids means the chance of discovery is small. The optimal method of
searching is to concentrate on the regions of highest probability near the
Lagrangian points. In these regions the amount of sky area to be searched is
still very high, about 3500 deg2 for Earth Trojans and up to 17000 deg2 for
Mars Trojans. A survey of the whole area would be time-consuming, but could
be supplemented by examining the data from other observing programmes.

Chapter 3, by Bojan Novaković, shows that for planetary scientists, as-
teroids are real treasures, because they are very useful in a wide variety of
topics. Moreover, in the last years it becomes evident that an asteroid min-
ing mission is feasible, making asteroids valuable economic resources as well.
Those objects located in the region of terrestrial planets are of particular
interest because of their proximity to the Earth. Three groups of asteroids
approach inner planets. These are Inner Earth Objects (IEOs), Near-Earth
Asteroids (NEAs), and Mars Crossers (MCs). In this chapter the author has
reviewed basic gravitational and non-gravitational mechanisms at work, such
are resonances and Yarkovsky effect, which control the dynamic of an asteroid
located in this region. Both, short- and long-term dynamical characteristics
have been discussed. Furthermore, the advantages (or disadvantages) of dif-
ferent orbital sub-classes with respect to other classes, from astro-dynamical
point of view, have been analyzed. The populations of asteroids in the re-
gion of terrestrial planets have a relatively short dynamical lifetime. Thus,
besides the objects present currently in this region, of grate importance are
also asteroids located in the possible source regions, which continuously sup-
ply new objects to the region of terrestrial planets. A reasonable hypothesis
is that these source regions are related to the most prominent gaps in the
main asteroid belt, in the distribution of orbital semi-major axis. This is be-
cause these gaps (known as Kirkwood gaps) correspond to the most powerful
mean-motion resonances, and it is well known that asteroids become planet
crossers by increasing their orbital eccentricity under the action of a variety of
resonant phenomena. The most plausible mechanisms of transport from the
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main-asteroid belt to the region of terrestrial planets, as well as contribution
of different resonances, have been reviewed here.

Chapter 4, by Martin Elvis, shows that prospecting the asteroids for
valuable resources - ore - has three stages: (1) Discovery, including orbit deter-
mination; (2) Remote, telescopic, characterization; and (3) Local characteri-
zation using robotic spacecraft. The first two of these phases uses exclusively
astronomical techniques: imaging, astrometry, photometry, and spectroscopy.
The implementation of the third phase depends heavily on how good the re-
sults of the first two phases are, and will make use of space astronomy, and
planetary sciences, techniques. In this review a brief outline of the prospect-
ing problem is given. Then each prospecting phase is reviewed, taking care
to explain astronomical terms, but retaining them so that the reader should
be able to read the original research literature. Brief consideration is given
to timescales and costs for implementing an adequate program of near-Earth
object characterization on a decade timescale, in order to enable asteroid
mining to begin.

Chapter 5, by Mikko Kaasalainen and Josef Durech, gives an overview
of the pre-mission sources of information about asteroids. The data avail-
able to us are mostly Earth-based, from ground or satellite observatories.
With sufficient remote-sensing data, we can construct models of individual
asteroids by solving the corresponding inverse problems. The most extensive
source for modeling is photometry, available for hundreds of thousands of
asteroids via all-sky surveys, while the most detailed models are obtained
with radar for near-Earth asteroids. Other data sources are most effectively
used together with photometry, such as adaptive optics or interferometry for
main-belt asteroids. The authors discuss the use of these data sources and
stellar occultations, thermal infrared data, and spectroscopy for determining
or estimating the shapes, spin states, sizes, mass/density, structure, and com-
position of asteroids. These sources can be used for a top-to-bottom scenario
for selecting interesting targets and obtaining increasingly detailed ground-
based information about them, from lower to higher resolution. This can be
followed by in situ data from flybys and radio tomography prior to surface
operations.

Chapter 6, by Mikael Granvik, Robert Jedicke, Bryce Bolin, Monique
Chyba, Geoff Patterson and Gautier Picot, shows that it has recently been
predicted that the Earth is surrounded by a cloud of very small, meter-
and sub-meter-sized asteroids that have been temporarily captured from the
near-Earth-object population into Earth-centered orbits. The >2.1-meter-
diameter asteroid 2006 RH120 is the first natural object known to have been
temporarily captured by the Earth and it agrees virtually perfectly with the
predicted characteristics of these objects. We expect that within a decade
the ever-improving survey systems will allow these objects to be discovered
regularly. Temporarily-captured Earth orbiters (TCOs) form a natural tar-
get for any asteroid mission, because they are energetically very easy, and
thus inexpensive, to get to. The authors review our current knowledge of
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the characteristics of the TCO population and their detectability, and ar-
gue that sample- or asteroid-return missions to TCOs would benefit entities
interested in the utilization of asteroid resources. The authors discuss the fea-
sibility of a TCO rendezvous mission in terms of possible transfer orbits and
highlight some of the other remaining challenges. Discovering a target object
with enough lead time is arguably a major challenge for a space mission to a
TCO.

Chapter 7, by Marco Cenzon and Dragoş Alexandru Păun, shows that Near
Earth Objects have attracted humanity’s fascination for centuries but it is
only in the last two decades that our understanding of these objects has shed
light on their potentially destructive capabilities as well as their potential to
fuel humanity’s needs both on Earth as well as beyond low Earth orbit. The
purpose of the present chapter is that of providing overview on the state of
the art regarding human missions to NEOs, the fundamental challenges that
such missions would face and what would the benefits be. Furthermore, the
authors propose a flexible architecture aimed at serving both as a human NEO
study platform and as an industrial NEO utilization/exploitation platform.

Chapter 8, by Marco Chacin, shows that asteroids’ physical characteristics
provide a very hostile environment distinguished by the absence of gravity.
In recent years, the scientific community has had an increased interest in ex-
ploring the asteroids of the solar system. The in-situ study of asteroids can
lead to important scientific findings in the effort to map the main asteroid
belt. However, relatively little attention from planetary scientists and plan-
etary robotics engineers has been focused on surface mobility on asteroids
due to the challenging gravity conditions. As a result, there exists some risk
that premature conclusions about the feasibility of stable mobility on aster-
oid surfaces may be drawn without thorough consideration of all possible
alternatives. In spite of these difficulties it is clear that in order to maxi-
mize the scientific return from any given mission on an asteroid’s surface,
future missions must have the ability to conduct stable mobility and accu-
rate positioning on the rough terrain. Strategies would require a closer look at
stability control against the forces interacting between bodies in a micrograv-
ity environment. In this chapter, various approaches to gravity-independent
locomotion on weak gravity surfaces of asteroids are discussed along with
related technologies that could improve the operational performance and ef-
ficiency of robots capable of position-based controlled motion. Challenges are
also described that affect planning and control of surface exploration robots
that use hopping and rolling mechanisms and/or articulated limbs for the
ground contact. An in-depth representative example of an asteroid mobility
solution and control approach is provided. The control approach considers
reaction and friction forces with the asteroid surface and is demonstrated
using a prototype robot and laboratory testbed that emulates microgravity.
This example considers issues that most solutions must address related to
the microgravity environment and its effect on dynamics of robotic systems
on asteroids.
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Chapter 9, by Thibaut Raharijaona, Guillaume Sabiron, Stephane Viollet,
Nicolas Franceschini and Franck Ruffier, states that automatic landing on
extraterrestrial bodies is still a challenging and hazardous task. The authors
propose a new type of autopilot designed to solve landing problems, which
is based on neurophysiological, behavioral, and biorobotic findings on flying
insects. Flying insects excel in optic flow sensing techniques and cope with
highly parallel data at a low energy and computational cost using lightweight
dedicated motion processing circuits. In the first part of this chapter, the
authors present a biomimetic approach in the context of a lunar landing
scenario, assuming a 2-degree-of-freedom spacecraft approaching the moon,
which is simulated with the PANGU software. The autopilot proposed by the
authors relies only on optic flow (OF) and inertial measurements, and aims at
regulating the OF generated during the landing approach, by means of a feed-
back control system whose sensor is an OF sensor. The authors put forward
an estimation method based on a two-sensor setup to accurately estimate the
orientation of the lander’s velocity vector, which is mandatory to control the
lander’s pitch in a near optimal way with respect to the fuel consumption.
In the second part, the authors present a lightweight Visual Motion Sensor
(VMS) which draws on the results of neurophysiological studies on the in-
sect visual system. The VMS was able to perform local 1-D angular speed
measurements in the range 1.5o/s - 25o/s. The sensor was mounted on an 80
kg unmanned helicopter and test-flown outdoors over various fields. The OF
measured onboard was shown to match the ground-truth optic flow despite
the dramatic disturbances and vibrations experienced by the sensor.

Chapter 10, by Simon Fraser, shows that one of the most important tech-
nological challenges in designing mission elements for surface operations on
asteroids is power system design. A safe and in terms of available energy and
output power sufficiently dimensioned power system is essential to fulfill the
goals of each mission element operated on the surface of asteroids. Power sys-
tem design for asteroid surface applications therefore requires a very careful
evaluation of the possibilities and limitations of each individual power sys-
tem element in order to find a single element - or a hybrid system of multiple
power system elements - satisfying the energy storage and power generation
requirements of a specific asteroid surface exploration and/or exploitation
system in the best possible way; and this not only with respect to technical
performance data, but also with respect to the economical framework of a
commercial asteroid exploitation mission. A wide range of different nuclear
and non-nuclear power system technologies are available or are currently de-
veloped for future applications in space exploration and exploitation. This
chapter provides a high-level discussion about the most relevant power sys-
tem options for mobile and robotic miners designed to collect rubble on the
surface of asteroids.

Chapter 11, by Karen Daniels, shows that most Near Earth Objects
(NEOs) are composed of fractured rock, sometimes highly fractured and
porous, and they have come to be known as rubble piles. The constituent
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particles, ranging from millimeters up to tens of meters, are weakly held
together by a combination of both gravitational and van der Waals forces,
which can be of comparable strength. Future missions to these rubble NEOs,
whether human or robotic, will need to operate in such a way that they can
safely and successfully interact with a fragile object. Of key importance is
the ability to predict and control the circumstances under which the NEO
material will remain intact or become unstable during activities such as dig-
ging, sample-collection, anchoring, or lift-off. While a comprehensive theory
of these granular materials remains elusive, extensive laboratory experiments
and computer simulations on these materials have lead towards an improved
theoretical understanding of their dynamics. This chapter reviews the current
state of knowledge of granular materials, and provides guidance about how
to apply this knowledge to rubble-pile asteroids.

Chapter 12, by Kris Zacny, Philip Chu, Gale Paulsen, Magnus Hedlund,
Bolek Mellerowicz, Stephen Indyk, Justin Spring, Aaron Parness, Don Wegel,
Robert Mueller and David Levitt shows that Near Earth Objects (NEOs)
are of interest for two reasons: for scientific study, and as a source of space
resources. So far, all missions to NEOs have been motivated by scientific
exploration. However, given recent advancements in space propulsion and
communication technologies, mining NEOs for resources is becoming ever
more feasible. A significant portion of NEOs’ value is derived from their
location; the resources contained in NEOs do not need to be lifted at a great
expense from the surface of the Earth in order to be utilized in space. Instead,
resources can be mined, processed, and used in space. To help represent this
notion, a new term was coined: In Situ Resource Utilization (ISRU). ISRU
facilitates planetary exploration by drawing needed resources, such as water,
from the local environment. For decades, NASA and other space agencies
have focused significant resources on developing and flying missions for in
situ exploration of the Moon and Mars. These missions included the Apollo
and Luna programs that explored the Moon and brought samples back, as well
as the Viking, Mars Exploration Rovers, and Mars Science Laboratory Rover
missions, to name a few, that helped explore the surface and near subsurface
of Mars. Comparatively very little has been committed to in situ exploration
or advancing technologies for in situ exploration of NEOs. The goal of this
chapter is to present information pertaining to technologies that have either
been developed or are being developed for in situ exploration of NEOs. In
particular, the chapter describes various methods of anchoring to a small
body (a prerequisite for sampling and mining missions to large asteroids)
as well as sample acquisition technologies and large scale mining options.
These technologies are critical to enabling the exploration and utilization of
asteroids by NASA, other space agencies, and private companies.

Chapter 13, by Leonhard Bernold, states that it is surmised that colliding
Asteroids once delivered us valued resources from deep space causing giant
explosions shattering the Earth’s crust. However, recent scientific interest and
visits by spacecrafts gives rise to the expectation that humankind will be able
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to reap their bounty without “deep impacts.”While Hollywood offers visions
of gigantic human-controlled miners crushing mountains of basaltic rock on
Asteroids, the risks and economic reality of our terrestrial gravity well asks for
a mining technology that is lightweight and remote-controlled. This chapter
presents the design and results of testing an experimental miner for very
dense Asteroid regolith utilizing pneumatic conveying technology to excavate
and transport. Taking synergistically advantage of several similitudes the
terrestrial prototype excavated regolith simulants from an intake nozzle to a
separator via a piping system. Two different nozzle designs were successfully
tested.

Chapter 14, by Narayanan Komerath, Thilini Rangedera and Scott Ben-
nett, deals withy the conceptual design of a solar-powered robotic craft to
land on, attach to, and extract materials from, a typical Near Earth Object
(NEO) on the scale required to construct habitat modules in orbit, or in-
dustrial processing for minerals. A solar-powered trajectory to a candidate
NEO is used to estimate requirements. A reconfigurable solar sail/collector
is the primary propulsion and power source for the craft. Following a journey
of nearly 5 years, the craft will use a pulsed plasmajet torque-hammer con-
cept to attach to the NEO. The basic cutting tool element is a solar-powered
Neodymium fiber laser beam sheathed in a plasma jet, expanded through a
truncated aerospike nozzle. Two telescoping, rotating arms carrying a total
of 60 such nozzles at the ends of “fingers” enable the craft to dig and “float”
out NEO material at a rate adequate to build a 50m diameter, 50m-long,
2m thick, walled cylinder within 19 days. The system is also amenable to
applications requiring excavation of a large mass of near-surface material for
resource processing. The present design with no return to Earth appears to
close with a total payload to LEO of 37,500 kg, with a total mass of 30,000
kg including the sail/collector at earth escape. The primary consumables on
the system are the plasma gas for cutting and maneuvering, and electrodes
of the plasma cutters, sufficient to cut and release 1.4 million kilograms of
NEO material. Options to collect the mass and return it to Earth orbit are
discussed, centered on solar sail and mass driver propulsion.

Chapter 15, by Alexey Kondyurin, describes for the first time a poly-
merisation technique on asteroids and is backed up with the experimental
results obtained in simulated space chambers as well as flight experiments of
composite curing in near space environment. These results for the first time
consider a number of asteroids that would be suitable for the polymerisa-
tion technique. As a consequence it will be possible to create new materials
for building constructions in space for exploitation of asteroids. The chap-
ter reviews in details space factors and their impact on polymerisation pro-
cesses including high vacuum, cosmic rays, temperature changes and orbits
of asteroids. It provides experimental information how to utilise the environ-
mental condition in space.

Chapter 16, by Haym Benaroya, suggests a spacecraft concept that has
the possibility of operating on a variety of asteroid types, shapes and sizes.
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Mining activities on asteroids will be very challenging. The proposed craft –
a deployable tetrahedral craft – would provide the option of standardization;
it has not been seen in the published literature.

Chapter 17, by Werner Grandl and Akos Bazso, presents conceptual re-
search on technological, commercial and architectural development related
to Near Earth Asteroids (NEAs). In a first step NEAs, which are expected
to contain resources like nickel-iron, platinum group metals or rare-earth el-
ements, will be prospected by robotic probes. A number of asteroids with a
minimum density of 2 g/cm3 and a diameter of 100 to 500 m will be selected
for mining. The authors propose to modify the orbits of those celestial bodies
by orbital maneuvers from solar orbits to Earth orbits. To move the NEAs by
remote control, unmanned space tugs with advanced propulsion types were
designed. A pair of space tugs is docked to each asteroid using drilling an-
chors. The rocket engines of the tugs then apply the thrust forces for the
maneuvers. Once stabilized in Earth orbit beyond the Moon, the mining pro-
cess is started along the major axis of the asteroid. A manned space station
will be connected to the asteroid, carrying digging, conveying and process-
ing machinery and storage modules. The Active Mining Head initially digs a
main central tunnel of 8 m diameter to the center of the asteroid. Then it ex-
cavates a spherical or cylindrical cave up to 50% of the NEA’s volume. While
the mass of the asteroid decreases constantly, its orbit is stabilized by the two
space tugs. The processed material is transported by unmanned cargo ships
to Low Earth Orbit or to the Lagrange Points of the Earth-Moon System for
further industrial use. In the last phase of mining the inner surface of the
cave is sintered by a robotic laser device. After the end of the mining process
a rotating human habitat may be built inside the cave. The remaining shell of
the asteroid will provide shelter against cosmic rays, solar flares and microm-
eteorites. The various materials produced by asteroid mining can be used for
construction. Oxygen, hydrogen and carbon can be extracted from C-Type
and similar NEAs. Natural sunlight can be collected outside the asteroid’s
shell by parabolic mirrors and beamed into the cave through the central tun-
nel. In a future scenario we can imagine dozens of asteroid colonies orbiting
the planet Earth each with several thousand inhabitants.

Chapter 18, by Joan-Pau Sanchez and Colin R. McInnes, shows that ex-
ploiting the resources of near-Earth space has long been suggested as a means
of lowering the costs of future space endeavours. Asteroids and comets, in
particular, are generally agreed to be ideal resources, both in terms of their
accessibility and their potential wealth. The intense survey efforts of the past
decades have led to a growing catalogue of accessible near-Earth objects,
but also to the realisation of the potential for exploitation and science of
the myriad of objects that the Earth encounters along its orbit. The ques-
tions that now arise are how much near-Earth asteroid material is known,
how much remains to be discovered, and, more importantly, how much can
be easily accessed for future asteroid exploitation missions, such as those re-
cently proposed by Planetary Resources Inc. This chapter demonstrates that
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a substantial quantity of resources can indeed be accessed at relatively low
energy; on the order of 1014 kg of material could potentially be harvested
at an energy cost lower than that required to access the resources of the
Moon. More importantly, asteroid resources can be accessed across a wide
spectrum of energies, and thus, it is show that current technology could be
adapted to return to the Earth’s neighbourhood objects from 10 to 30 meters
diameter for scientific exploration and resource utilisation purposes. While
the exploitation of the resources of near-Earth space has been considered for
some time, it is here demonstrated that emerging technologies can now enable
these resources to be accessed at modest cost.

Chapter 19, by Didier Massonnet, shows that the artificial capture of an
asteroid from the near-earth objects family into an earth-bound orbital po-
sition is a very fascinating prospect. The main two questions raised by this
issue are: 1) How to capture the asteroid and what are the associated orders
of magnitude in terms of cost delay and the availability of technologies and
2) Why to capture an asteroid. The additional question of the benefit versus
risks may also be addressed. Regarding the first question, the author reviews
the main possibilities of propulsion and conclude that the only possibility that
remains within a reasonable timescale is to use a mechanical throwing device
using the material of the asteroid itself. The capture itself takes advantage of
the L1/L2 Sun-Earth Lagrange points but still requires more ΔV than most
scenarios of asteroid deviation. The second question is less straightforward.
Asteroids can be used for mining materials uncommon or difficult to extract
on earth, which supposes bringing back to Earth a very small fraction of
the asteroid mass. They can also be used for mining materials to be used in
space, with the advantage of not having to propel these materials into orbit:
this is the case of liquid oxygen with chemical propulsion of large rockets
or of bulk mass for the radiation protection of space crews. The extracted
matter could then constitute a few percent of the asteroid mass. An even
higher percentage of the mass can also be used in some schemes of nuclear
space propulsion. Finally, the asteroid itself can be used as a shield against
an earth-impact-bound asteroid, possibly much larger. In this case the whole
mass of the asteroid is used and it has to be piloted into a collision trajectory
with the incoming threat. The author discusses the likeliness and difficulty
associated with each use, closely related to the complexity of the facility that
has to be added to the propulsion device in each case.

Chapter 20, by Alexander Bolonkin, shows that for delivery asteroids to
Earth we need in methods for changing the asteroid trajectory and theory
for an estimation or computation the impulse which produces these methods.
The author develops some methods of this computation. There are: impact of
the space apparatus to asteroid, explosion the conventional explosive having
form of plate and ball on asteroid surface, explosion the small nuclear bomb on
the asteroids surface, entry asteroid to Earth atmosphere, braking of asteroid
by parachute. Offered method may be also used for braking of apparatus
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reentering in the Earth from a space flight. The offered theory also may be
used for protection the Earth from impact of a big asteroid.

Chapter 21, by Daniel Garćıa Yárnoz, Joan-Pau Sanchez and Colin R.
McInnes, shows that asteroids and comets are of strategic importance for
science in an effort to uncover the formation, evolution and composition of
the Solar System. Near-Earth Objects (NEOs) are of particular interest be-
cause of their accessibility from Earth, but also because of their speculated
wealth of material resources. The exploitation of these resources has long
been discussed as a means to lower the cost of future space endeavours. In
this chapter, the authors analyze the possibility of retrieving entire objects
from accessible heliocentric orbits and moving them into the Earth’s neigh-
bourhood. The asteroid retrieval transfers are sought from the continuum of
low energy transfers enabled by the dynamics of invariant manifolds; specifi-
cally, the retrieval transfers target planar, vertical Lyapunov and halo orbit
families associated with the collinear equilibrium points of the Sun-Earth Cir-
cular Restricted Three Body problem. The judicious use of these dynamical
features provides the best opportunity to find extremely low energy transfers
for asteroidal material. With the objective to minimise transfer costs, a global
search of impulsive transfers connecting the unperturbed asteroid’s orbit with
the stable manifold phase of the transfer is performed. A catalogue of asteroid
retrieval opportunities of currently known NEOs is presented here. Despite
the highly incomplete census of very small asteroids, the catalogue can al-
ready be populated with 12 different objects retrievable with less than 500
m/s of Δv. All, but one, of these objects have an expected size in the range
that can be met by current propulsion technologies. Moreover, the methodol-
ogy proposed represents a robust search for future retrieval candidates that
can be automatically applied to a growing survey of NEOs.

Chapter 22, by Richard B. Cathcart, Alexander Bolonkin, Viorel Badescu
and Dorin Stanciu, states that some asteroids are assumed to either contain
some valuable mineral resources or consist of the only immutable, rust-free
forms of iron in the Universe. These resources may become in the future
a useful and ecologically sound supply meeting our iron mineral demands.
In order to use these valuable iron resources, some actions should be en-
gaged. The first is the extraterrestrial mining by which one has to break
into some relatively small pieces the targeted iron-rich asteroid (when neces-
sary). In some cases, these iron pieces may be further reshaped into a quite
aerodynamic shape and even be foamed to be prepared for the next action.
This action aims to send these pieces firstly on the near-Earth elliptic or-
bit, and after that on to the Earth-surface. In this chapter, two delivery
methods are proposed. One of them is based on remotely-controlled, aerody-
namic, shaped gliders resembling the USA’s 1960–1965 ASV-3 ASSET vehi-
cles, the first vehicles to return data from a lifting re-entry craft entering the
atmosphere from near orbital speeds. The chosen vehicle/cargo is a much
simpler version of the 1970s Space Shuttle design named the “Mega-ASSET”
machine. Within this method, the asteroid fashioning is obtained through an



XXII Preface

asteroid mining process occurring in extraterrestrial space. Asteroid mining
may initiate a new phase of the Earth’s Anthropocene, delinking Homo sapi-
ens’ increasingly bulky infrastructure from (possibly all) Earth-crust mining.
The idea and basis of the second method comes from the fact that in recent
years the materials industry has produced high-temperature carbon fiber and
whiskers. The authors examined, and proposed, the use of high temperature
tolerant AB parachute for atmospheric braking. Though it is not large, a light
AB parachute could decrease asteroid speed from 11 km/s to 50 m/s and a
friction-induced heat flow by tens times. The parachute surface is opened be-
hind the incoming object so that it can emit heat radiation efficiently to the
Earth-atmosphere. The temperature of an AB parachute may become about
1000–1300oC. Carbon fiber is able to keep its functionality up to a temper-
ature of 1500–2000oC. There is no conceivable problem to manufacture the
AB parachute from carbon fiber. The second method consists of capturing
unshaped asteroids by using an apparatus formed by a capture net, a long
cable, a mechanical energy accumulator, and an AB carbon fiber parachute.
The apparatus is launched into outer space by a rocket and intercepts the
targeted asteroid on its elliptic orbit having in focus the Earth. After inter-
ception, the apparatus retards the asteroid’s inbound flight through a kinetic
process, so that the whole ensemble quits the Earth elliptic trajectory and
enters the upper atmosphere. At this time, the AB carbon fiber parachute
deploys from the asteroid’s backside, retarding the whole ensemble (asteroid
and delivery apparatus) and assures its landing at desired and assigned place
inside the Earth-biosphere. Within this method the final mining process of
delivered asteroid occurs in the Earth-biosphere. A combination of the two
methods is also possible. Some small, natural whole or artificial asteroids
fashioned to resemble the “Mega-ASSET”machine may best be delivered via
carbon fiber AB parachutes.

Chapter 23, by Alexander Bolonkin, offers and researches the conditions
which allow people and vehicles to levitate on asteroids using the electrostatic
repulsive force. The author shows that by using small electrically charged
balls or electret, people can create the artificial electrostatic gravity. The
author has computed projects and discusses the problems which can appear
in the practical development of this method. It is also shown how this method
may be used for creating artificial gravity (attraction force) on asteroids.

Chapter 24, by Alexander Bolonkin, states that on an asteroid without
atmosphere, sustaining human life is very difficult, especially during short
sunlit period when low temperature prevails. To counter these environmen-
tal stresses, the author offers an innovative artificial “Evergreen” dome, an
inflated hemisphere with interiors continuously providing a climate like that
of Florida, Italy and Spain. The “Evergreen”dome theory is developed, sub-
stantiated by computations that show it is possible for current technology
to construct and heat large enclosed volumes inexpensively. Specifically, a
satisfactory result is reached by using high altitude magnetically supported
sunlight reflectors and a special double thin film as an enclosing skin, which
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concentrates solar energy inside the dome while, at the same time, markedly
decreasing the heat loss to exterior space. Offered design may be employed
for settlements on asteroids. The author also methodically researched a rev-
olutionary macro-engineering idea for a closed-loop freshwater irrigation and
in this chapter it is unveiled in some useful detail. One offers to cover a given
site by a thin, enclosure film (with controlled heat conductivity and clarity)
located at an altitude of 50 – 300 m. The film is supported, at its working
altitude, by small additional induced air over-pressuring, and anchored to
the ground by thin cables. The author shows that this closed dome allows
full control of the weather within at a given asteroid surface region. This is,
today, a realistic and cheap method of evaporation-economical irrigation and
virtual weather control on asteroids.

Chapter 25, by Russell Bewick, Joan-Pau Sanchez and Colin R. McInnes,
focuses on the use of captured near-Earth asteroids as an integral part of
three, large-scale, space-based geoengineering methods. These methods are;
an unstable dust cloud at the Sun-Earth first Lagrange point, a gravita-
tionally anchored dust cloud at the same position and a dust ring around
Earth. Geoengineering, otherwise known as climate engineering, is the delib-
erate modification of the Earth’s climate to offset the effects of an increase
in mean global temperature. It has been shown that an increase in global
temperatures by 2°C can be offset by a 1.7% decrease in solar insolation. The
three methods discussed in this chapter will aim to achieve this target. The
unstable dust cloud uses the linearised dynamics of the circular restricted
three-body problem to create a steady state dust cloud that is used, in con-
junction with a model of the incident solar radiation, to determine the mass of
dust required per year to achieve the insolation reduction target. In contrast,
the gravitationally anchored dust cloud uses four-body dynamics to deter-
mine a zero-velocity curve that bounds a region around the first Lagrange
position within which dust ejected from the surface of an asteroid will not
escape. A list of known near-Earth asteroids is used to determine the max-
imum insolation reduction achievable for the given asteroids mass. Finally,
the Earth ring uses the perturbations of solar radiation pressure and the J2
effect to find stable, elliptical, heliotropic orbits around Earth. These orbits
are then used to generate a model of a ring with a dust grain size distribution,
from which the mass of dust and insolation reduction can be calculated. In
summary of the mass of asteroid material required, the unstable dust cloud
requires 1.87-7.60x1010kg/yr, whilst the Earth ring requires 2x1012kg of ma-
terial. Finally, it is demonstrated that this mass of material can be captured
from the populations of near-Earth asteroids below the velocity required to
exploit lunar resources.

Chapter 26, by Alexander Bolonkin, shows that currently, rockets are used
to change the trajectory of space ships and probes. Sometimes space probes
use the gravity field of a planet. However, there are only nine planets in the
solar system, all separated by great distances. There are tens of millions of
asteroids in outer space. This chapter contains three parts. In the first part
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the author offers and researches the space elevator for rotated asteroid hav-
ing the diameter more 20 - 100m. This elevator allows landing and starting
(land/launch), braking and accelerating of the space ship without spending
of fuel in many cases. The space ships use the rotational energy of asteroid.
The chapter brings together research on the space elevator and a new trans-
portation system for it. This transportation system uses mechanical energy
transfer and requires only minimal energy so that it provides a “Free Trip”
into space. It uses the rotational energy of asteroids. In the second part of
this chapter the author offers a revolutionary cable method for changing the
trajectory of space probes. This method uses the kinetic or rotational energy
of asteroids. In third part of this chapter the author offers an electrostatic
method for changing the trajectory of space probes by asteroids. The method
uses electrostatic force and the kinetic or rotational energy of asteroids. These
methods allows to increase (to decrease) ship (probe) speed up to 1000 m/s
(or more) and to achieve any new direction in outer space.

Chapter 27, by Csaba Kecskes, discusses shortly the problem of “mankind
is not unique - where are the extraterrestrials”. An evolutionary model of the
development of technical civilisations is presented in which the civilisations
evolve in such a way that Earth-like planets (and, eventually, Sun-like stars)
are becoming unimportant for them. A testing method (searching the traces
of extraterrestrial visitations in the asteroid belt) is suggested. NASA’s Lu-
nar Reconnaissance Orbiter mission is presented as an example of searching
artificial objects on the Moon. The problem of high resolution photography
from spacecrafts is discussed. A multiple asteroid flyby mission is suggested
as an economical method for surveying many objects in the asteroid belt.
The once planned Soviet Vesta mission is presented as an example.

Chapter 28, by Mike H. Ryan and Ida Kutschera, describes some of the
unique opportunities that could develop from proposed asteroid mining ven-
tures. The use of extra-terrestrial resources is examined from a business per-
spective and numerous challenges enumerated along with possible solutions
and alternatives. Several historical analogs are examined and their impli-
cations for asteroid mining developed. The roles that human explorers and
miners might play within such undertakings are discussed in conjunction
with robotic approaches. The Chapter looks in detail at issues such as self-
sufficiency, command and control, property rights, risk and the types of busi-
ness models that might develop. The Chapter concludes with an assessment
of the probability of such ventures occurring in the near future.

Chapter 29, by Virgiliu Pop, shows that the asteroids are mines in both
meanings of the word; they are a likely source of minerals, as well as a dan-
ger to human civilization. Efforts are in place to deal with asteroids in both
these meanings to mine them for their riches, and to de-mine the sky. These
activities raise important legal questions: how is this wealth going to be
appropriated and shared? Who, after all, really own the asteroids? What
is the place and significance of property rights in the context of space ac-
tivities? Is planetary defense a right, or an obligation? Who is entitled - or
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obliged - to defend the Earth from the PHO menace? Are all deflection tech-
nologies legal? Can nuclear explosions be used not only for deflection, but
also for exploiting the mineral riches of asteroids? Could asteroids be used
for waging war? It is hereby offered that property rights produce the best
answer when included in these equations; private enterprise, if allowed to
make a profit from exploiting the asteroids, would survey and track them
better than a voluntary or a government program; private enterprise would
devise means of exploiting and moving the asteroids that would not only ex-
tract their riches, but would also be able to alter their orbits. Mining the sky
would, then, mean also de-mining it but in order for this to happen, humans
ought to be able to say the word“mine”in its third meaning - that of property
- when it comes to asteroids.

The book allows the reader to acquire a clear understanding of the sci-
entific fundamentals behind specific technologies to be used on asteroids in
the future. The principal audience consists of researchers (engineers, physi-
cists) involved or interested in space exploration in general and in asteroid
exploration in special. Also, the book may be useful for industry developers
interested in joining national or international space programs. Finally, it may
be used for undergraduate, postgraduate and doctoral teaching in faculties
of engineering and natural sciences.

The Editor
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Chapter 1  
Asteroids Close-Up: What We Have Learned 
from Twenty Years of Space Exploration 

Ivano Bertini 

University of Padova, Italy  

1.1   Introduction 

Asteroids are objects of fundamental scientific importance for several reasons. 
They are the remnant debris from the formation of the inner solar system. They 
offer therefore the unique opportunity to study the original materials and the 
mechanisms which formed the terrestrial planets. Moreover, they can be the ob-
jects of a strong interaction with Earth’s biosphere. Asteroids may have played a 
role in bringing water and organic substances on the Earth, influencing the for-
mation of life. With catastrophic impacts they may have changed in the past the 
evolutionary path of life forms and may still constitute a serious threat to the hu-
man presence on the planet. Finally, asteroids represent an extraordinary source of 
minerals which can be exploited for the increasing necessities of our civilization 
and for the future exploration and colonization of the solar system. 

In the last twenty years asteroids passed from being distant point-like light 
sources in our telescopes to revealing themselves as intriguing complex worlds 
thanks to the vast amount of scientific results coming from dedicated space mis-
sions. The in-situ exploration combines the advantages of observing in a wide 
range of wavelengths, overcoming the limits imposed by Earth’s atmosphere, to 
the high resolution possible only with close encounters. Moreover, spacecraft 
observations cover a range of observational geometries often unattainable from 
Earth. Spacecraft data have so far complemented, improved, and in many cases 
revolutionized, the theories and findings derived from ground-based asteroid data. 
Finally, space missions have the notable scientific expansion of triggering exten-
sive ground- and space-based observational campaigns to characterize the targets 
before and during the in-situ operations of the spacecrafts. This is necessary both 
for mission planning purposes and for connecting the ground truth to the in-situ 
results. 

Several scientific subjects can be addressed in a better, or exclusive, way from 
in-situ instruments in comparison with observations from ground-based or Earth-
orbiting telescopes. Spacecraft exploration allowed the birth of asteroid geology, 
giving hints on the origin and evolutionary processes of the objects. Crater count-
ing allows the measure of surfaces age and tells us about the collisional evolution 
of asteroids. Deriving the craters depth-to-diameter ratio provides information on 
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the nature of these bodies and the depth of the regolith covering the surfaces. The 
detection of existing boulders on the surface is a direct evidence of regolith pres-
ence on asteroids. As retained ejecta fragments, these rocks give information on 
the impact cratering processes on bodies with low gravity (Lee et al. 1996). The 
derivation of a precise shape model can give hints on a possible effect acting on 
the rotation rate, and therefore shaping, of small bodies caused by the anisotropic 
emission of thermal photons, called YORP effect. Resolved spectrophotometry, 
investigating the variegation of the surface in terms of albedo and color give hints 
on dynamical and space weathering aging processes on asteroid surfaces 
(Schröder et al. 2010). Resolved ultraviolet, visible, and infrared spectroscopy 
provide information on the distribution of minerals across the surface. Resolved 
observations of the thermal emission tell us about the variegation of the sub-
surface in terms of texture and composition (Tosi et al. 2010). The measure of a 
global magnetic field places significant constraints on the composition, origin, and 
thermal evolution of the asteroids and their parent bodies (Blanco-Cano et al. 
2003; Auster et al. 2010). Finally, spacecraft encounters allow very effective 
searches and discoveries of asteroid companions. The measure of the orbit of 
small satellites permits the mass of the primary to be measured and hence its bulk 
density, once the volume is known. This give hints on the physical composition of 
the object and its internal structure. The study of the connected systems provides 
also clues on the collisional events which occurred during the early stages of the 
formation of the inner solar system (Merline et al. 2002). Asteroid masses can also 
be obtained with high precision from the measure of the perturbations the objects 
are exerting on the spacecraft’s trajectory, in case of large masses and/or extreme-
ly close flybys, or during orbital manoeuvres.  

This chapter contains a summary of the main scientific results obtained in the 
last twenty years of asteroid space exploration, starting from the encounter of  
the NASA Galileo mission with asteroid (951) Gaspra in 1991 and ending with the 
visit of asteroid (4179) Toutatis by the chinese Cheng’E 2 spacecraft in 2012. 
Future missions already approved and under development by the various space 
agencies are also outlined at the end of this work. 

1.2    The Scientific Results from 20 Years of In-Situ Asteroid 
Space Exploration 

Eight space missions were devoted so far to the in-situ exploration of eleven as-
teroids. Although the most common mission type was a fast flyby, often en route 
to another primary target, two orbiting, and one orbiting and sample return mis-
sion were also performed. A summary of the past space missions to asteroids and 
achieved scientific results is portrayed in the following sub-sections. This sum-
mary represents an up-to-date portrait of our knowledge about asteroids coming 
from in-situ studies. 
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1.2.1   The First Encounter with an Asteroid: Galileo at Gaspra 

En route to explore the Jupiter system, the NASA Galileo spacecraft flew-by the 
S-type main belt asteroid (951) Gaspra at a distance of 1600 km and a relative 
speed of 8 km s-1, obtaining the first close-up view of an asteroid in history on 21 
October 1991 (Belton et al. 1992b). 

During the encounter, the Solid State Imaging Camera (SSI) instrument (Belton 
et al. 1992a) took several images of the asteroid with the highest resolution of 54 
m px-1 (Chapman et al. 1996b). Only the 80% of the surface was revealed by SSI 
images due to the geometry of the flyby. Gaspra was found to be an highly irregu-
lar body which shape can be best fitted by a triaxial ellipsoid having dimensions of 
18.2×10.5×8.8 km3 (Veverka et al. 1994). An image of Gaspra taken by Galileo is 
shown in Fig. 1.1. The shape is dominated by large flat to slightly concave re-
gions, termed facets, of controversial origin. They may be the remnants of impact 
scars or being formed as a parent body broke up along pre-existing fractures 
(Stooke 1996, 1997). Gaspra has a surface battered with craters. Crater counting 
yielded a very steep differential population beyond the theoretical limit for colli-
sional equilibrium, a situation in which as many craters are being destroyed as are 
being produced. This result pushed to a reassessment of previous asteroid colli-
sional models (Chapman et al. 1996b). Estimates of the cratering age of Gaspra’s 
surface gave very young values ranging from 20 to 300 Myr (Veverka et al. 1994). 
Several linear features were found, including sets of grooves and linear  
 

 

Fig. 1.1 Mosaic picture of Gaspra taken by the Galileo spacecraft from a distance of 5300 km 
ten minutes before closest approach on 29 October 1991 with a resolution of ~ 54 m px-1.  
The portion illuminated in this view is about 18 km from lower left to upper right. Courtesy 
NASA/JPL/USGS. 
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depressions. The analysis of the morphological features pointed towards an inter-
pretation of the origin of Gaspra by a catastrophic collision involving a previously 
larger body. Another conclusion derived was that the asteroid is probably a single 
coherent monolithic body rather than a contact binary system or a rubble pile  
(Veverka et al. 1994; Stooke 1996). 

SSI images were combined with the Near Infrared Mapping Spectrometer 
(NIMS) instrument (Carlson et al. 1992) data to derive the spectral behavior of the 
asteroid up to 5.2 μm. This allowed the investigation of the surface composition 
and of the distribution of the mineral phases on the surface (Granaham 2011). 
Modest color differences (5%) were observed across the surface (Carr et al. 1994; 
Helfstein et al. 1994). Two ‘extreme’ units were identified. The first one has a 
slightly higher albedo, bluer color, and deeper 1 μm and 2 μm silicate absorption 
bands than the second one. The average Gaspra’s surface is closer to the second 
unit, with an average geometric albedo of 0.23 at 0.56 μm (Veverka et al. 1994; 
Chapman 1996; Granaham 2011). There is also a clear correlation between color 
and elevation. The bluer unit is located preferentially on ridges and appears to be 
correlated with several small fresh craters located on the ridges. The redder unit is 
preferentially located on the lower, flatter facets. These correlations led to con-
clude that there is a space weathering process that changes the color with time, 
converting the first unit materials into the second ones, and that there is a tendency 
for the older material to migrate downhill from the ridges and fill in the lower 
planar regions (Belton et al 1992; Helfenstein et al 1994; Carr et al. 1994). The 
latter fact requires the presence of particulate regolith, also suggested by the re-
sults on thermal inertia modeling (Weissman et al 1992). A nominal relative 
abundance of olivine (~90%) with respect to orthopyroxene (~10%) was derived 
modeling the ratio of the 1 μm and 2 μm bands, consistently with the spectra of 
meteorites with monomineralic olivine (Granaham 2011). All of these meteorites 
have been subjected to igneous processes on their parent body asteroids. Hence, 
the spectra of Gaspra indicate that it has been subjected to igneous differentiation.  

A very interesting result came also from the onboard magnetometer (Kivelson 
et al. 1992). Two large interplanetary magnetic field rotations with little changes 
in the field magnitude were recorded one minute before and two minutes after the 
closest approach, respectively. The time and the geometry of the field changes 
were interpreted as being consistent with the magnetic signature of an obstacle 
that is removing momentum from the outward-flowing solar wind (Kivelson et 
al.1993). Considering the size of the disturbed region, it was derived that Gaspra 
does not possess a magnetic field strong enough to build a magnetosphere impene-
trable to the solar wind. The magnetic interaction would than result in a whistler 
wake downstream the asteroid, in contrast to the bow wave formed in front of 
planets (Kivelson et al. 1993; Baumgartel et al. 1994; Wang et al. 1995). The in-
ferred magnetic moment was estimated to be [6×1012-2×1014] A m2, more than 
eight orders of magnitude smaller than the value for Earth, and the resulting spe-
cific moment is [0.001-0.03] A m2 kg-1, in the range observed for iron meteorites 
and highly magnetized chondrites. The conclusion was that Gaspra might then be 
a fragment of a differentiated parent body. Alternatively, Gaspra or its parent body 
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may have cooled in a magnetic field capable of aligning ferromagnetic material 
that was present in the early solar system (Kivelson et al. 1993). This interpreta-
tion was later challenged by Blanco-Cano et al. (2003) who considered the pertur-
bation observed near Gaspra not generated by the interaction of the solar wind 
with a magnetized asteroid. The authors found that the signatures were linearly 
polarized, resembling the magnetic discontinuities commonly found in the solar 
wind, in contrast to the nearly circularly polarized signatures of their theoretical 
simulations of the solar wind-magnetized asteroid interaction. 

Finally, no evidence for satellites down to the size limit of 27 m in radius, con-
sidering Gaspra-like photometric properties, was found in SSI images. The search 
covered the region from about 100 to 200 m above Gaspra’s surface out to about 
10 asteroid radii, only a tiny fraction of the region of gravitational influence of the 
asteroid, called Hill sphere (Belton et al. 1992b). 

1.2.2   Asteroids DO Have Satellites: Galileo at Ida 

On 28 August 1993 Galileo performed its second flyby with a main belt S-type 
asteroid: (243) Ida, which belongs to the Koronis family. The closest distance 
reached was 2400 km at a relative speed of 12.4 km s-1. The same instruments 
operating during the flyby of Gaspra were switched on (Belton et al. 1994).  

SSI imaged ~95% of the surface with a maximum resolution of 25 m px-1. Ida 
resulted to be an irregular elongated body with dimensions along the principle axis 
of momentum of 60×25×19 km3 (Belton et al. 1996). An image of Ida taken by 
Galileo is showed in Fig. 1.2. The surface was found to be rich in geological fea-
tures. Craters as large as 8 km without complex morphologies were identified. The 
high crater density and size-frequency distribution indicated a surface in equilibri-
um with saturated cratering. A minimum model crater age for Ida was estimated to 
be 1-2 Gyr (Belton et al. 1994; Chapman et al. 1996a). Several relief features were 
interpreted as boulders, providing a direct evidence for regolith retention on the 
asteroid. A deep regolith layer was inferred covering the surface (Lee et al. 1996; 
Sullivan et al. 1996). 

Galileo’s photometry combined with near opposition ground-based data yielded 
a geometric albedo of 0.21 at 0.56 μm. Two primary color units were identified on 
the surface, similarly to Gaspra: the first one exhibits a relatively lower albedo, 
shallower 1μm band and a steeper spectral slope with respect to the second. Aver-
age photometric properties are similar to the first unit. The first unit is the ubiqui-
tous background of the surface while the second one is correlated with small  
craters and possible ejecta from big craters. The most natural interpretation of the 
difference implies effects of space weathering rather than intrinsic compositional 
heterogeneity (Helfenstein et al. 1996; Veverka et al. 1996a). The combination of 
SSI and NIMS data suggests the silicate composition of the surface is 65% olivine 
and 35% orthopyroxene (Granahan 2002). 

The onboard magnetometer found magnetic signatures close to the closest  
approach, as was previously detected at Gaspra. A similar interpretation of the  
results was provided (Wang et al. 1995; Kivelson et al. 1995; Blanco-Cano et al. 
2003). 
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The most striking event during the flyby was the serendipitous discovery of a 
small round moon, named Dactyl, of approximate dimensions of 1.6×1.4×1.2 km3. 
An image of Dactyl taken by Galileo is shown in Fig. 1.2.  

 

 

Fig. 1.2 Composite color picture taken by the Galileo spacecraft about 14 minutes before its 
closest approach to Ida on 28 August 1993. The distance from Galileo was ~10500 km, 
yielding a resolution of ~100 m px-1. The moon Dactyl is visible to the right of the asteroid. 
In the upper right corner a monochromatic image of Dactyl, taken from a distance of ~3900 
km, 4 minutes before closest approach, has been added. The resolution of this image is ~39 
m px-1. Courtesy NASA/JPL. 

This was the first and definitive proof that asteroids have satellites and binary 
systems exist. Dactyl has its longest axis pointed towards Ida and the shortest 
perpendicular to the orbital plane. Well defined craters were found on its surface, 
the crater population resulting in equilibrium with saturation (Chapman et al. 
1995). There were no evidences of grooves, ridges, sharp edges, or other geologi-
cal features at the resolution of the SSI imaging system (Chapman et al. 1995; 
Veverka et al. 1996b). The moon was found having a geometric albedo of 0.20 at 
0.56 μm, similar to Ida’s one and a consistent phase function (Chapman et al. 
1995; Helfenstein et al. 1996). The spectral differences between Ida and its moon 
are minor. Dactyl is slightly less red in color and with a deeper 1 μm absorption 
band. Combining all the results, the most likely explanation for the small photo-
metric differences between Ida and Dactyl is a slightly different composition  
between the two objects (Chapman et al. 1995; Veverka et al. 1996b). Almost 
certainly Dactyl was formed either from Ida via impact or at the same time as Ida 
during the catastrophic collision that formed the Koronis family (Chapman et al. 
1995; Giblin et al. 1998). 
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The presence of Dactyl and constraints on the range of its possible orbits 
around Ida, combined with Ida’s volume estimate, allowed for the first time in 
history the precise estimation of an asteroid density. Ida was found having a densi-
ty of 2.6±0.5 g cm-3, being consistent with a bulk condritic composition and ex-
cluding therefore, unless the bulk porosity is exceptionally high, a larger content 
of nickel and iron (Belton et al. 1995, 1996). Moreover, Ida’s spin axis was found 
to be aligned with the principal axis of inertia, consistently with a homogeneous 
density distribution and ruling out extreme density asymmetries (Thomas et al. 
1994; Belton et al. 1996). 

1.2.3   The First C-type Asteroid: NEAR at Mathilde 

On its way to the mission main target, the near Earth asteroid (433) Eros, the 
NASA Near Earth Asteroid Rendezvous (NEAR) spacecraft passed within  
1212 kilometers of the main belt C-type asteroid (253) Mathilde at a speed of 9.93 
km s-1 on 27 June 1997 (Veverka et al. 1997b). 

To conserve power, only the Multispectral Imager (MSI) instrument (Veverka 
et al. 1997a) was turned on for the encounter. The images were taken with a high-
est resolution of 160 m px-1. Because of Mathilde’s slow rotation, only about 60% 
of its surface was seen during the flyby (Veverka et al. 1997b). Its irregular shape 
was modeled with a triaxial ellipsoid having dimensions of 66×48×44 km3  
(Veverka et al. 1999). A picture of Mathilde taken by NEAR is shown in Fig. 1.3. 
The most remarkable morphological features detected were five big craters with 
diameters between 19 and 33.4 km, comparable to the mean radius of the body. 
No evidences of ejecta were found on the surface. It was immediately considered 
quite exceptional that Mathilde survived many major catastrophic events without 
being completely destroyed. A possible explanation could come from a weak, 
low-density bulk material and/or a rubble pile internal structure (Chapman et al. 
1999). In addition to this, the observed morphology may be explained in terms of 
crater formation by oblique impacts (Cheng and Barnouin-Jha 1999) or by com-
paction rather than excavation and ejection of the surface material (Housen et al. 
1999). However, an identified 20-km long scarp on the surface, together with 
polygonal strength-controlled craters, indicate that Mathilde is not completely 
strengthless (Thomas et al. 1999). The presence of the long scarp implies that if 
Mathilde is a rubble-pile at least one of its component bodies appears coherent 
over scales of 20 km. Therefore, a rubble-pile Mathilde cannot be formed entirely 
from small bits of rubble (Cheng 2004). The surface density of craters was found 
to be close to equilibrium saturation. Estimates of the collisional lifetime of the 
asteroid placed it approximately to 4 Gyr, essentially indistinguishable from the 
age of the solar system. However, uncertainties in the number of small impactors 
could allow an age as young as 2 Gyr (Davis 1999). The depth-to-diameter ratio 
(d/D) for the craters was found to range between 0.12 and 0.25, comparable to 
values ~0.2 coming from fresh lunar craters (Thomas et al. 1999). 
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Fig. 1.3 Image mosaic of Mathilde by the NEAR spacecraft taken from a distance of 2400 
km on 27 June 1997. The part of the asteroid shown is about 59×47 km2 across. The resolu-
tion of the image is 380 m px-1. Courtesy NASA/JPL/JHUAPL. 

The measure of the perturbations exerted on the trajectory of the spacecraft 
(Yeomans et al. 1997) together with the best volume estimate (Thomas et al. 
1999) yielded a mean density of 1.3 ± 0.2 g cm-3. Such a low value is less than 
half of the value measured for the most likely analog materials, carbonaceous 
chondrite meteorites containing high percentage of water and organic compounds 
(CM), indicating a porous, low-density structure for Mathilde’s interior. The  
porosity of the asteroid must be up to 50%. It is therefore possible that either 
Mathilde is a rubble-pile asteroid, the interior having been pulverized by a long 
history of impacts, or it is made of primitive, unprocessed materials, with primor-
dial low density (Veverka et al. 1997b; Davis 1999; Chang and Barnouin-Jha 
1999).  

Combining disk-resolved images and ground-based low-phase angle data, a 
geometric albedo of 0.047 at 0.55 μm, essentially in the middle of the 0.03-0.06 
range for C-type asteroids, was derived. The asteroid was also found remarkably 
homogeneous in reflectance across the surface. The lack of color and normal re-
flectance variation on the asteroid suggests uniform regolith texture, an interior 
similar to the surface, and compositional homogeneity to the depth of crater pene-
tration (Clark et al. 1999). 

Finally, an extensive search for bound companions, which may have accounted 
for the Mathilde very slow rotation period of 418 h was performed. In the images 
covering the whole Hill sphere, no satellite larger than 10 km in radius, assuming 
the same albedo as Mathilde, was found. The post-flyby coverage was limited to 
about 20 radii around Mathilde: no satellite down to a limiting size of 40 m was 
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detected (Veverka et al. 1999). Another possible explanation of the long rotation 
period of the asteroid could come from an impact of the porous asteroid with a 3-
km size projectile, being this the size of the largest impactor needed to form the 
largest craters on Mathilde, which could have despun the asteroid if it was initially 
a more rapid rotator (Davis 1999). 

1.2.4   The First Encounter with a Near Earth Asteroid: Deep 
Space 1 at Braille 

The NASA Deep Space 1 mission was designed as a low-cost attempt to test new 
technologies for future space flight projects. As part of the validation of these 
technologies, the spacecraft flew-by the small Q-type near Earth asteroid (9969) 
Braille on 29 July 1999 with a relative velocity of 15.5 km s-1, at the closest dis-
tance of 28 km (Buratti et al. 2004; Richter et al. 2001).  

During the encounter, the Miniature Integrated Camera and Imaging Spectrom-
eter (MICAS) instrument (Soderblom et al. 2001) took two medium-resolution 
images and three infrared spectra of the object from ~13000 km. The two images 
were combined with data from a coordinated ground-based photometric campaign 
to constrain the size, shape, and albedo of the object. Using a simple three-
dimensional shape model made by three spheres in contact which sizes and rela-
tive positions were determined by fitting the observations, Braille was estimated to 
have a size of 2.1×1.0×1.0 km3 (Oberst et al. 2001). The spectra obtained in the 
[1.25-2.6] μm range showed a 10% absorption band centred at 2 μm and a reflec-
tance peak at 1.6 μm. The analysis of these features suggests that the composition 
of Braille is roughly equal parts pyroxene and olivine. The spectra also suggested 
that the asteroid is closely related to the ordinary chondrites, the most common 
type of terrestrial meteorite. The geometric albedo, derived from a combination 
with ground-based spectra, is unusually high in the visible (0.34), which is also 
consistent with its placement within the rarer classes of stony asteroids, and which 
suggests it has a relatively fresh, unweathered surface, perhaps due to a recent 
collision (Buratti et al. 2001).  

The most important discovery at Braille came from the magnetometers, two ion 
engine diagnostic sensors able to resolve magnetic fields with a resolution of only 
0.04 nT. Once the data were properly cleaned from the magnetic disturbance 
caused by the spacecraft itself and the propulsive ion beam, a flux bump at the 
time of closest approach was found. Considering the conditions for the generation 
of asteroids magnetosphere, it was concluded that Braille cannot build up a mag-
netosphere itself. The measured field was therefore interpreted as the unperturbed 
dipole field of the asteroid, with a dipole magnetic moment of 2.1×1011 A m2. 
Consequently, Deep Space 1 was the first spacecraft which measured the magnetic 
field of an asteroid directly (Richter et al. 2001). 
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1.2.5   The First Asteroid Orbiting Mission: NEAR at Eros 

The NASA NEAR spacecraft successfully entered in orbit around the S-type near 
Earth asteroid (433) Eros on 14 February 2000 to carry out a global survey of the 
surface properties and internal structure of the asteroid (Veverka et al. 2000). The 
mission ended with a final descent on the surface on 12 February 2001, which 
provided the most detailed ever look at the surface of an asteroid with the amazing 
resolution of 1cm px-1 (Veverka et al. 2001b). 

Eros was found to be a very elongated curved asteroid in MSI images with di-
mensions of 34×11×11 km3. Color images of Eros taken by NEAR are shown in 
Fig. 1.4. Most of the surface of the asteroid is saturated with craters smaller than 1 
km in diameter with depth-to-diameter ratio from 0.12 to 0.16, indicating old de-
graded structures. The largest crater is ~6 km across. Surface linear features, both 
grooves and ridges, are prominent; some probably exploit planes of weakness 
produced by collisions on Eros and/or its parent body. Ejecta boulders are abun-
dant but not uniformly distributed over the surface which results to be covered by 
fine regolith particles (Veverka et al. 2000, 2001a). Boulders were found originat-
ing from a young large crater (Thomas et al. 2001). A detailed analysis of the 
morphological features suggested the asteroid is a largely coherent but fractured 
body (Prockter et al. 2002). 

 

 

Fig. 1.4 Color images of Eros acquired by NEAR on 12 February 2000, at a distance of 
1800 km, during the final approach imaging sequence prior to orbit insertion. Courtesy 
NASA/JPL/JHUAPL. 
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Albedo, which average value was found to be 0.25 at 0.55 μm, variations are 
restricted to the inner walls of certain craters and may be related to downslope 
movement of regolith. (Veverka et al. 2000).  

The NEAR Infrared Spectrometer (NIS) instrument (Veverka et al. 1997a) 
spectra exhibit the silicate 1 μm and 2 μm absorption bands and result consistent 
with an ordinary primitive chondritic composition, confirmed also by MSI color 
data (Veverka et al. 2000). This consistency, with the exception of a strong deple-
tion in sulfur, was also confirmed by the X-ray/Gamma-ray Spectrometer (XGRS) 
instrument (Goldsten et al. 1997) data which pointed towards an undifferentiated 
body of chondritic origin (Trombka et al. 2000). Although Eros shows no evi-
dence of mineralogical heterogeneity, modest spectral variations correlate with 
morphologically and geographically distinct areas of the asteroid. Eros bright-to-
dark spectral ratios and the low abundance of sulfur found at the surface are large-
ly consistent with laboratory space weathering experiment results and modeling of 
space weathering effects on chondritic materials (Izenberg et al. 2003; Foley et al. 
2006; Loeffler et al. 2008, Lim and Nittler 2008). 

Combining spacecraft tracking data for the mass determination and the meas-
ured volume, Eros resulted having a mean density of 2.67±0.03 g cm-3. Consider-
ing a chondritic composition, this result implies internal porosities ranging from 
about ~20% to 30%.A rubble pile structure is anyway ruled out (Veverka et al. 
2000; Yeomans et al. 2000). 

The Magnetometer (MAG) investigation aboard (Acuña et al. 1997) obtained 
extensive magnetic field observations throughout the Eros environment, from 
distances in excess of 100000 km to those conducted after landing on 12 February 
2001. Data indicate the apparent absence of a global scale magnetization of this 
asteroid (global magnetization lower than 0.005 A m-1, specific moment lower 
than 1.9×10-6 A m2 kg-1), orders of magnitude less than the intense magnetization 
attributed to S-class asteroids Gaspra and Braille. The extremely low magnetiza-
tion state of Eros places this object significantly below the levels generally associ-
ated with low total iron-low metal (LL) chondrites and undifferentiated primitive 
bodies (Acuña et al. 2002). This result raised the need of revising the meteorite 
magnetism laboratory record (Wasilewski et al. 2002). 

An intensive search for satellites out to 100 asteroid radii was performed during 
the approach. No satellite larger than 20 m was found, assuming the same albedo 
as the asteroid (Veverka et al. 2000). 

1.2.6   An Engineering Test with Important Scientific Results: 
Stardust at Annefrank 

En route to collect for the first time in history the dust of a comet, 81P/Wild2, and 
bringing it back to Earth, the NASA Stardust spacecraft flew-by the main belt S-
type asteroid (5535) Annefrank on 2 November 2002. The closest distance to the 
asteroid was ~3100 km and the relative velocity 7.4 km s-1.  
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During the encounter, images were taken with the Stardust Imaging Camera 
(Newburn et al. 2003b) at a maximum resolution of 185 m px-1. Less than 40% of 
the entire surface was observed, significantly constraining the size and shape 
determination. An image of Annefrank taken by Stardust is shown in Fig. 1.5. The 
object was found to be highly irregular in shape, giving the appearance of a 
contact binary. The overall impression was that the asteroid is similar to a 
triangular prism, with few rounded bodies in contact with the base of the prism. A 
fit of a simple ellipsoidal shape model to the images gave dimensions of 
3.3×2.5×1.7 km3. Few craters half-km-sized were seen and surface brightness 
variation appeared to follow the highly irregular topography rather than being 
dominated by albedo variations. It was concluded that Annefrank possibly 
represents a significant fraction of asteroids that are fragments of larger bodies and 
have accreted smaller bodies through contact, possibly even fragments of itself 
ejected during impacts and re-accreted at low speed (Duxbury et al. 2004). 

 

Fig. 1.5 Image of Annefrank taken by the Stardust spacecraft on 2 November 2002 with a 
resolution of ~185 m px-1. The straight edge in the right side of the image is an artifact of 
processing. Courtesy NASA/JPL-Caltech. 

A broadband (0.47-0.94 μm) geometric albedo of 0.24 was derived (Newburn et 
al. 2003a). Combining the spacecraft and ground-based low-phase angle data it 
was found that the asteroid  appears to be on the bright side of S-type asteroids, 
suggesting that it may be a recent collisional fragment with a relative immature 
surface which has had relatively little time to be affected by space weathering 
(Hillier et al. 2011). 
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1.2.7   The First Sample Return Mission: Hayabusa at Itokawa 

During the interval from September through early December 2005, the JAXA 
Hayabusa spacecraft, the first sample return mission to an asteroid in history, was 
in close proximity to the small S-type near Earth asteroid (25143) Itokawa, orbit-
ing at an altitude of ~7 km from the surface. A microrover was released, but its 
landing onto the surface was unsuccessful. On 19 and 25 November 2005 two 
touchdowns, 30-minutes stays on the surface, and liftoffs were performed. The 
first touchdown allowed collecting some surface material while the second one 
suffered operational problems (Fujiwara et al. 2006). 

The Asteroid Multiband Imaging Camera (AMICA) instrument (Nakamura et 
al. 2001) imaged the entire surface of Itokawa with a resolution of 70 cm px-1 
(Saito et al. 2006). The shape of Itokawa was found resembling a sea otter. It  
appears to be composed of two rather rounded parts called ‘head’ and ‘body’, 
connected by a depressed neck-zone. The best fit ellipsoidal model has dimensions 
of 535×294×209 m3 (Demura et al. 2006). A picture of the asteroid taken by 
Hayabusa is shown in Fig. 1.6. The surface is divided into a rough terrain, mostly 
consisting of numerous boulders, and a smooth terrain. The smooth region is 
found to be composed of fragmental debris with grain sizes of cm to mm scales 
from close-up images (Fujiwara et al. 2006; Yano et al. 2006). Several boulders 
were also observed. There are no long linear structures extending nearly the entire 
length of the asteroid, and this, coupled with the existence of some faint local 
facets with scales of at most several tens of meters, suggests that Itokawa is not a 
single consolidated, coherent body but rather an aggregate of rubble with sizes 
ranging up to about 50 m. (Fujiwara et al. 2006; Saito et al. 2006). Crater counting 
gave a large range of possible ages for the surface, spanning from 75 Myr up to 1 
Gyr, depending on the scaling law used in the calculation (Michel et al. 2009). 

The mass of Itokawa was estimated from the Hayabusa’s tracking and naviga-
tion data. Combining the mass measure with the best volume estimate yielded a 
bulk density of 1.95±0.14 g cm-3. Assuming that LL ordinary chondrites, having a 
density of 3.2 g cm-3, are analogs for Itokawa’s composition, the macroporosity of 
the asteroid is estimated to be ~40% (Fujiwara et al. 2006; Abe S. et al. 2006). 
Itokawa is considered to be the first clearly observed rubble-pile body due to  
its low bulk density, high porosity, boulder-rich appearance, and shape (Fujiwara 
et al. 2006). 

There is no substantial difference in mineralogical composition over the whole 
asteroid surface in spite of the bifurcated appearance (Fujiwara et al. 2006). A 
homogeneous composition for Itokawa’s surface was also suggested from the 
results of the X-ray Spectrometer (XRS) instrument (Okada et al. 1999) during the 
first touchdown (Okada et al. 2006). The Near Infrared Spectrometer (NIRS) data 
found instead a variation of more than 10% in albedo, color, and absorption band 
depth in the surface reflectance for wavelengths up to 2 μm, possibly resulting 
from a combination of different degrees of space weathering and different grain 
sizes. The spectral shape over the 1 μm absorption band indicates that the surface 
of this body has an olivine-rich mineral assemblage potentially similar to that of 
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thermally metamorphosed and aqueous altered LL (LL5 or LL6) chondrites (Abe 
M. et al. 2006). The similarity with LL chondrites is also consistent with XRS 
results during the first touchdown (Okada et al. 2006). 

 

Fig. 1.6 Itokawa as seen from the Hayabusa spacecraft at the distance of ~8 km on 29 Sep-
tember 2005. Image credit: JAXA. 

A search for satellites in AMICA images covering the entire Hill sphere of the 
asteroid was performed. No satellites dawn to the size of 1 m were found (Fuse et 
al. 2008). 

A new chapter of space science was opened when the surface samples were 
successfully brought back to Earth for laboratory analysis on 13 June 2010. Syn-
chrotron-radiation x-ray diffraction and transmission and scanning electron micro-
scope analyses indicate that the mineralogy and mineral chemistry of the Itokawa 
dust particles are identical to those of thermally metamorphosed LL chondrites, 
consistent with spectroscopic observations made from Earth and by the Hayabusa 
spacecraft. These results directly demonstrate and give the definitive proof that 
ordinary chondrites come from the abundant S-type asteroids. Mineral chemistry 
indicates that the majority of regolith surface particles suffered long-term thermal 
annealing and subsequent impact shock, suggesting that Itokawa is an asteroid 
made of reassembled pieces of the interior portions of a once larger asteroid  
(Nakamura et al. 2011; Yurimoto et al. 2011; Ebihara et al. 2011). Evidences of 
space weathering effects were also found in the captured sample. This result helps 
interpreting the observational differences between the spectra of ordinary  
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chondrites meteorites and of the S-type asteroids exactly in terms of space weath-
ering (Noguchi et al. 2011; Nagao et al. 2011). 

1.2.8   The First E-type Asteroid: Rosetta at Steins 

On 5 September 2008 the ESA Rosetta spacecraft, aimed at reaching and escorting 
the comet 67P/Churyumov-Gerasimenko, passed near the E-type main belt aster-
oid (2867) Steins. The closest distance reached was ~800 km with a relative speed 
of 8.6 km s-1 (Accomazzo et al. 2010). Fourteen scientific instruments were 
switched on during the flyby, providing a detailed characterization of the target 
(Schulz 2010). 

 

 

Fig. 1.7 Steins as seen from the Rosetta spacecraft at a distance of 800 km on 5 September 
2008. Image credit: ESA ©2008 MPS for OSIRIS Team MPS/UPD/LAM/IAA/RSSD/ 
INTA/UPM/DASP/IDA. 

The Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) 
two-camera instrument (Keller et al. 2007) imaged ~60% of the surface with a 
maximum resolution of 80 m px-1. The object resulted having a shape resembling 
that of a brilliant cut diamond which is best approximated by an oblate spheroid 
rotating about its shortest axis with mean equatorial and polar radii of 3.1 and 2.2 
km, respectively. An image of Steins from Rosetta can be seen in Fig. 1.7. The 
morphology of Steins is dominated by linear faults and a large 2.1-km-diameter 
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crater near its south pole. The presence of an equatorial bulge and a relatively 
smooth, roughly rotationally symmetric northern hemisphere led to the interpreta-
tion of being Steins’ shape attributed to spin-up by YORP effect (Keller et al. 
2010). Hydro-dynamical simulations of the large crater formation concluded that 
the effect of the impact was transforming Steins into a rubble pile, consistently 
with the interpretation of subsequent YORP reshaping (Jutzi et al. 2010). Crater 
counting revealed an age for the surface ranging from few hundred Myr to more 
than 1Gyr, depending on the adopted scaling law and asteroid physical parameters 
(Marchi et al. 2010). 

OSIRIS disk-integrated geometric albedo at 0.632 μm was found to be 0.40, 
consistently with the high albedos of other E-type asteroids. Spectrophotometric 
data showed Steins is slightly reddish. The visible spectrum exhibits a steep drop 
below 0.4 μm, typical of low-iron content minerals (Keller et al. 2010). No surface 
color variegation larger than 4% was detected. This uniformity suggests that the 
asteroid is compositionally homogeneous and its regolith does not display signs of 
space weathering (Keller et al. 2010; Leyrat et al. 2010). The Visible and Infrared 
Thermal Imaging Spectrometer (VIRTIS) instrument (Coradini et al. 2007) data 
confirmed the spectral homogeneity of the surface up to 4 μm and found a new 
absorption band centered at approximately 0.8 μm, possibly indicative of the pres-
ence of sulfide minerals (Tosi et al. 2010). VIRTIS thermal mapping suggested a 
low-porosity surface and the absence of a thick regolith layer (Leyrat et al. 2011). 
The results from the Microwave Instrument for the Rosetta Orbiter (MIRO), i.e. a 
submillimeter and millimeter radiometer and spectrometer (Gulkis et al. 2007), 
were consistent with this interpretation, supporting a high thermal inertial surface, 
characteristics of rock-dominated regolith rather than the powdered-regolith sur-
face of the Moon (Gulkis et al. 2010). The Ultraviolet Imaging Spectrometer 
(ALICE) instrument (Stern et al. 2007) measured the first ever far-ultraviolet re-
flectivity spectrum of an asteroid, in the [0.085-0.200] μm range. Steins was found 
to have a low ultraviolet albedo of 0.04 with no evidences of albedo variation 
across the surface. A broad absorption feature centered at 0.165 μm was detected. 
The shape of the feature implies a very low abundance of iron ions in the surface 
minerals. ALICE was also used for the search of a possible exosphere of atoms 
sputtered from the surface, mainly hydrogen and oxygen. The lack of positive 
detection set an upper limit of 1.5×109 cm-2 on Steins exospheric oxygen  
abundance (A’Hearn et al. 2010). 

The Rosetta Plasma Consortium (RCP) magnetometer on the orbiter 
(Glassmeier et al. 2007) and the Rosetta Lander Magnetometer and Plasma Moni-
tor (ROMAP) on the lander (Auster et al. 2007) were activated during the flyby to 
search for possible magnetic signatures of the asteroid. There were no univocal 
detections. It was therefore derived that Steins may have a magnetic field only 
lower than the resolution limit of 1 nT. This implies that the magnetic specific 
moment of the asteroid is less than 103 A m2 kg-1, close to the low values charac-
teristics of aubrites (Auster et al. 2010). 
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1.2.9   The First Visit to an Intact Planetesimal: Rosetta at Lutetia 

On 10 July 2010, during its second passage through the main belt, Rosetta flew-by 
the compositionally puzzling asteroid (21) Lutetia at a distance of ~3170 km with 
a relative velocity of 15 km s-1 (Schulz et al. 2012). 

 

 

Fig. 1.8 Lutetia as seen from the Rosetta spacecraft at closest approach on 10 July 2010. 
Image credit: ESA 2010 MPS for OSIRIS Team MPS/UPD/LAM/IAA/RSSD/INTA/UPM/ 
DASP/IDA. 

OSIRIS data covered more than 50% of the asteroid surface, mostly of the 
northern hemisphere. The images revealed an irregular world with overall dimen-
sions 121×101×75 km3 along the principal axis of inertia. An image of Lutetia 
taken from Rosetta is shown in Fig. 1.8. The surface was found battered with cra-
ters, the largest one, named Massilia, has a diameter of ~55 km. Numerous linear 
features, presence of regolith, and ejecta boulders were also detected (Sierks et al. 
2011a; Küppers et al. 2012; Vincent et al. 2012). The body was found having 
undergone a complex geological history reflected in five distinct main geological 
units on its surface, defined in terms of crater density, overlapping and cross-
cutting relationships, and presence of linear features (Massironi et al. 2012;  
Thomas et al. 2012). Crater counting revealed an age of 3.6 Gyr for the oldest 
region and of tens to hundreds of Myr for the youngest one (Marchi et al 2012a) . 
The Lutetia’s disk integrated geometric albedo was found to be 0.19 at 0.55 μm. 
Albedo variegation is seen across the surface (Sierks et al. 2011a; Magrin et al. 
2012). The presence of a fine lunar-like regolith with low thermal inertia in the 
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upper 1-3 cm of the surface, overlaying a layer of rapidly increasing density and 
thermal conductivity, is also required to explain MIRO observations in both hemi-
spheres (Gulkis et al. 2012). Low-inertia regolith was also inferred from VIRTIS 
spectra (Coradini et al. 2011). VIRTIS data confirmed also the absence of OH 
hydration and other absorption features up to a wavelength of 3.5 μm at northern 
latitudes (Coradini et al. 2011; Tosi et al. 2012). 

The best shape model derived from OSIRIS and ground-based data (Sierks et 
al. 2011a), combined with the mass determination from the deviation of the space-
craft trajectory during the flyby caused by the asteroid (Pätzold et al. 2011), yield-
ed a high density measure of 3.4±0.3 g cm-3 for Lutetia. This value, exceeding that 
of most known chondritic meteorites, implies that Lutetia has likely a low bulk 
macroporosity or even a partially differentiated interior or at least large metal-rich 
regions. By these arguments, a rubble-pile structure is ruled out (Sierks et al. 
2011a; Weiss et al. 2012). 

Seven instruments tried to detect an exosphere with a coordinated observational 
campaign. The lack of positive detections allowed only the determination of upper 
limits for the production rates of water (4.3×1023 molecules s-1) and CO (1.7×1025 

molecules s-1). The upper limit for a water exosphere density was set to 3.5×103 
cm-3 at the flyby distance of 3160 km (Morse et al. 2012; Altwegg et al. 2012). 

The magnetometers did not detect any conclusive signature of the asteroid 
magnetic field, possibly because of the large flyby distance, below the detection 
limit. Consequently, only upper limits for the global magnetic properties of 
Lutetia could be derived. The dipole magnetic moment, the global magnetization, 
and the specific moment would be lower than 1.0×1012 A m2, 2.1×103 A m-1, and 
5.9×10-7 A m2 kg-1, respectively (Richter et al. 2012). 

No satellite larger than ~160 m was found inside the Hill sphere. The size limit 
was extended to ~30 m within distances from the asteroid lower than 20 radii 
(Bertini et al. 2012). 

In summary, it can be concluded that the asteroid has a condritic surface,  
possibly composed of mixtures of different types of materials: carbonaceous and 
enstatite condrites, being the juxtaposition of these materials a possible conse-
quence of the large impact that created the present surface (Coradini et al. 2011; 
Barucci et al. 2012). Lutetia’s geologically complex surface, ancient surface age, 
high density, and hydro-dynamical modeling of the craters suggest that the aster-
oid is most likely a primordial planetesimal which survived intact the age of the 
solar system, the first one visited and investigated through a close encounter 
(Sierks et al. 2011a; Cremonese et al. 2012). 

1.2.10   The First Visit to a Protoplanet: Dawn at Vesta 

On 16 July 2011 the NASA Dawn spacecraft, aimed at the exploration of the first 
and third largest main belt asteroids, (1) Ceres and (4) Vesta, entered into orbit 
around Vesta. This asteroid is an almost spherical body with a radius of 530 km. It 
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is believed to be a remnant intact differentiated protoplanet from the earliest epoch 
of the solar system formation, based on the analysis of howardite-eucrite-diogenite 
(HED) meteorites which are known to originate from it (Russell et al. 2012). 
Moreover, Vesta is the parent body of the so-called Vestoids asteroids (Binzel  
and Xu 1993; Marzari et al. 1996), indicating it underwent a complex collisional 
history. 

Dawn arrived in vestan southern summer and mapped ~ 80% of the surface 
from an altitude of ~2700 km with the Framing Camera (FC) instrument (Sierks et 
al. 2011b) and the Visible and Infrared Spectrometer (VIR) instrument (De Sanctis 
et al. 2011) with resolution of ~260 m px-1 and ~700 m px-1, respectively 
(Jaumann et al. 2012). The volume estimation yielded a best fit ellipsoid model of 
286×279×223 km3 (Russell et al. 2012). An image of Vesta as seen from Dawn is 
shown in Fig. 1.9. FC images revealed, confirming previous Hubble Space Tele-
scope data, a giant impact basin, named Rheasilva, in the south-polar region 
(Schenk et al. 2012). This impact, whose age was estimated to be about 1.0 Gyr 
from crater counting (Marchi et al. 2012b), is consistent with the production of 
HEDs and the Vestoids (Schenk et al. 2012). The Rheasilva event resulted in a 
strong dichotomy between the northern and southern emispheres, reflected in  
surface albedo and crater densities (Russell et al. 2012). An older basin, named 
Veneneia and underlying Rheasilva, was also found in FC images. Its age was 
estimated to be ~2.0 Gyr and it could have provided an earlier additional source of 
HEDs (Schenk et al. 2012). Vesta’s geology displays morphological features char-
acteristic of the Moon and terrestrial planets (presence of an igneous crust) as well 
as those of other asteroids (e.g. the presence of ponds), underlining Vesta’s unique 
role as a transitional solar system body. No unambiguous volcanic deposits have 
been identified, although they might have been expected from the analysis of 
HEDs. The present lack of volcanic relicts on Vesta suggests that such features 
were only produced during the short period of rapid cooling of the asteroid interior 
within the first 100 Myr after formation and have been eroded and gardened by 
impacts. Volcanic materials should be deeply buried by impact ejecta from the 
Rheasilva and other large basins whose ejecta must cover the surface (Jaumann  
et al. 2012). 

VIR spectral mapping revealed a diverse surface with considerable and local 
variations consistent with the mineralogy of HEDs being physical mixtures of 
eucrites (crustal basalts) and diogenites (ultramafic cumulates) formed by impact 
processes. Spectrally distinct regions include the Rheasilva basin, which displays a 
higher diogenetic pyroxene-rich component signature of a deeper crust exposed 
after excavation by the large impact which formed the basin, and equatorial re-
gions which show a higher eucritic component, signature of an upper crust. Evi-
dence for mineralogical stratigraphic layering is observed on crater walls and in 
ejecta. Overall, the mineralogy indicates a complex magmatic evolution that led to 
a differentiated crust and mantle. The record of early magmatic processes is re-
flected in the largest color and albedo (0.10-0.67) variation across the surface 
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Fig. 1.9 Mosaic image of Vesta as seen from the Dawn spacecraft. Courtesy NASA/JPL-
Caltech/UCAL/MPS/DLR/IDA. 

observed so far in asteroids (De Sanctis et al. 2012a; Reddy et al. 2012). VIR also 
detected a widespread 2.8 μm OH absorption band on the surface of the asteroid. 
This feature is distributed across the surface and shows areas enriched and deplet-
ed in hydrated materials. The origin of vestan OH provides new insights on the 
presence of hydrous material in the main belt and may offer new scenarios on the 
delivery of water in the inner solar system (De Sanctis et al. 2012b). For a recent 
review on the theories about the origin of water on Earth the reader is addressed to 
Bertini (2011). 

Combining the knowledge of the mass from the spacecraft orbital data and the 
best volume estimate, a density of 3.456 g cm-3 with an uncertainty of 1% was 
measured. This value is comparable to the bulk density of HEDs. The measure of 
the J2 gravitational moment confirmed the presence of a high-density central con-
centration. From these results a porosity of 5-6% could be estimated in the mantle 
and the crust of the asteroid (Russell et al. 2012). 

In summary, this preliminary but exhaustive analysis of Vesta exploration con-
firmed that the asteroid is a surviving protoplanet which properties are as inferred 
from HED meteorites. The object appears to have accreted early and differentiat-
ed, forming an iron core that may have sustained a magnetic dynamo (Russell et 
al. 2012). 
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1.2.11   The First Chinese Mission: Cheng’E 2 at Toutatis 

This summary of scientific results from past space missions to asteroids ends with 
the flyby of the second chinese lunar probe Cheng’E 2 with the S-type near Earth 
asteroid (4179) Toutatis. 

At the time of writing no scientific publication has been released and the few 
news about the event are coming from astronomy dedicated web forums. The 
encounter took place on 13 December 2012 at the closest distance of only 3.2 km 
and with a relative speed of 10.73 km s-1. In the images obtained with the  
star observation cameras onboard the spacecraft, Toutatis resulted to be an highly 
irregular object, probably made by two distinct lobes, as already discovered in 
previous observations from the Goldstone’s Solar System Radar (USA). 

1.3   The Future of Asteroids Space Exploration  

Several space missions are already in construction or planned to deepen our 
knowledge of the asteroids in the near future.  

The NASA DAWN spacecraft, after leaving Vesta, is now heading towards the 
largest main belt asteroid, the protoplanet (1) Ceres which will be reached in 2015 
(Russell et al. 2007). 

NASA has also approved the OSIRIS-REx mission, designed to approach and 
study the near Earth asteroid 101955 (1999 RQ36), which is both the most acces-
sible primitive carbonaceous asteroid and one of the most potentially hazardous 
asteroids known. OSIRIS-Rex will be launched in 2016, and will orbit its target in 
2020. The spacecraft will collect a sample form the surface of the asteroid and 
return it to Earth (Lauretta and OSIRIS-REx Team 2012). 

JAXA is planning the successor of Hayabusa: Hayabusa2. The mission is 
planned to take off in 2014, reach its target, the C-type near Earth asteroid 162173 
(1999 JU3) in 2018, orbit around it, create a small crater with a collision device, 
collect unaltered samples from it, and return the samples back to Earth in 2020 
(Takagi et al. 2011). 

Finally, ESA is developing another sample and return mission, named Marco 
Polo-R (Barucci et al. 2009), which target has been recently chosen: the primitive 
near Earth asteroid 2008 EV5. 

1.4   Conclusions 

The scientific results of past space mission to asteroids have been described in 
detail in the previous sections. In-situ studies have been a test bench for new tech-
nologies and for validating theories based on ground-based observations. Space 
missions to asteroids provided an accurate description of the objects visited by the 
spacecrafts, but their importance goes behind that. Their results often provided 
scientific proofs applicable to a broader context. For example, spacecraft data 
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proved that asteroids possess a magnetic field, telling us that ferromagnetic mate-
rials were indeed present in the forming solar nebula. Asteroids have satellites, as 
also proved later to a larger extent with the use of radar data. This means the colli-
sional environment of these objects was still active in recent times. Collisions 
have shaped the surface of all asteroids visited so far and low-velocity accretion of 
smaller bodies, leading to the formation of larger rubble-pile structures, has been 
proved to exist. It was demonstrated that thermal forces act effectively on small 
asteroids, influencing their rotational state and shape. Large asteroids can survive 
the age of the solar system as intact planetesimals or differentiated protoplanets. 
Definitive evidence of the relationship between the massive protoplanet Vesta and 
its family and meteorites has been given. The presence of hydrous material in the 
main belt has been proved, offering new scenarios on the delivery of water to the 
inner solar system. Laboratory analysis of material brought back from Itokawa 
proved that ordinary chondrites are coming from S-type asteroids. It is not a case 
that all future missions to asteroids already planned have the return of early solar 
system material for laboratory studies as key scientific aim. These pristine samples 
coming from easily accessible carbonaceous asteroids will further deepen our 
knowledge on the processes occurring in the early solar system and accompanying 
the planets formation, bringing light on the nature and origin of organics in primi-
tive asteroids and their relationship with the molecules necessary for life. What 
was obtained so far constitutes undoubtedly an extraordinary scientific success, 
but it is only the first step towards a future where robots and human beings will 
investigate in detail our past and possibly get a new source of useful materials for 
our future visiting the asteroids.  
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Most of the asteroids in our Solar System are located between the orbits of Mars 
and Jupiter, the so-called Main Belt asteroids. However there are many less-
populated regions where asteroids are also found. One such example is the Trojan 
asteroids, which are a particularly special case since they share the orbit of a 
planet around the Sun.  

In 1772, the Italian-French mathematician Joseph-Louis Lagrange provided a 
solution to the restricted three-body problem (Lagrange 1772), describing five  
positions in the orbit of one body around another. These are now known as the 
Lagrangian points.  

Any system with two bodies will orbit around their common centre of mass. 
When this orbit is near-circular, and a third body of negligible mass orbits these 
two larger bodies, if it is positioned at any of these five Lagrangian points (Fig. 
2.1) then it experiences zero net force as it follows the circular orbit of its host 
bodies. At these points the third body can exist in a stable orbit in a 1:1 mean mo-
tion resonance with the planet.  

The Solar System is more complex than a three-body model as it has many 
more objects for which gravitational interactions must be considered. As a result 
Trojan asteroids are typically located in stable regions around the L4 and L5  
Lagrangian points rather than exactly at these classical locations. Outside these  
regions the orbits tend to destabilise quickly. 

The first asteroid discovered at a planetary Lagrangian point was 588 Achilles, 
in the orbit of Jupiter, in 1906 by the German astronomer Max Wolf (Nicholson 
1961). Objects in the stable zones near the equilateral L4 and L5 Lagrangian 
points are known as “Trojans”. There are currently about 600,000 known asteroids 
in the Solar System. Almost 10% of these are Jupiter Trojans (IAU Minor Planet 
Center 2012). 

The Trojan asteroid population in the inner Solar System is much smaller, with 
only a handful of known Trojans, most of which are Mars Trojans. The first of 
these to be discovered (serendipitously), in 1990, was 5261 Eureka (Bowell et al. 
1990). Two additional Mars Trojans have since been discovered. Simulations  
(Tabachnik and Evans 1999, 2000a,b) suggest that there could exist as many as 50 
asteroids larger than 1km diameter in the Trojan regions of Mars’ orbit around the 
Sun. 
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Fig. 2.1 The five stable Lagrangian points 

There have been several attempts at searching for Earth Trojans (Dunbar and 
Helin 1983; Whiteley and Tholen 1998; Connors et al. 2000) however it wasn’t 
until 2010 when the unassumingly-named 2010 TK7 (Fig. 2.2) was discovered by 
NASA’s Wide-field Infrared Survey Explorer (WISE) satellite (Connors et al. 
2011). With a diameter of 300m this is probably the largest asteroid in Earth’s 
Trojan regions but there may yet be a small number of undiscovered Earth Trojans 
with smaller diameters (Morais and Morbidelli 2002). 

The semi-major axis of a Trojan asteroid must necessarily be similar to the 
planet, so that the period of revolution about the Sun is similar to the planet. The 
major planets of the Solar System have almost-circular orbits, and so to remain in 
the Trojan region the orbit must also be almost circular, that is they must have a 
low eccentricity.  

 

Fig. 2.2 Orbit of Earth Trojan 2010 TK7 (Jablonski 2003) 
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A peculiarity of the inner Solar System Trojans is that, instead of orbiting the 
Sun in the plane of the ecliptic – orbiting in the same plane as the planets – the 
stable orbits are inclined with respect to the plane of the ecliptic. Modelling and 
simulations to find stable inclinations for Trojan asteroid orbits for the Trojans of 
Earth (Morais and Morbidelli 2002). and Mars (Scholl et al. 2005) revealed that 
the most stable orbits were those that were moderately inclined (between about 
10° to 40°) to the plane of the ecliptic. These models also found that orbits which 
had small inclinations were found to be unstable, resulting in the asteroids drifting 
into new orbits. 

Regions in which Trojans for Earth and Mars are most likely to exist have been 
identified (Todd et al. 2012b,c). The probability distributions for Earth (Fig. 2.3) 
and Mars (Fig. 2.4) both show that the longitudes where Trojans are most likely to 
exist are consistent with classical Lagrangian points, but that they are much more 
likely to be inclined orbits than to lie in the plane of the ecliptic. For each plot the 
zero longitude point corresponds to the position of the planet, so that the longitude 
is the heliocentric longitude relative to the planet. 

Superimposing the orbit inclinations and longitudes of the known Earth and 
Mars Trojans shows that their locations are consistent with this distribution model. 
Predictions about the future position of the Earth Trojan 2010 TK7 (Connors et al. 
2011) suggest that its longitude will drift back and forth around the classical La-
grangian point, meaning that it will stay within the higher probability region. 

 

Fig. 2.3 Earth Trojans probability distribution showing location of Earth Trojan 2010 TK7 
(adapted from Todd et al. 2012b) 

 



38 M. Todd 

 

 

Fig. 2.4 Mars Trojans probability distribution showing locations of known Mars Trojans 
(adapted from Todd et al. 2012c) 

For a known Trojan the exact position can easily be determined for any given 
date. However these probability distributions can be used to identify the regions of 
sky through which the Trojans move during their orbits around the Sun. The same 
regions can be used when searching for additional Trojans. By restricting the 
search area to the higher probability regions provides a starting point for a search, 
and limits the amount of sky to be searched. 

Within the limits of 45° inclination and longitudes between 30° - 130° for 
Earth’s L4 region (Fig. 2.5), and longitudes between 240° - 340° for Earth’s L5 
region, define a region of sky where any Earth Trojans are most likely to be found.  

This region of sky is still very large, about 3500 deg². Searching such a large 
sky area is not practical with any currently available ground-based telescopes. 
When one considers the small predicted number of Earth Trojans and the amount 
of sky that would need to be searched, it is perhaps unsurprising that it was a care-
ful analysis of data from a space-based telescope that led to the discovery of the 
first Earth Trojan. 

When one then considers the relative rarity of Mars Trojans it appears ex-
tremely fortuitous that even three have been discovered. Even though the probabil-
ity regions for Mars Trojans (Fig. 2.4) are much more narrowly defined than for 
Earth Trojans, the resulting sky area is much larger due mainly to the larger size of 
Mars’ orbit (compared to Earth) and its relative proximity. At opposition (when on 
the opposite side of the sky from the Sun) the maximum sky area encompassed 
within the limits of 35° inclination and longitudes between 40° - 90° for Mars’ L4 
region (Fig. 2.6), and longitudes between 270° - 320° for Mars’ L5 region, varies 
between 11000 – 17000 deg² due to the eccentricity of Mars’ orbit around the Sun. 
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Fig. 2.5 Earth Trojan (L4) region 

 

Fig. 2.6 Mars Trojan (L4) region 
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The Earth Trojan asteroid 2010 TK7 shares Earth’s orbit around the Sun. It lies 
in the Earth’s L4 Lagrangian region, ahead of Earth in its orbit. Its orbit is some-
what elliptical with an eccentricity e = 0.19, and is inclined at 20.9° to the plane of 
the ecliptic. Plotting its relative position in Fig. 2.3 shows that it resides in a re-
gion that was predicted to have a higher probability of containing an Earth Trojan. 
Its current apparent position on the sky is close to the nearest edge of the region 
shown in Fig. 2.5. A plot of its orbit (Fig. 2.2) shows it ahead of Earth’s position. 
The height of its orbit above or below the ecliptic plane is indicated by vertical 
lines. 

The composition of the inner Solar System Trojans is not known for certain but 
is assumed to be silicaceous (stony), and to have a relatively high reflectivity, 
similar to other inner Solar System asteroids. Using this assumption the brightness 
(magnitude) can be calculated for any size object at any distance and position 
relative to the Earth and the Sun.  

The apparent magnitude (V-band) of an Earth Trojan with a diameter of 1km, 
located within the identified Trojan region (Fig. 2.5), varies between V = 17.9 to 
V = 19.5 depending on its location within the region (Fig. 2.7). These values as-
sume an albedo of 0.20 and without considering atmospheric extinction. Any  
objects in this region will appear brightest at the nearest point. The brightness 
decreases with increasing distance, such that the apparent brightness is least at the 
farthest points in the region. 

 

Fig. 2.7 Earth Trojans variation in apparent magnitude across field 
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Similarly, the apparent brightness of Trojans in Mars’ orbit varies with distance 
from Earth. These are brightest at opposition, with some small variation depend-
ing whether Mars is near perihelion or aphelion (Fig. 2.8). Near the centre of the 
image, at latitude 0 and at opposition, the object would be closest to Earth and 
appear brightest.  

In comparing the magnitude plots (Fig. 2.7 and 2.8) one will note the difference 
in coordinate systems. In both figures the vertical axis represents heliocentric lati-
tude, the position above or below the plane of the ecliptic. This is a convenient 
method of presenting this component, and the apparent height above or below the 
ecliptic can be deduced from this geometry. 

In Fig. 2.7 for the Earth Trojans the horizontal axis represents the heliocentric 
longitude. In this frame, with Earth defined as the origin for longitude, it is con-
venient to express the position in Earth’s orbit as a coordinate relative to Earth’s 
position. 
 

 

Fig. 2.8 Mars Trojans variation in apparent magnitude across field 

In Fig. 2.8 for the Mars Trojans the horizontal axis represents solar elongation, 
the angle between the direction of the Sun and the direction of the object. Mars 
Trojans are (by definition) co-orbital with Mars, and therefore orbit the Sun with a 
different period than Earth and so are constantly changing position relative to 
Earth. The elongation of a specific object can be calculated for any point in time. 
Rather than express the coordinate as longitude, it is more convenient to express 
the position in terms of elongation.  

The Trojan regions can be illustrated by simulating numbers of objects in the 
defined space. Using the orbit parameters derived from the distribution model 
enables the creation of an artificial population within the region. Plotting this as a 
snapshot in time then illustrates the region around Earth’s orbit (Fig. 2.9) and 
Mars’ orbit (Fig. 2.10) where Trojans could exist. 
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Fig. 2.9 Simulated Earth Trojans 

 

Fig. 2.10 Simulated Mars Trojans 

These images (Fig. 2.9 and 2.10) reflect the distributions (Figs. 2.3 and 2.4) and 
show the tighter constraints on the Mars Trojans. The smearing observed in the 
Earth Trojan distribution is strongly influenced by the planet Venus. Conversely 
the constriction in the Mars Trojan distribution is influenced by both Earth and 
Jupiter. 

Very few Trojan asteroids have been discovered in the inner Solar System, and 
the various simulations (Tabachnik and Evans 1999, 2000a,b; Morais and  
Morbidelli 2002) have predicted low numbers, which in itself is not especially 
surprising since the vast majority of all known asteroids are located in the Main 
Belt between Mars and Jupiter. The number of inner Solar System Trojans can 
literally be counted on one’s fingers. The exact number of Trojans of any signifi-
cant size is an estimate at best given the enormous amount of sky that would have 
to be searched in detail to have any chance of discovering additional Trojans. 
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It is possible, though generally considered unlikely, that those discovered so far 
are all that exist. The sole known Earth Trojan was discovered by a careful exami-
nation of data from NASA’s WISE satellite. Future missions will likely be 
planned to launch telescopes into space for searching for Near-Earth Asteroids or 
conducting surveys of the Solar System, our Galaxy or the local Universe. 
Whether the mission is specific to Solar System studies or not, it is probable that 
the collected data will be analysed to search for evidence of things such as inner 
Solar System Trojans.  

The only truly certain means of finding such small objects in such a large area 
of sky is by surveying the entire sky, which requires a mission dedicated to ex-
actly that. The optimal search method for finding such small objects would be to 
survey those parts of the sky which contain stable orbits in order to maximise the 
chance of discovery (Todd et al. 2012a). Such small chances of positive discovery 
in an all-sky search makes it more likely that a Trojan search would be piggy-
backed onto another mission, where the mission data could be searched for these 
objects. 
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3.1   Introduction 

In addition to the planets, there are numerous smaller objects orbiting around the 
Sun as well. These objects exhibit a wide range of sizes, from dust grains to dwarf 
planets. The minor objects, larger than about 1 meter in diameter, orbiting the Sun 
interior to Saturn's orbit are called asteroids. Asteroids occupy a wide variety of 
orbits, but most of them are located in the so-called main asteroid belt, between 
the orbits of Mars and Jupiter. Apart from this, there are also other large groups of 
asteroids such as near-Earth asteroids, Hilda group and Jupiter's Trojans. Moreo-
ver, several thousands of planet-crossing asteroids, with perihelia inside the orbits 
of the inner planets, are known as well. 

The majority of asteroids reside on stable orbits, but a significant fraction of 
them is located in dynamically unstable (i.e. chaotic) regions. To understand their 
dynamical characteristics, and to distinguish between the stable and unstable or-
bits, is often not straightforward. To achieve this goal different tools and tech-
niques must be used. 

The best characterized is the population of near-Earth asteroids (NEAs), the  
objects that occasionally come close to the Earth. This is because some of these 
objects are easier to reach than the Moon, and a typical near-Earth asteroid is 
much easier to reach by a space mission than a typical main-belt asteroid. 

In this chapter we will focus on the near-Earth asteroids, but some other groups 
of asteroids will be discussed as well, in particular those that may evolve from 
their current locations and to become typical NEAs. The chapter is organized as 
follows. In Sect. 3.2, the asteroids nomenclature and orbital elements are ex-
plained. Sections 3.3 and 3.4 are devoted to the two most important phenomena 
that shape the orbits of asteroids, namely i) orbital resonances, and ii) Yarkovsky 
and YORP thermal forces. In Sect. 3.5, the near-Earth asteroids are described, 
while Sect. 3.6 is devoted to the asteroids orbiting inside the Earth's orbit. Long-
term dynamical features of near-Earth asteroids are presented in Sect. 3.7. Me-
chanisms of transport from the main-asteroid belt to the near-Earth space as well 
as main source regions are discussed in Sect. 3.8. Finally, in Sect. 3.9 we describe 
the populations of Mars-crosser and Hungaria asteroids. 
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3.2 Asteroid Orbital Elements and Nomenclature 

3.2.1   Nomenclature 

After an asteroid is discovered, but before its orbit is well determined, it gets a 
provisional designation. The standard designation is composed of the year of dis-
covery, followed by two letters and, optionally, a number. Taken all together these 
elements refer to the date of discovery. The first four digits indicate the year, then 
a letter to denote the half-month of discovery within that year (A for January 1-15, 
etc., I is omitted), and then again a letter to indicate the order of discovery within 
the corresponding half-month (A for 1st, Z for 25th, I is again omitted). Finally, at 
the end of the name there is the number of cycles of the second letter. For in-
stance, asteroid 2005YF127 was (127 x 25) + 6 = 3181 object discovered during 
2005 December 16-31. Later, when the orbit of an asteroid becomes well deter-
mined it receives a catalog number in chronological order. As of May 2012, more 
than 300 000 asteroids have been numbered, and this number continuously  
increases. 

3.2.2   Orbital Elements 

Orbital elements are a set of independent parameters that describe the orbital mo-
tion of a body and are sufficient to predict its position at any given time. In the 
case of Keplerian elliptical orbits, there are six orbital elements (see Fig. 3.1). 

The first two elements, semi-major axis (a) and eccentricity (e), define the 
shape and size of the elliptical trajectory. An ellipse is the set of points in a plane 
whose sum of the distances from two fixed points of the same plane, named foci, 
is constant. In Keplerian elliptical orbits, the primary body (the Sun for our pur-
poses) is located in one of the two foci. If we indicate as 2a the (constant) sum of 
the distances of any point of the ellipse from the two foci, the a parameter is called 
semi-major axis, and the distance between the two foci is equal to 2ea, where e is 
the eccentricity. An ellipse reduces to a circle when the two foci are coincident, so 
that e=0. The upper limit for the value of e is 1. Roughly speaking, larger ellipses 
correspond to larger values of a, while e determines the elongation (deformation 
from a circle) of the ellipse. 

Given an elliptical orbit, the point closest to the primary body is called the peri-
center (or alternatively perihelion if the primary body is the Sun), and its distance 
q from the primary body is equal to a(1−e); the farthest point is called the apocen-
ter (or, respectively, aphelion), and its distance Q is equal to a(1+e). 

The next two elements define the orientation of the orbital plane in which the 
ellipse is embedded. These are the inclination (i) and the longitude of the ascend-
ing node (Ω). The inclination is the angle between the plane of the orbit and a 
reference plane (usually chosen to be the Ecliptic plane in solar system studies). 
The intersection between the orbit plane and the reference plane defines a line, 
called the line of the nodes, where the nodes are the two points corresponding to 
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the interception of the elliptic orbit with the reference plane. The ascending node 
is the point in which the orbiting body crosses the reference plane moving upward. 
The longitude of the ascending node describes the position of the ascending node 
in the reference plane, relative to a fixed direction, which is usually chosen to be 
the Earth’s vernal point. 

The last two orbital elements are the argument of pericentre (ω) and the mean 
anomaly (M). The argument of pericentre (or argument of perihelion when the Sun 
is the primary body) defines the orientation of the elliptical orbit in its plane. In 
particular, ω is defined as the angle measured in the orbital plane from the ascend-
ing node to the direction of the line of the apsides (defined as the line connecting 
the two foci of the ellipse). The mean anomaly defines the position of the orbiting 
body along the ellipse at a specific time (the "epoch"). This is an orbital element 
that changes linearly with time. It can be defined as M = n(t-t0) where n is the 
mean motion and t0 is a time of passage through the perihelion. 

It should be noted that in the definition of the orbital elements above, in the 
case when the inclination is zero, ω and M are not defined, because the position of 
the ascending node is not determined. In addition, M is not defined also when the 
eccentricity is zero, because the position of the pericenter is not determined. It is 
convenient, therefore, to introduce the longitude of perihelion ϖ = ω+Ω, and the 
mean longitude λ = M+ω+Ω. The first angle is well defined when i=0, while the 
second one is well defined when i=0 and/or e=0. It is evident that the set of orbital 
elements a, e, i,ϖ, Ω, λ unequivocally defines the position and velocity of the 
body. 

 

Fig. 3.1 Schematic definition of asteroid's orbital elements 
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There are two types of orbital elements that we will use through this chapter, 
the osculating and the proper ones. The osculating elements of an object in a 
space, at a given time, describe the Keplerian orbit that this object would pursue 
by its instantaneous position and velocity in space at a certain time, if all perturba-
tions besides the gravitational force of the Sun where no longer present after that 
time. This kind of elements can be derived directly from the observations, and its 
most common application is to predict very accurately position of a body in a near 
future (or past), e.g. to produce ephemeredes. On the other hand, the osculating 
elements of an asteroid continuously change with a time due to the gravitational 
perturbations of other objects, first of all the major planets. These perturbations 
change the mutual distances among the asteroids in the space of osculating semi-
major axis, eccentricity and inclination on the timescale of the orbital precessions. 
Because of these reasons, these elements are not suitable to study long-term cha-
racteristics of orbits. 

To study dynamical characteristics of the asteroids over long time scales anoth-
er type of elements has been developed, the so-called proper orbital elements. The 
proper elements are derived from the instantaneous osculating elements by remov-
ing the short and long-term periodic perturbations. By definition they represent 
integrals of motion and, thus, are supposed to be a sort of average characteristics 
of motion that are constant for a very long time. It is, however, well known that a 
full N-body problem is non integrable, and that therefore it does not have such 
integrals. Consequently, the proper elements can only be obtained as quasi inte-
grals of motion, that is, more or less good approximations of the real dynamics, or 
as true integrals of motion, but in a significantly simplified model. 

The proper elements for the majority of asteroids of low to moderate eccentrici-
ties and/or inclinations are computed by means of analytical theories based on the 
series development of the perturbing Hamiltonian. These theories are extremely 
complex and cannot be pursued too far. They require handling of complicated, 
cumbersome relations and are subject to problems of the convergence of solutions. 
The most advanced theory of the kind, developed so far, is the theory of Milani 
and Knežević (1990, 1994), based on the Lie series canonical transformations 
(Yuasa 1973). It takes into account terms in the expansion of the perturbing  
Hamiltonian up to the second order in perturbing mass and up to degree four in 
eccentricity and inclination. Once developed, the procedure to compute proper 
elements by means of the analytical theory is very efficient and suitable for the 
computation of large catalogs of proper elements for hundreds of thousands of 
asteroids. However, the analytical proper elements are known to be of limited 
accuracy. Moreover, they are usually supplied without error estimates, despite 
existing possibility to perform such calculations based upon the size of neglected 
terms. 

More recently Knežević and Milani (2000) have developed a new method for 
computation of the so-called synthetic proper elements of asteroids, which con-
sists of a set of purely numerical procedures, collectively called the synthetic 
theory. The procedure includes: (i) numerical integration of asteroid orbits in the 
framework of a realistic dynamical model; (ii) on-line digital filtering of the short 
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periodic perturbations to compute the mean elements and the proper semi-major 
axis; (iii) Fourier analysis of the output to remove main forced terms and extract 
proper eccentricity, proper inclination, and the corresponding fundamental fre-
quencies; (iv) check of the accuracy of the results by means of running box tests. 
The accuracy of the synthetic proper elements is better by a factor of more than 3 
on the average with respect to the results derived by means of the above men-
tioned most advanced version of the analytical theory (Milani and Knežević 
1994). 

Proper elements for planet-crossing asteroids have been developed as well. The 
application of a perturbative method based on an averaging principle to solve the 
equations of motion of an asteroid under the perturbation of the planets fails 
whenever the perturbation has a crossing singularity along the domain of the solu-
tion. In order to avoid this problem, Gronchi and Milani (1999, 2001) introduced a 
generalized averaging principle. Their solution also provides the proper frequen-
cies and the encounter circumstances with each planet. The latter information 
allows predicting the occurrence of node crossings and is particularly interesting 
in the case of Earth crossing asteroids, since it provides a way to evaluate potential 
Earth impactors. The stability of proper elements for planet-crossing asteroids is 
guaranteed only over a short time scale, either of the order of the period of a com-
plete oscillation of ω, or until the next very close approach to a planet. Neverthe-
less, they are a very important tool to study the dynamical behavior of this class of 
objects. 

In addition, several specially adapted theories exist for dynamically specific 
populations, as for the high eccentricity and/or inclination asteroids (Lemaitre and 
Morbidelli 1994), Trojans (Milani 1993; Beauge and Roig 2001), Hildas (Schubart 
1982), etc. 

Proper elements (and many other information) for main-belt and near-Earth  
asteroids are available at Asteroids Dynamic Site [AstDys:   http://hamilton.dm.  
unipi.it/astdys/] and Near Earth Objects Dynamic Site [NEODys:  http://newton.dm. 
unipi.it/neodys/], respectively. 

3.3 Orbital Resonances 

An orbital resonance is a gravitational phenomenon that implies commensurability 
between two or more frequencies of the motion of the bodies that are orbiting 
around the same central body. There are numerous examples of orbital resonances 
in the solar system. Resonances can be a source of both instability and long-term 
stability. Thus, resonant dynamics plays a critical role in understanding the distri-
bution, transport and dynamical lifetimes of the small bodies. There are three gen-
eral types of resonance phenomena in the Solar system involving orbital motions: 
mean motion, secular and spin-orbit resonances. Here we will only discuss the 
first two types. For more details see e.g. Malhotra (1998) and Morbidelli (2002). 
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Mean motion resonances (MMRs), occur when the orbital periods of an astero-
id and a planet are close to a ratio of small integers, i.e. when kn − kjnj ≈ 0, where 
k and kj are positive integers, nj is a mean motion of a j-th planet and n is the mean 
motion of an asteroid. 

Special type of MMRs are three-body resonances that involve mean motion of 
an asteroid and two perturbing planets, i.e they occur when kn + kini + kjnj ≈ 0, 
where k, ki and kj are integers, and n, ni and nj are mean motions of an asteroid, i-
th and j-th planet respectively (Nesvorny and Morbidelli 1998a,b). 

Secular resonances (SRs) are consequences of commensurabilities among the 
precession rates of the orbit of an asteroid and those of major planets (Knežević et 
al. 1991). These resonances concern slow angles like the argument of perihelion or 
the longitude of nodes. The strongest are linear SRs which occur when a secular 
frequency of an asteroid's secular angle is equal to the corresponding frequency of 
 

  

 

Fig. 3.2 A schematic representation of the two components of the Yarkovsky effect: (i) the 
diurnal component (left), and (ii) the seasonal component (right). A circular orbit and opti-
mum values of the obliquity are assumed for simplicity, γ=0o on the left figure, and γ=90o 
on the right figure. Sunlight always heats the body on the nearside (noon), but due to finite 
thermal inertia, the point on the surface of the asteroid where the maximum temperature 
occurs, and hence the direction of the maximum recoil force due to thermal radiation, is 
displaced from the solar direction. In the diurnal variant (left), the body's rotation forces the 
maximum emissivity to be skewed toward the afternoon side on the body; thus the recoil 
force is always directed along the arrows. A net positive along-track force makes the body 
systematically accelerated; thus spiraling outward from the Sun. The effect would have an 
opposite direction if the body had a retrograde rotation (i.e., with obliquity γ=180o) In the 
seasonal variant (right), thermal relaxation occurs on the timescale comparable to the orbit-
al period of the given body. The seasonal force is directed along the spin axis and is due to 
north/south temperature difference on the body. The net, orbit-averaged, along-track force 
is always negative and the seasonal variant of the Yarkovsky effect makes the orbital semi-
major axis, of an asteroid, to constantly decrease. For extreme values of the obliquity, γ=0o 
or γ=180o, the seasonal component is zero because of symmetry between the north and 
south hemispheres. 
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a planet. An example is ν6 = g-g6 secular resonance that involves frequencies of 
perihelions of an asteroid and the Saturn (here 6 stands for the 6th planet, namely 
Saturn itself). 

Kozai resonance is a kind of secular resonance which occurs when the preces-
sion rate g of the longitude of perihelion ϖ of an asteroid is equal to the precession 
rate s of its longitude of the ascending node Ω (Kozai 1962). Therefore, this re-
sonance dose not involve precession rates of the planetary orbits, as in the case of 
typical secular resonances. It is characterized by a libration of ω around 90° or 
270° due to the perturbation by Jupiter, and around 180° due to the perturbation by 
the Earth and Venus (Michel and Thomas 1996). Also, it results in large coupled 
oscillations of the eccentricity e and the inclination i, as a consequence of the rela-
tion (1-e2)1/2cos i = const., that holds in the case of a Kozai resonance. 

3.4 Thermal Phenomenon (Yarkovsky and YORP Effect) 

Apart from gravitational perturbations, dynamical stability of small objects is 
strongly influenced by non-gravitational perturbations. In the case of asteroids, the 
most relevant is the Yarkovsky effect (Figs. 3.2 and 3.3). This effect is a conse-
quence of a small but still relevant force that affects the orbital motion of asteroids 
smaller than about 30 kilometers in diameter. The Yarkovsky effect is the result of 
partial absorption of solar radiation at the surface of an asteroid and its anisotropic 
re-emission in the infrared band. 

 

Fig. 3.3 An illustration of the Yarkovsky/YORP effect principle. As an asteroid absorbs the 
solar radiation, its side facing the Sun becomes hotter than the opposite one. The infrared 
emission from the surface is in that case anisotropic, giving rise to the Yarkovsky force that 
affects the orbital motion of the asteroid, and the YORP torque that modifies the spin state 
(Brož 2006). 
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The thermal radiation from the hottest part of the surface carries away more li-
near momentum than from the coldest part and this imbalance results in a recoil 
force. It mainly acts on the semi-major axis and its magnitude is size dependent. 
For asteroids it scales as 1/D, where D is the body’s diameter. The resulting drift 
speed in the semi-major axis (da/dt) depends also on several other physical and 
dynamical parameters, such as thermal inertia, rotational period (P), spin obliquity 
(γ), and orbital geometry. This recoil acceleration is much weaker than solar and 
planetary gravitational forces, but it can produce substantial orbital changes over 
timescales ranging from millions to billions of years. 

The reflection and re-emission of sunlight from an asteroid surface also pro-
duces a net thermal torque on asteroids with irregular shape. This effect is known 
as the Yarkovsky–O'Keefe–Radzievskii–Paddack (YORP). Over time, this torque 
can affect the spin rate and obliquity of small asteroids. YORP is important be-
cause it controls not only the long-term evolution of asteroid spin vectors but also 
the magnitude and direction of the Yarkovsky drift in the semi-major axis (see e.g. 
Rubincam 2000; Bottke et al. 2006). 

3.5 Near Earth Asteroids 

Near Earth Asteroids (NEAs) are those with perihelion distance q ≤ 1.3 AU and 
aphelion distance Q ≥ 0.983 AU. This population has been conventionally divided 
in three sub-populations: Atens, Apollos and Amors, each one named after the 
first discovered asteroid from the corresponding sub-population. Some NEAs are 
of high interest because they can be explored with lower mission velocity even 
than the Moon, due to their combination of low velocity with respect to Earth 
(ΔV) and small gravity, so they may present interesting scientific opportunities 
both for direct geochemical and astronomical investigation, and as potentially 
economical sources of extraterrestrial materials for human exploitation. This 
makes them the attractive targets for future explorations (Xu et al. 2007). In addi-
tion, many NEAs are considered to be Potentially Hazardous Asteroids (PHAs). 
Potentially Hazardous Asteroids are currently defined based on parameters that 
measure the asteroid's potential to make threatening close approaches to the Earth. 
Specifically, all asteroids with an Earth Minimum Orbit Intersection Distance 
(MOID) of 0.05 AU or less and an absolute magnitude (H) of 22.0, or less, are 
considered PHAs. In other words, asteroids that can not get any closer to the Earth 
than 0.05 AU (roughly 20 times further than Moon) or are smaller than about  
150 m in diameter (i.e. H = 22.0 mag with an assumed albedo of 0.13) are not 
considered PHAs. 

As of May 2012, 8,880 near-Earth asteroids are known, ranging in size from 1 
meter up to about 32 kilometers. A total number of NEAs with H < 18 (i.e. rough-
ly larger than 1 km in size) and a < 7.4 AU, was estimated by Bottke et al. (2002), 
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to be 960±120, in an agreement with recent findings by NEOWISE (Mainzer et al. 
2011) who found 981±19 NEAs with D >1 km. Mainzer et al. (2011) also esti-
mated a total number of NEAs larger than 100 m in diameter to be 20,500±3,000, 
a somewhat less than in previous works (Rabinowitz et al. 2000; Harris 2008). 

3.5.1   Aten Asteroids 

Aten asteroids are those with an orbital semi-major axis a < 1 AU and aphelion 
distance Q ≥ 0.983 AU. This is the smallest of the three NEO sub-populations. 
Since (2062) Aten was discovered in 1976 (Helin and Shoemaker 1977), the first 
asteroid that belongs to this class, more than 700 additional members have been 
found. Mainzer et al. (2012) estimated total number of Atens to be 1,600±760 
larger than 100 m, and 42±31 larger than 1 km. Most of the time these objects 
spend orbiting interior to the Earth's orbit, but they occasionally cross the orbit of 
the Earth and may potentially collide with it. 

3.5.2   Apollo Asteroids 

Apollos are asteroids with a > 1 AU and perihelion distance q ≤ 1.017 AU, where 
1.017 AU is the aphelion distance of the Earth. The first member, asteroid (1862) 
Apollo, was discovered by Karl Wilhelm Reinmuth in 1932. Today, about 4,500 
 

 

Fig. 3.4 The paths of three near-Earth asteroids, that represent typical orbits of Amor, Apol-
lo and Aten asteroids. Amor crosses the orbit of Mars, and almost reaches the Earth’s orbit. 
Apollo crosses the orbits of Mars, Earth and Venus, while Aten is always fairly close to the 
Earth’s orbit. 
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Apollos are known. It is estimated that about 62% of the total number of  
NEAs are Apollos (Bottke et al. 2002). According to Mainzer et al. (2012) there  
are 462±110 Apollos larger than 1 km and 11,200±2,900 larger than 100 m in  
diameter. 

The largest member is (1866) Sisyphus, with a diameter of about 10 km. The 
list of well known members include (3200) Phaethon, an asteroid believed to be a 
parent body of the Geminids meteor shower (Jewitt and Li 2010) which itself may 
be a fragment of asteroid (2) Pallas (de Leon et al. 2010), (4179) Toutatis, a fam-
ous example of a Potentially Hazardous Asteroid, (6489) Golevka, an asteroid on 
which the Yarkovsky effect was measured for the first time (Chesley et al. 2003), 
(25143) Itokawa, the first asteroid to be a target of a sample return mission, the 
Japanese space probe Hayabusa, and (54509) YORP whose determination of the 
rotation rate provided the first observational evidence of the YORP effect (Taylor 
et al. 2007), hence the name of the asteroid. 

3.5.3   Amor Asteroids 

Amor asteroids are defined by 1.017 ≤ q ≤ 1.3 AU (Fig. 3.4). These objects may 
come close to the Earth but do not cross its orbit and, thus, cannot currently col-
lide with it (Fig. 3.5). The first discovered NEA, (433) Eros, belongs to this class. 
It was discovered in 1898 by Carl Gustav Witt at the Urania Sternwarte (Berlin, 
Germany), and independently by Auguste Charlois at the Observatoire de Nice 
(France). With a diameter of about 17 km, (433) Eros is the second-largest NEA 
known. The largest known NEA, (1036) Ganymed, is also an Amor asteroid, with 
a diameter estimated to be about 32 km. Amors are the second most-populous 
group among NEAs with an estimated total of 320±90 members larger than 1 km 
and 7,700±3,200 larger than 100 m (Mainzer et al. 2012). So far, about 3,800 
Amors have been discovered. 

3.5.4   Earth Co-Orbital Asteroids (ECOAs) 

Earth co-orbital asteroids are those that orbit at the same, or very similar, distance 
from the Sun as the Earth, i.e. they are in a 1/1 mean motion resonance with our 
planet. Each of the ECOAs belongs to one of three NEAs sub-populations men-
tioned above, however, as these objects have some specific characteristics, they 
are often analyzed separately. There are several classes of co-orbital objects, de-
pending on their point of libration. The most common and best-known class are 
Trojans (tadpole orbits), which librate around one of the two stable Lagrangian 
points, L4 and L5, 60° ahead of and behind the planet, respectively. Another class 
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is the horseshoe orbit, in which objects librate around 180° from the larger  
body. Objects librating around 0° are called quasi-satellites (see Figs. 3.5 and  
3.6). 

Earth co-orbital asteroids present advantages as potential targets for future aste-
roid rendezvous missions. Their prolonged proximity to Earth facilitates commu-
nication, while their Earth-like orbits mean a steady flux of solar power and no 
significant periodic heating and cooling of the spacecraft throughout the course of 
the mission. Theoretical studies show that low-inclination co-orbital orbits are 
more stable than high-inclination orbits. As inclination is the most significant 
indicator of low delta-v rendezvous orbits, there is the potential for a large popula-
tion of easily accessible asteroids, with favorable engineering requirements. While 
rendezvous orbits to co-orbital objects do not necessarily have a low delta-v, ener-
gy requirements to reach some of these objects are significantly less than those in 
previous rendezvous missions. The best candidates seem to be Earth's Trojans that 
present very low-energy requirements (Stacey and Connors 2009). Morais and 
Morbidelli (2002) predict that the number of the ECOAs with absolute magnitudes 
H<18 and H<22 is 0.65±0.12 and 16.3±3.0, respectively. 

 

Fig. 3.5 Diagram indicating the Lagrangian points and the regions where the stable co-
orbital trajectories can happen. The horseshoe and tadpole orbits are viewed in the rotating 
frame. Horseshoe orbits (light blue) encompass the L4, L3 and L5 points. Tadpole orbits 
oscillate about the L4 or L5 Lagrangian points (Trojan asteroids). 

Trojan Asteroids 

Trojans are objects that share an orbit with a planet, but do not collide with it  
because they orbit around one of two Lagrangian points L4 and L5, which lie ap-

proximately 60° ahead and 60° behind the planet, respectively. The giant planets 
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Jupiter and Neptune are known to host Trojan asteroids, and also Mars is hosting 
several asteroids of this type. The most famous and well known are Jupiter's  
Trojans. 

Several theoretical studies were performed to establish the stability of the  
objects near Lagrange points in simplified models (see e.g. Bien and Schubart 
1984; Efthymiopoulos 2005; Lhotka et al. 2008; Erdi et al. 2009, and references 
therein). Numerical studies  undertaken to find an extension of the stability re-
gions around the equilibrium points for the planets are even more numerous (e.g. 
Mikkola and Innanen 1992; Tabachnik and Evans 2000; Nesvorný and Dones 
2002; Dvorak and Schwarz 2005; Robutel et al. 2005). Although many studies 
have predicted that Earth's Trojans may exist, their existence was confirmed just 
recently, when the first such object, the asteroid 2010TK7, has been discovered 
(Connors et al. 2011). For more details about Trojans see Chap. 2 by Michael 
Todd. 

Horseshoe Companions to the Earth 

Horseshoe-type orbits appear to be less prevalent than tadpoles orbits (Trojans), 
probably due to their different stability characteristics. An often-cited example of 
objects horseshoeing with each other are the Saturnian satellites Janus and Epime-
theus. There are currently 3 asteroids (54509 YORP, 2002 AA29, 2010 SO16) 
known to follow horseshoe trajectories with respect to the Earth (Brasser et al. 
2004; Christou and Asher 2011). In addition, asteroid 2001 GO2 may be of this 
class as well. However, confirmation of its status as the fourth Earth horseshoe 
will have to await further refinement of its orbit (Brasser et al. 2004). 

The libration periods and lifetimes of these objects range from several thousand 
to a few hundred years. The orbital eccentricities of (54509) YORP and 2001 GO2 
allow close encounters with the Earth. Such encounters, however, do not necessar-
ily eject the asteroids from the co-orbital resonance, but instead they initiate their 
transition into another mode of libration or circulation. 

Unlike Trojans, horseshoe co-orbitals are not generally considered to be stable 
over long time-scales (Dermott and Murray 1981). However, recent results of Ćuk 
et al. (2012), who numerically investigated long-term stability of Earth’s and  
Venus’s horseshoe co-orbitals, show that, contrary to analytical estimates, many 
objects of this type could be generally long lived (and potentially stable) for sys-
tems with primary-to-secondary mass ratio larger than about 1200. Horseshoe  
orbits at smaller mass ratios are unstable because they approach within 5 Hill radii 
of the corresponding planet. On the other hand, tadpole orbits are more robust and 
can remain stable even in the cases when approaching within 4 Hill radii of the 
planet. 
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Fig. 3.6 Orbits of several asteroids viewed in Earth’s co-rotating plane. The horseshoe 
(2002 AA29), the quasi-satellite (2004 GU9), and the Trojan (a synthetic Trojan) are Earth 
co-orbitals, while the circulator (Itokawa) is not. The circulator and the quasi-satellite are 
presented for a seven-year arc, while the horseshoe and the Trojan are presented for a fifty 
year arc in order to fully demonstrate their motions. The horseshoe remains close to the 
Earth for approximately ten years of the fifty years shown in this figure. The quasi-satellite 
remains close to the Earth for the extent of its motion. All three co-orbitals remain at a 
relatively constant distance from the Sun. The circulator does not have either of these ad-
vantages. Adopted from Stacey and Connors (2009). 

3.5.5   Natural Earth Satellites (NESs) 

In addition to the ECOAs, there is another population of interesting Earth-
approaching asteroids. These move on extremely Earth-like orbits and their mo-
tion is dominated by close approaches with the Earth, although they are not in a 
1/1 MMR with the Earth. Still, every synodic period they approach our planet with 
a small relative velocity. Thus, such objects can be potentially captured by Earth's 
gravity (Brasser and Wiegert 2008). Following Granvik et al. (2012) we will call 
these objects Natural Earth Satellites (NESs). The Earth’s quasi-satellites (which 
are Earth's co-orbitals) have some common characteristics with the NESs. The 
essential difference between two populations is that the orbits of NESs depend  
critically on the gravity of the Earth-Moon system (EMS), while the orbits of qua-
si-satellites would only slightly change if the EMS suddenly disappeared, because 
they are simply orbiting the Sun on Earth-like orbits in the vicinity of the Earth, 
but without a strong gravitational interaction with it. 

The first discovered NES was 1991 VG, which became a temporary satellite of 
the Earth in 1991 (Tancredi 1997). It was captured by Earth's gravitation, but most 
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of the open loop it made around the planet was outside Earth's Hill sphere. Some 
early observations pointed towards the possibility that this particular object was of 
artificial origin, but newer observations render this a rather unlikely scenario. 
2006 RH120 (also known as J002 E3) is the second known object to orbit the 
Earth, discovered in 2002. It came from the heliocentric orbit through the L1 La-
grange point, spent a year inside the Earth’s Hill sphere orbiting it six times on an 
open-loop orbit, and then left the Earth-Moon system. 

According to the results of Granvik et al. (2012) at any given time there should 
be at least one NES of 1-meter diameter orbiting the Earth. An early identification 
of such objects creates an opportunity for a low-cost low-delta-v meteoroid return 
mission (Elvis et al. 2011). 

3.6   Inner Earth Objects (IEOs)  

By definition, asteroids whose orbits are wholly interior to the Earth’s orbit are 
usually called Inner Earth Objects (IEOs) (Michel et al. 2000a). To this population 
belongs any small object with aphelion Q < 0.983 AU, where the latter number is 
the Earth’s perihelion distance. According to the type of their orbits, the IEOs are 
further characterized as Vulcanoids (Q < 0.307 AU), Vatiras (0.307 < Q < 0.718 
AU), or as Atiras (0.718 < Q < 0.983 AU). The IEOs are noticeably less populous 
than the NEAs, and a complete population consists of very limited number of 
objects. According to estimation of Bottke et al. (2002), there are only about 2% 
as many IEOs as NEOs at any H magnitude. A recent study performed by Green-
street et al. (2012a), based on a steady-state orbital distribution model, found that 
among the asteroids with perihelion distance q ≤ 1.3 AU only 1.38 ± 0.04 and 0.22 
± 0.03 % are Atiras and Vatiras, respectively. The latter authors also set the upper 
limit for the fraction of Vulcanoids to be 0.006 %. 

The Vulcanoids are (still) hypothetical objects orbiting the Sun at distances in-
terior to Mercury's orbit, i.e. Q < 0.307 AU. Possible existence of this population 
was first proposed by Weidenschilling (1978), as a potential explanation of con-
tradictions in the cratering history of Mercury. An inner border of the population, 
in terms of orbital semi-major axis, is estimated to be at about 0.09 AU. Inside this 
limit, asteroids can not survive because of the evaporation, and the Yarkovsky 
effect (Vokrouhlický et al. 2000). Evans and Tabachnik (1999, 2000) conducted 
numerical simulations in order to study the long-term stability of Vulcanoids. 
They found that there is a belt ranging from ~0.1 to ~0.2 AU, where dynamically 
stable orbits exist. Thus, minor bodies may survive for a long period of time 
(comparable to the age of the Solar System) on these orbits, provided they are 
larger than about 0.1 km in diameter. According to Evans and Tabachnik (1999, 
2000) objects beyond 0.21 AU are dynamically unstable and are excited into Mer-
cury-crossing orbits on 100 Myr timescales. It is, however, important to note that 
these authors did not take into account the Yarkovsky effect that may significantly 
change the dynamical picture in this region. 
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Fig. 3.7 IEOs and NEAs class distinctions in the semi-major axis vs eccentricity plane. We 
restrict the NEA population to orbits with q < 1.3 AU. Three NEAs classes we discriminate 
in this paper are Amors (1.017 < q < 1.3 AU), Apollos (a > 1.0 AU, q < 1.017 AU), and 
Atens (a < 1.0 AU, Q > 0.983 AU), while three IEOs classes are Atiras (0.718 < Q < 0.983 
AU), Vatiras (0.307 < Q < 0.718 AU), and Vulcanoids (Q < 0.307 AU). A reader should be 
aware that objects could switch from one class to another on a relatively short time scale 
(see text for additional explanations). A complete list of asteroids that belong to each of 
these populations can be found at the Minor Planet Center web page: http://www.minor 
planetcenter.net/iau/lists/MPLists.html. 

Searching for Vulcanoids is exceedingly challenging due to their proximity to 
the Sun. Several searches for Vulcanoids have been performed so far (Leake et al. 
1987; Campins et al. 1996; Durda et al. 2000; Schumacher and Gay 2001; Zhao et 
al. 2009), but none have discovered any object. Although these surveys did not 
find any Vulcanoid, the obtained results seem to rule out possibility that objects 
larger than about 10 km in diameter exist at this location (Durda et al. 2000; Zhao 
et al. 2009). These findings and the fact that km-size objects are unlikely to  
survive in that region due to the Yarkovsky effect (Vokrouhlický et al. 2000), put 
hypothesis about present-day existence of Vulcanoids in question. 

According to the definition adopted here, Vatiras are asteroids with aphelion 
distance between 0.307 and 0.718 AU, but, as in the case of Vulcanoids, these are 
still hypothetical objects. Orbits of such asteroids would be wholly interior to the 
Venus’s orbit, but they may be Mercury-crossers if the perihelion distance is  
below 0.307 AU. 
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Atiras are asteroids that orbit the Sun wholly interior to the Earth’s trajectory  
(0.718 < Q < 0.983 AU). They are named after their prototype, i.e. first discovered 
object from the population, namely asteroid 163693 Atira (Greenstreet et al. 
2012a). As this is a relatively new class of asteroids there are some inconsistencies 
about their definition used by different authors. Note that the definition adopted 
here clearly distinct Atiras from Atens (see Fig. 3.7), making the former ones non 
a sub-class of the latter ones. On the other hand, although we classified them as 
IEOs (what they certainly are), Atiras may also be considered as NEAs, because 
they may come relatively close to the Earth as well. 

So far, 11 Atiras have been discovered (as of July 5th, 2012), with only two be-
ing already numbered. All of them have a perihelion distance below 0.718 AU, i.e. 
they are Venus-crossing objects. The largest member, asteroid 163693 Atira, is 
about 2 km in diameter. 

Despite orbiting wholly interior to the Earth’s orbit, Atiras may become a so-
called PHAs. Two Atiras are currently listed as PHAs: 2004 JG6 and 2008 UL90. 

3.7   Long Term Dynamics of NEAs 

Numerical integrations have shown that the typical lifetime of NEAs is about 10 
Myr. They are eliminated by collision with the Sun, ejection from the Solar Sys-
tem, or collision with the planets. Understanding the long-term dynamical charac-
teristics of these objects is another task that requires modeling the location and the 
strength of resonances as well as the effects of close encounters with the planets. 

The dynamics of the bodies in the region of the terrestrial planets is strongly in-
fluenced by close encounters with these planets. Each encounter gives rise to an 
impulse velocity to the body’s trajectory, causing its orbital semi-major axis to 
change instantly by a quantity that depends on the geometry of the encounter and 
on the mass of the planet. The change in the semi-major axis is correlated with the 
change in eccentricity (and inclination) due to the quasi conservation of the so-
called Tisserand parameter T (i.e. the pseudo-energy of the Jacobi integral that 
must be conserved in the restricted circular 3-body problem), defined as 
T = apla/a + 2[a/apla (1−e2)]1/2 cos(i) relative to the encountered planet with semi-
major axis apla (Öpik 1976). An encounter with Jupiter can easily eject the body 
from the Solar system, while this is practically impossible in encounters with the 
terrestrial planets. 

Under the sole effect of close encounters with a unique planet, and neglecting 
the effects on the inclination, a body would perform a random walk on a curve in 
the (a, e) plane defined by T = const. These curves are transverse to all MMRs and 
to most secular resonances, so that the body can be extracted from one resonance 
and be transported into another one. Resonances, on the other hand, change the 
eccentricity and/or the inclination of the asteroids, keeping the semi-major axis 
constant (apart from the short periodic oscillations). Thus, the real dynamic in the 
NEO region is the result of a complicated interplay between resonances and close 
encounters (Michel et al. 1996), and is therefore eminently chaotic. 
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MMRs present in the region of terrestrial planets are not so powerful as those 
located in the main-asteroid belt. This is because nearby terrestrial planets are  
significantly less massive than Jupiter, while Jupiter itself is not so close to this 
region. However, although they are relatively weak, MMRs located inside the 
orbit of Mars are very dense and often overlap with each other. This tends to ex-
tend the chaotic zones and increase the efficiency of these resonances, making 
them very important for the dynamics of NEAs. 

Several studies of NEOs dynamics show that the secular resonances may play 
an important role in the orbital evolutions of small bodies in this region as well. 
SRs can either provide a protection mechanism from close approaches or a trans-
port mechanism from one region of the phase space to another. The locations of 
linear secular resonances are obtained by means of a semi-analytical theory. It 
turns out that several SRs are present in the region of terrestrial planets, and some 
can even overlap (see Figs. 3.8 and 3.9). 

 
 

 

Fig. 3.8 The location in the (a (AU), ix (degrees)) plane of the secular resonances involving 
the precession rates of the perihelion longitudes of a small body and the planets for ex = 0.1. 
We follow the notations of Williams (1969) in naming the resonances. The region marked 
KOZAI corresponds to the regions of libration of the perihelion argument of the small body 
around 0° or 180°. In the regions marked NODE-CROSSING, the calculation of the free 
frequencies was not performed. Adopted from Michel and Froeschlé (1997). 
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Finally, the Kozai resonance also plays an important role for the dynamics of 
NEAs. Although it can act as a destabilizing factor, this resonance may also provide 
a protection mechanism that prevents an object to have close approaches with the 
planets. For example, for an orbital semi-major axis larger than that of the Earth, 
close encounters with the Earth can occur only near perihelion, but, since ω librates 
around 90° or 270°, and the inclination is large, perihelion always lie well outside the 
planetary orbital plane; thus preventing close approaches between the asteroid and 
the planet. The location of Kozai resonances is shown in Figs. 3.8 and 3.9. 

 

Fig. 3.9 The same as Fig. 8, but for the secular resonances involving the precession rates of 
the nodal longitudes of a small body and the planets. Adopted from Michel and Froeschlé 
(1997). 

A dynamical classification of NEAs was performed by Milani et al. (1989) 
within the SPACEGUARD project (Milani 1989). This classification was based 
on the numerical integrations of orbits of 410 NEAs known at that time over time-
scale of 200,000 yr. It used as criteria the main characteristics of planet-crossing 
dynamics: node crossings and close approaches to the Earth, MMRs with the 
Earth, value of q (below/above 1 AU), MMRs and approaches with Jupiter. Ac-
cording to this classification NEAs were divided into six (seven including comets) 
orbital classes; each one named after its best-known member. The decision algo-
rithm used by Milani et al. (1989) is summarized in the diagram shown in Fig. 
3.10, and the obtained classes are summarized in what follows. 
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Geographos class: The Earth-crossing orbits for which the evolution of a is 
dominated by close approaches to the Earth (and in some cases to Venus). 

Toro class: Objects that are sometimes locked in a MMR, and this resonance is 
effective to avoid close approaches to the Earth. 

Kozai class: Objects having perihelion distance below 1 AU at least for part of 
the time during a period of Ω, but being not Earth-crossers due to secular protec-
tion mechanisms. 

Alinda class: Asteroids that are not presently Earth-crossing, but strongly per-
turbed by a MMR with Jupiter that causes large variations in eccentricity. 

Eros class: Objects with a perihelion distance above 1 AU, which are not in 
any major MMR with Jupiter. 

Oljato class: These are objects which are not in a resonance with Jupiter (at 
least not for a significant span of time), do not undergo orbital changes dominated 
by close approaches to the terrestrial planets, and are neither Jupiter crossing nor 
Jupiter approaching. 

In addition to these six classes, there are also comet-like objects, i.e. those hav-
ing an asteroid appearance (without any detectable cometary activity) but moving 
along typically cometary orbits. 

 

Fig. 3.10 A scheme of the SPACEGUARD NEAs' classification algorithm based on their 
dynamical characteristics (Milani et al. 1989) 

In conclusion, we would like to note that the dynamical classification of Milani 
et al. (1989) is a useful tool to understand the dynamics of the NEAs. However, it 
must be taken into account that all these orbits are strongly chaotic, and that all the 
orbital elements can undergo large relative changes, as a result of either deep close 
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approaches or the action of some resonance. Thus transitions can occur (and often 
do), between different dynamical classes. The Toro and Alinda classes are espe-
cially unstable, with typical residence times in these classes being less than 
100,000 years. For example, transitions can occur between the Alinda, comet-like 
and Oljato classes. 

Thus, if one investigates a long-term dynamics of NEAs, then problems do 
arise when using any classification based on current orbital characteristics. Due to 
the strong chaoticity of the motion, the objects may change dynamical class after a 
certain time. This phenomenon is named mixing. Due to the mixing occurring as a 
function of time, it is obvious that any inference derived from any classification 
valid at a certain epoch cannot be safely extrapolated to subsequent epochs. To  
investigate NEAs behavior over longer time scales some different statistical  
approach must be developed (Freistetter 2009). 

3.8 Origin of NEAs 

The short lifetime of NEAs means that this population is not primordial, but it is 
kept in a sort of steady state by a constant supply of new objects from some source 
regions. It has long been debated in the past whether the NEAs are mostly of aste-
roidal or cometary origin. Today, with an improved knowledge about resonant  
dynamics, it is clear that the asteroid belt is able to efficiently supply most NEAs. 
In particular, main belt asteroids can become planet crossers by increasing their 
orbital eccentricity under the action of a variety of resonant phenomena. 

It is a reasonable hypothesis that the origin of NEAs is related to the most 
prominent gaps (as the so-called Kirkwood gaps, corresponding to the most im-
portant MMR with Jupiter) in the distribution of orbital semi-major axis in the 
main asteroid belt (Fig. 3.11). An interplay among collisional processes, Yar-
kovsky and YORP forces, may steadily bring new bodies into the gaps. The fast 
action of the most powerful secular and mean motion resonances keeps these gaps 
clear, compelling the asteroids to leave the main belt and to reach the near-Earth 
region. However, the concentration of Mars-crossing asteroids between 2.1 and 
2.5 AU suggests that many bodies escape also from the portion of the main belt 
that is located in this semi-major axis range, despite the absence of any evident 
gap. It was shown that this is due to the action of numerous weak resonances, 
whose destabilizing effects manifest themselves on timescales that are long 
enough to allow their complete replenishment (Nesvorný et al. 2002). In this  
respect, it is suitable to distinguish between “powerful resonances” and “diffusive 
resonances”, where the former ones are characterized by the existence of  
associated gaps. 

Some particular zones in the main belt provide NEAs via both powerful and 
diffusive resonances. In this respect, the most powerful resonances are the ν6 
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secular resonance located at the inner edge of the asteroid belt, and the mean 
motion resonances with Jupiter 3/1, 5/2, and 2/1 located at 2.5, 2.8, and 3.27 AU 
respectively (Morbidelli et al. 2002). On the other hand, diffusive resonances are 
very numerous so that they cannot be effectively enumerated. Therefore, only 
their  generic dynamical effects will be mentioned here. For more details the read-
er can refer to Nesvorný et al. (2002). 

3.8.1    ν6 Resonance 

Let us first recall that the ν6 secular resonance occurs when the precession fre-
quency of the asteroid’s longitude of perihelion is equal to the mean precession 
frequency of Saturn’s longitude of perihelion. As shown in Fig. 3.12, the ν6 reson-
ance marks the inner edge of the main belt. The effect of this resonance rapidly 
decays with the distance from the shown curve. Asteroids located very close to the 
resonance (closer than 0.04 AU) exhibit a regular but large increase of the eccen-
tricity (Morbidelli et al. 2002). This increase in eccentricity is large enough for 
these bodies to reach planet-crossing orbits. The median time required to become 
Earth-crosser, starting from a quasi-circular orbit, is about 0.5 Myr. Accounting 
for their subsequent evolution in the near-Earth region, the median lifetime of 
bodies initially in the ν6 resonance is about 2 Myr, with the typical end states be-
ing collision with the Sun (80% of the cases) and ejection onto hyperbolic orbit 
via a close encounter with Jupiter (12%) (Gladman et al. 1997). The mean time 
spent in the NEO region is 6.5 Myr, longer than the median time because ν6 bodies 
often reach semi-major axis a < 2 AU orbits where they often reside for tens of  
Myr (Bottke et al. 2002). In the border region (between 0.04 and 0.08 AU from 
the resonance), the effect of the ν6 resonance is less powerful, but is still able to 
force the asteroids to cross the orbit of Mars at the top of the secular oscillation 
cycle of their eccentricity. To enter the NEA space, these asteroids must evolve 
under the effect of Martian encounters, and the required time decreases sharply 
when approaching the resonance (Morbidelli and Gladman, 1998; Migliorini et al. 
1998). 

3.8.2   3/1 Resonance 

The 3/1 MMR with Jupiter is located at about 2.5 AU, where the orbital period of 
the asteroid is one third of that of the giant planet. The resonance width is an in-
creasing function of the eccentricity (about 0.02 AU at e = 0.1 and 0.04 AU at e = 
0.2), while it does not vary appreciably with the inclination. Inside the resonance, 
one can distinguish two regions: a narrow central region where the asteroid  
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eccentricity has regular oscillations that make them to periodically cross the orbit 
of Mars, and a larger border region where the evolution of the eccentricity is 
strongly chaotic and unbounded, so that the bodies can rapidly reach Earth-
crossing orbits. Under the effect of Martian encounters, bodies in the central re-
gion of the resonance can easily be transported to the border region and be rapidly 
pushed towards near-Earth space (Morbidelli et al. 2002). For a population initial-
ly uniformly distributed inside the 3/1 resonance, the median time required to 
cross the orbit of the Earth is about 1 Myr, while the median lifetime is approx-
imately 2 Myr. The typical end states of this population are the collision with the 
Sun (70%) and the ejection on hyperbolic orbit (28%) (Gladman et al. 1997). The 
mean time spent in the near-Earth region is 2.2 Myr (Bottke et al. 2002). 

3.8.3   5/2 Resonance 

The 5/2 mean-motion resonance with Jupiter is located at about 2.8 AU. The rapid 
and chaotic eccentricity evolution observed in the border region of the 3/1 reson-
ance in this case extend to the entire resonance (Moons and Morbidelli 1995). As 
a consequence, this resonance is the one that increases the orbital eccentricity on 
the shortest timescale. The median time required to reach Earth-crossing orbit, for 
objects initially located insude the 5/2 resonance, is about 0.3 Myr, and the median 
lifetime is 0.5 Myr. Because the 5/2 resonance is closer to Jupiter than the 3/1, the 
ejection on hyperbolic orbit is the most typical end state (92%), while the collision 
with the Sun accounts only for 8% of the losses (Gladman et al. 1997). The mean 
time spent in the near-Earth region is 0.4 Myr. 

3.8.4   2/1 Resonance 

The 2/1 resonance is located at 3.27 AU, but despite the fact that it is associated 
with a deep gap in the asteroid distribution, there are no mechanisms capable of 
destabilizing the resonant asteroid motion on the short timescales typical of the 
other resonances. Actually, the dynamical structure of this resonance is very com-
plex (Nesvorný and Ferraz-Mello 1997; Moons et al. 1998). At the center of the 
resonance and at moderate eccentricity, there are large regions where the dynami-
cal lifetime is of the order of the age of the Solar system. Some asteroids are pre-
sently located in these regions, but it is still not completely understood why their 
number is so small (Nesvorný and Ferraz-Mello 1997). The regions close to the 
borders of the resonance are unstable, but several million years are required before 
an Earth-crossing orbit can be reached (Moons et al. 1998).  

Once in NEA space, the dynamical lifetime of asteroids coming from the 2/1 
resonance is only on the order of 0.1 Myr, because the bodies are rapidly ejected 
by Jupiter onto hyperbolic orbit. 
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Fig. 3.11 Orbital distribution of Mars-crossers (purple), Hungaria (yellow), Phocaea (light 
blue) and Main belt (red) asteroids. Vertical arrows denote the positions of the 3/1, 5/2, and 
2/1 mean motion resonances with Jupiter. 
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3.8.5   Diffusive Resonances 

Apart from the few wide and powerful MMRs with Jupiter that we mentioned 
above, the main belt is densely crossed by numerous thin resonances: such as 
higher-order MMRs with Jupiter (i.e. those MMRs where the orbital frequencies 
are in a ratio of large integer numbers), 3-body resonances with Jupiter and Sa-
turn, and MMRs with Mars (Morbidelli and Nesvorný 1999). Because of the in-
fluence of these resonances, many (possibly most) main-belt asteroids are chaotic 
(Nesvorný et al. 2002). The effect of this chaoticity is very weak. The semi-major 
axis is bounded within the narrow resonant region, while the proper eccentricity 
and inclination slowly change with time, in a chaotic diffusion-like process 
(Knežević et al. 2002; Novaković et al. 2010). Thus, the time needed to reach a 
Mars-crossing orbit (or a Jupiter-crossing orbit) ranges from several 107 yr to bil-
lions of years, depending on the resonance involved and starting eccentricity 
(Murray and Holman 1997). Integrating real objects in the inner belt (2 < a < 2.5 
AU) for 100 Myr, Morbidelli and Nesvorný (1999) estimated that chaotic diffu-
sion transports about two asteroids larger than 5 km into the Mars-crossing region 
every million years. To reach Earth-crossing orbit, the Mars-crossers (MCs) ran-
domly walk in semi-major axis under the effect of Martian encounters until they 
enter a resonance that is strong enough to further decrease their perihelion distance 
below 1.3 AU. For the MCs with semi major axis between 2.06 and 2.8 AU, and 
inclination below the location of the ν6 secular resonance (this subpopulation of 
MCs is also known as Intermediate Mars-crossers (IMCs)), the median time re-
quired to become the Earth-crossers is about 60 Myr; thus, roughly two bodies 
larger than 5 km in diameter become NEAs every million years (Michel et al. 
2000b), consistent with the supply rate from the main belt estimated by Morbidelli 
and Nesvorný (1999). The mean time spent in the near-Earth space is 3.75 Myr 
(Bottke et al. 2002), while the median time to become Earth-crossers from the two 
groups of high-inclination MCs (Hungaria and Phocaea) exceeds 100 Myr (Michel 
et al. 2000b). 

The lack of Mars-crossers at a > 2.8 AU is not because the chaotic diffusion in 
the outer asteroid belt is less inefficient. It is simply the consequence of the fact 
that the dynamical lifetime of bodies in the Mars-crossing region decreases with 
increasing semi-major axis toward the Jupiter-crossing limit. The outer belt is 
densely crossed by high-order MMRs with Jupiter and 3-body resonances with 
Jupiter and Saturn (Novaković 2010), so an important escape rate towards the 
NEA region should be expected. Bottke et al. (2002) numerically integrated about 
2,000 main-belt asteroids, with 2.8 < a < 3.5 AU, i < 15° and q < 2.6 AU, for 100 
Myr. They found that almost 20% of these asteroids entered the near-Earth region. 
According to Bottke et al. results, in a steady-state scenario this population could 
provide about 600 new NEAs with H < 18 mag per million years, but the mean 
time that these objects spend in the NEAs region is only about 0.15 Myr. 
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3.8.6   Asteroid Families as Source of NEAs 

Dynamical families are believed to be the products of the disruptions of a number 
of single parent bodies. In the main asteroid belt, several tens of families have 
been identified so far (Zappalà et al. 1995; Nesvorný et al. 2005; Novaković et al. 
2011). Moreover, families have been identified among the Trojans (Milani 1993; 
Brož and Rozehnal 2011), and are suspected to exist also in the Trans-neptunian 
region (Brown et al. 2007). Similar groups are expected to exist among NEAs as 
well, but we are still waiting for this to be confirmed (Schunová et al. 2012). 

The dynamical lifetime of the objects located inside the resonances that are 
identified to be the main source of NEAs is very short, in some cases only a few 
Myr. Thus, it was obvious that in order to keep population of NEAs in a steady-
state regime new objects must be constantly injected into the resonances. Starting 
from the early 1990s, when the first reliable systematic identification of families 
was done, it was realized that some families are located just on the borders of 
some of the most powerful resonances. This was interpreted as a good indication 
that, during the family forming events, many fragments are injected into these 
resonances, supplying in this way enough asteroids to explain the flux towards the 
region of terrestrial planets. 

Following this approach, Zappalà et al. (1998) concluded that the formation of 
some of the most populous families which are located in the main belt very close 
to the borders of some of the powerful MMR with Jupiter, should have produced 
transient episodes of intense craterization of the terrestrial planets (“asteroid 
showers”) whose duration depended in each case upon the involved MMR, and on 
the number of fragments injected into it. These conclusions were initially in partial 
disagreement with the predictions of modeling of family forming collisions, since 
some results of numerical modeling predicted that the ejection velocities of the 
fragments in family-forming phenomena could have been too low to inject many 
objects into nearby MMRs. 

Later, however, the recognition of the importance of the Yarkovsky drift in or-
bital semi-major axis leads to conclude that objects up to some km in diameter 
produced in family forming events should be expected to reach in any case nearby 
resonances, although over timescales longer than those predicted by immediate 
injection hypothesis. In the case of large NEOs, with sizes of the order of 10 km, 
the Yarkovsky effect becomes much slower and significantly less relevant. There-
fore, the existence of these objects must be found in other diffusive processes 
(Zappalà et al. 2002). 

3.8.7   Cometary Contribution 

As discussed earlier, both asteroids and comets are believed to contribute to the 
population of discovered near-Earth objects. However, the question remains: How 
many of these objects are asteroids and how many are comets? Observationally, 
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any object that does not display a detectable cometary activity (i.e. coma) is  
catalogued as an asteroid, regardless of its genesis. From a mitigation or space 
resource utilization point of view, there may be a substantial difference in re-
sponse or interest, as we presently presume that cometary bodies are more likely 
to have a high content of water and other volatiles. 

Comets can be divided into two groups: those coming from the Trans-neptunian 
region (or, more likely, the scattered disk; Levison and Duncan 1997) and those 
coming from the Oort cloud (e.g. Weissman et al. 2002). The first group includes 
the Jupiter-family comets (JFCs), while the second group includes the long period-
ic and Halley-type comets. In addition, some of the near-Earth objects with comet-
like properties may come from the population of Jupiter's Trojans as well, though 
it is believed that their contribution is small compared to those coming from the 
Trans-neptunian region and Oort cloud (Levison and Duncan 1997). Finally, after 
discovery of the so-called main-belt comets in the recent years (Hsieh and Jewitt 
2006; Hsieh et al. 2012), it becomes evident that some of the comets from the 
near-Earth region may even originate in the main asteroid belt. 

Measured physical properties of cometary nuclei indicate low albedos, typically 
reflecting less than 7% of the light. As this value is substantially below the aver-
age of all near-Earth objects, possible comets in the near-Earth space are less  
likely to be discovered. Given the available data on search statistics and near-
Earth objects physical properties (taxonomic distributions and their corresponding 
albedos), “bias-corrected” models for this population were produced by Bottke et 
al. (2002) and Stuart and Binzel (2004). According to the results of these analyzes, 
30% of all near-Earth objects reside in highly elliptical orbits that are strongly  
perturbed by Jupiter, similar to the identical orbital characteristics of many short-
period comets. Half of this object subset have low albedo, which may be diagnos-
tic of a cometary origin. It seems therefore that about 15% of near-Earth objects 
are likely extinct (i.e., having expelled most of their volatiles and having little left 
to produce a tail or coma) or dormant (i.e., inactive, asteroid-looking objects with 
low albedos, but still having considerable amounts of volatiles just under the 
crust) comets. According to Whitman et al. (2006) there are about 75 dormant 
JFCs (with H < 18 mag) in the near-Earth region. 

3.8.8   Production of NEAs on Retrograde Orbits 

So far, there are two known NEAs orbiting the Sun ''backward'', i.e. on retrograde 
orbits. These objects were thought to be of cometary origin. However, recently, 
Greenstreet et al. (2012b) re-analyzed transfer from the main-asteroid belt to the 
near-Earth region using the numerical integrations, and found that objects on such 
orbits could be produced from asteroid belt source regions as well. According to 
their model, about 0.1% of the steady-state NEAs population is on retrograde or-
bits. These objects are found to come from 3/1 MMR with Jupiter. 
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3.9   Mars Crossers 

Similarly as in Michel et al. (2000b) (see also Migliorini et al. 1998) we will use 
here the term Mars-crossers (MCs) to refer to asteroids that intersect the orbit of 
Mars, but which cannot come close to the Earth, i.e. those with 1.3 < q < 1.666 
AU. Thus, in this way we formally exclude Amor asteroids from the population of 
MCs. As we mentioned in Sect. 3.8.5, all MCs are unstable and may potentially 
evolve to Earth-crossing orbits. 

The population of MCs can be classified based on their current orbital distribu-
tion. Such a classification is useful for distinguishing among different dynamical 
behaviors, lifetimes, and possible final states. Figures 3.11 and 3.12 show the 
orbital distribution of Mars-crossers with respect to current semi-major axis and 
inclination. In the following, we give a qualitative description of the different 
groups and then their exact limits in semi-major axis and inclination. 

 

Fig. 3.12 Orbital distribution of Mars-crossers (inclination vs semi-major axis). Labels 
denote the different groups described in the text. The two curves denote the location of the 
ν6 and ν16 secular resonances; the dashed lines correspond to the positions of the 5/1, 4/1, 
and 3/1 mean motion resonances with Jupiter. Adopted from Michel et al. (2000b). 

Three main groups are relatively easy to identify (see Figs. 3.11 and 3.12). These 
are: main belt asteroids below the ν6 resonance (MB); Hungarias (HU) and Phocaeas 
(PH). The fact that most objects from these groups are non-planet-crossing suggests 
that they might supply objects to the Mars-crossing region, “feeding” the MB, HU, 
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and PH groups. This has already been confirmed by Migliorini et al. (1998). Among 
the remaining Mars-crossers, those on the left of the 4/1 resonance with Jupiter have 
orbital elements which differ from those of all non-planet crossing asteroidal popula-
tions. As was shown by Michel et al. (2000b), they have evolved relative to the orbit 
that they had when they first crossed the orbit of Mars. For this reason they are de-
noted as EV. Finally, the Mars-crossers on the right of the 3/1 and above the ν6 re-
sonances could be related to the non-planet-crossing asteroids located in this region: 
this group is denoted as MB2. 

Michel et al. (2000b) defined the following limits in the semi-major axis and 
the inclination of each group: 

• MB are Mars-crosser asteroids with a > 2.06 AU (location of the 4/1 MMR 
with Jupiter) and an inclination such that they are below the ν6 secular 
resonance; this is a population of MCs often called the Intermediate Mars-
crossers; 

• HU have 1.77 < a < 2.06 AU and i > 15º; 
• PH have 2.1 < a < 2.5 AU (between the 4/1 and 3/1 MMRs with Jupiter) and 

are situated above the ν6 secular resonance; 
• MB2 have a > 2.5 AU and are situated above the ν6 secular resonance; 
• EV are Mars-crosser objects having either current semi-major axis a < 1.77 

AU or 1.77< a < 2.06 AU (i.e. between the 5/1 and 4/1 MMRs with Jupiter) 
and inclination i < 15º. 

At present, there are more than 5,000 asteroids that satisfy the definition to be 
classified as MCs (1.3 < q < 1.666 AU, a < 3.5 AU). The MB group is the most 
numerous group of MCs. Numerical simulations performed by Michel et al. 
(2000b) have shown that 50% of the MB Mars-crossers become Earth-crossers 
within about 60 Myr, and that the contribution of this group dominates the produc-
tion of ECs (Migliorini et al. 1998). 

Mars-crossers belonging to the HU group become ECs on longer time scales, 
due to the reduced strength and frequency of encounters with Mars at high orbital 
inclinations. Within the integration time span of 100 Myr, 51.5% of the HUs never 
become ECs, but about 1.5% of the them reach the Aten region. Among the 
groups constituting the Mars-crosser population, the PH group is the most stable 
one, mainly because close approaches with Mars happen at low frequency and 
high relative velocities, decreasing thus the probability of great changes in semi-
major axis. Thus, only 31% of these objects reach the Earth-crossing zone in 100 
Myr. 

The typical evolutions of MB2 asteroids are qualitatively similar to those of 
MB asteroids, but given their initial semi-major axis (a > 2.5 AU), the resonances 
transporting them are preferentially 3/1, 8/3, 7/3, and 5/2 with Jupiter. Evolving 
closer to the Jupiter-crossing region, their ejection outside Saturn’s orbit as a re-
sult of a Jovian encounter is more probable than for the other groups. For this 
reason the MB2s do not contribute much to sustain the Earth-crossing population. 

Orbital elements of EV asteroids differ from those of all non-planet-crossing 
asteroidal populations. Therefore they must have evolved relative to the orbit that 
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they had when they first crossed the orbit of Mars. As an example, some asteroids 
belonging originally to MB or HU groups may temporarily become EVs (Michel 
et al. 2000b). Michel et al. simulations have also shown that EV Mars-crossing 
asteroids are mainly generated in two different ways. The first possibility applies 
to MB Mars-crossers. Asteroids from this group first become Earth-crossers,  
decrease their semi-major axis under the action of Earth encounters, and then tem-
porarily decrease their eccentricity under the effect of some resonance. Secular 
resonances with the inner planets can be important in this phase (Michel and 
Froeschlé 1997, Michel 1997). Consequently, the perihelion distance is raised 
above the Earth-crossing limit, so that a previously Earth-crossing object may 
return to a purely Mars-crosser state. Very few MBs become EVs without first 
being Earth-crossers. Thus, the overall scenario for the origin of Mars-crossers 
and their subsequent evolution to Earth-crossing orbits is the one shown in Fig. 
3.13. 

 

Fig. 3.13 Schematic view of the scenario of the origin of Mars-crossers and their subse-
quent evolution to Earth-crossing orbits. The HU, PH, MB, and MB2 Mars-crossers are 
sustained, respectively, by the non-planet-crossing asteroids of the Hungaria, Phocaea, and 
main-belt (below and above the ν6 resonance) populations. In turn, they supply some frac-
tion of the Earth-crossers and EV Mars-crossers. The arrows denote the main fluxes among 
the populations. (Reprinted from Michel et al. (2000b) with a permission of Elsevier). 

3.9.1   Hungaria Asteroids 

The inner edge of the asteroid main belt has a comparatively populated portion at 
high inclination and low to moderate eccentricity: the Hungaria region, named 
after the first discovered member, namely asteroid (434) Hungaria. Hungarias are 
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a distinct population of asteroids located between 1.78 and 2.06 AU. Bounded by 
the ν5 and ν16 secular resonances, the 4/1 mean motion resonance with Jupiter, and 
Mars-crossing orbital space (Gradie et al. 1979; Milani et al. 2010), its members 
have relatively high inclinations (16° < i < 34°) and eccentricities typically less 
than 0.18. The Hungarias are interior to the inner main belt (see Figs. 3.11 and 
3.12). 

As was shown by Milani et al. (2010) the Hungaria region has natural dynami-
cal boundaries, where strong instabilities, arising from either secular resonances 
with Jupiter, Saturn and Mars, or close approaches to Mars, depopulate leaving 
large gaps in the distribution of asteroids. In terms of being a possible source of 
NEAs, the most important feature seems to be its inner boundary, which is entirely 
due to the instability resulting from deep Mars crossing. At present there are al-
most 900 MCs among the Hungaria asteroids. This sub-population is resupplied 
via the diffusive resonances that cross the region, but all these resonances are 
week; thus, effective only on a long-time scale. 

With their, on average, high albedos (30 - 40%), Hungarias are among the 
smallest main belt objects that can be readily studied with modest-size instru-
ments. Since they are also not generally subject to tidal encounters with the terre-
strial planets, these asteroids provide a control set within the main belt to compare 
against the NEAs for such characteristics as rotation rate, distribution and binary 
population. Studies along those lines have shown some striking similarities be-
tween the NEAs and Hungarias (Warner et al. 2009). This suggests that forces 
other than tidal encounters (the most promising candidate being the YORP effect) 
were responsible for the binary and/or paired asteroids in the Hungaria group. 

Asteroid (434) Hungaria has also been identified as the largest fragment of 
what is likely to be the region’s sole asteroid family, created by a catastrophic 
collision about 0.2 - 0.5 Gyr ago (Warner et al. 2009; Milani et al. 2010). A major-
ity of the approximately 7,000 bodies in the region are thought to be part of this 
family. There are also some (still weak) indications of possible sub-structures 
within the Hungaria family. These could belong to two types: sub-families and 
couples. A sub-family is a sub-group, of family asteroids more tightly packed than 
the surrounding members, which may be possibly produced by the subsequent 
breakup of a member of the original family, possibly at an epoch much more re-
cent than the family formation event (Milani et al. 2010). 

It is likely that, because of their dynamical stability, the objects trapped in 
Hungaria space have resided there since the planets assumed their final configura-
tion. This makes the asteroids in the region prime targets for studies concerning 
the formation and evolution of the solar system in terms of orbital dynamics, space 
weathering, and Yarkovsky and YORP forces, among others. 

Acknowledgements. I would like to express my gratitude to the reviewers G. Gronchi and 
C. Efthymiopoulos whose suggestions helped to improve this chapter. I also would like to 
thank to A. Cellino and Z. Knežević who read the manuscript and provided numerous use-
ful suggestions. This work has been supported by the Ministry of Education and Science of 
Serbia under the Project 176011. 



3   Orbital and Dynamical Characteristics of Small Bodies 75 

References 

Beaugè, C., Roig, F.: A Semianalytical Model for the Motion of the Trojan Asteroids: 
Proper Elements and Families. Icarus 153, 391–415 (2001) 

Bien, R., Schubart, J.: Trojan orbits in secular resonances. Celestial Mechanics 34, 425–434 
(1984) 

Bottke, W.F., Morbidelli, A., Jedicke, R., Petit, J.-M., Levison, H.F., Michel, P., Metcalfe, 
T.S.: Debiased Orbital and Absolute Magnitude Distribution of the Near-Earth Ob-
jects. Icarus 156, 399–433 (2002) 

Bottke, W.F., Vokrouhlickỳ, D., Rubincam, D.P., Nesvornỳ, D.: The Yarkovsky and Yorp 
Effects: Implications for Asteroid Dynamics. Annual Review of Earth and Planetary 
Sciences 34, 157–191 (2006) 

Brasser, R., Innanen, K.A., Connors, M., Veillet, C., Wiegert, P., Mikkola, S., Chodas, 
P.W.: Transient coorbital asteroids. Icarus 171, 102–109 (2004) 

Brasser, R., Wiegert, P.: Asteroids on Earth-like orbits and their origin. Monthly Notices of 
the Royal Astronomical Society 386, 2031–2038 (2008) 

Brož, M.: Yarkovsky Effect and the Dynamics of the Solar System. Ph.D. thesis, Charles 
University, Prague (2006) 

Brož, M., Rozehnal, J.: Eurybates - the only asteroid family among Trojans. Monthly No-
tices of the Royal Astronomical Society 414, 565–574 (2011) 

Brown, M.E., Barkume, K.M., Ragozzine, D., Schaller, E.L.: A collisional family of icy 
objects in the Kuiper belt. Nature 446, 294–296 (2007) 

Campins, H., Davis, D.R., Weidenschilling, S.J., Magee, M.: Searching for vulcanoids. In: 
Rettig, T.W., Hahn, J.M. (eds.) Completing the Inventory of the Solar System. ASP 
Conf. Series, pp. 85–96 (1996) 

Chesley, S.R., Ostro, S.J., Vokrouhlický, D., Capek, D., Giorgini, J.D., Nolan, M.C., Mar-
got, J.L., Hine, A.A., Benner, L.A.M., Chamberlin, A.B.: Direct Detection of the Yar-
kovsky Effect by Radar Ranging to Asteroid 6489 Golevka. Science 302, 1739–1742 
(2003) 

Christou, A.A., Asher, D.J.: A long-lived horseshoe companion to the Earth. Monthly No-
tices of the Royal Astronomical Society 414, 2965–2969 (2011) 

Connors, M., Wiegert, P., Veillet, C.: Earth’s Trojan asteroid. Nature 475, 481–483 (2011) 
Ćuk, M., Hamilton, D.P., Holman, M.J.: Long-Term Stability of Horseshoe Orbits. 

Monthly Notices of the Royal Astronomical Society 426, 3051–3056 (2012) 
de Leòn, J., Campins, H., Tsiganis, K., Morbidelli, A., Licandro, J.: Origin of the near-

Earth asteroid Phaethon and the Geminids meteor shower. Astronomy and Astrophys-
ics 513, A26 (2010) 

Dermott, S.F., Murray, C.D.: The dynamics of tadpole and horseshoe orbits. I - Theory. II - 
The coorbital satellites of Saturn. Icarus 48, 1–22 (1981) 

Durda, D.D., Stern, S.A., Colwell, W.B., Parker, J.W., Levison, H.F., Hassler, D.M.: A 
New Observational Search for Vulcanoids in SOHO/LASCO Coronagraph Images. 
Icarus 148, 312–315 (2000) 

Dvorak, R., Schwarz, R.: On the Stability Regions of the Trojan Asteroids. Celestial and 
Dynamical Astronomy 92, 19–28 (2005) 

Dvorak, R., Schwarz, R., Sűli, Á., Kotoulas, T.: On the stability of the Neptune Trojans. 
Monthly Notices of the Royal Astronomical Society 382, 1324–1330 (2007) 

Elvis, M., McDowell, J., Hoffman, J.A., Binzel, R.P.: Ultralow deltav objects and the hu-
man exploration of asteroids. Planetary and Space Science 59, 1408–1412 (2011) 

Efthymiopoulos, C.: Formal Integrals and Nekhoroshev Stability in a Mapping Model for 
the Trojan Asteroids. Celestial Mechanics and Dynamical Astronomy 92, 29–52 
(2005) 



76 B. Novaković 

Érdi, B., Forgács-Dajka, E., Nagy, I., Rajnai, R.: A parametric study of stability and reson-
ances around L4 in the elliptic restricted three body problem. Celestial Mechanics and 
Dynamical Astronomy 104, 145–158 (2009) 

Evans, N.W., Tabachnik, S.: Possible long-lived asteroid belts in the inner Solar System. 
Nature 399, 41–43 (1999) 

Evans, N.W., Tabachnik, S.: Asteroids in the inner Solar system - II. Observable properties. 
Monthly Notices of the Royal Astronomical Society 319, 80–94 (2000) 

Freistetter, F.: Fuzzy characterization of near-earth-asteroids. Celestial Mechanics and 
Dynamical Astronomy 104, 93–102 (2009) 

Gladman, B., Migliorini, F., Morbidelli, A., Zappalà, V., Michel, P., Cellino, A., Froeschlé, 
C., Levison, H., Bailey, M., Duncan, M.: Dynamical lifetimes of objects injected into 
asteroid belt resonances. Science 277, 197–201 (1997) 

Gradie, J.C., Chapman, C.R., Williams, J.G.: Families of minor planets. In: Gehrels, T. 
(ed.) Asteroids, pp. 359–390. University of Arizona Press (1979) 

Granvik, M., Vaubaillon, J., Jedicke, R.: The population of natural Earth satellites. Ica-
rus 218, 262–277 (2012) 

Greenstreet, S., Ngo, H., Gladman, B.: The orbital distribution of Near-Earth Objects inside 
Earth’s orbit. Icarus 217, 355–366 (2012a) 

Greenstreet, S., Gladman, B., Ngo, H., Granvik, M., Larson, S.: Production of Near-Earth 
Asteroids on Retrograde Orbits. The Astrophysical Journal 749, L39 (2012b) 

Gronchi, G.F., Milani, A.: Averaging on Earth-Crossing Orbits. Celestial Mechanics and 
Dynamical Astronomy 71, 109–136 (1999) 

Gronchi, G.F., Milani, A.: Proper Elements for Earth-Crossing Asteroids. Icarus 152, 58–69 
(2001) 

Harris, A.: What Spaceguard did? Nature 453, 1178–1179 (2008) 
Helin, E.F., Shoemaker, E.M.: Discovery of Asteroid 1976 AA. Icarus 31, 415–419 (1977) 
Hsieh, H.H., Jewitt, D.: A Population of Comets in the Main Asteroid Belt. Science 312, 

561–563 (2006) 
Hsieh, H.H., 41 colleagues: Discovery of Main-belt Comet P/2006 VW139 by Pan-

STARRS1. The Astrophysical Journal 748, L15 (2012) 
Jewitt, D., Li, J.: Activity in Geminid Parent (3200) Phaethon. The Astronomical Jour-

nal 140, 1519–1527 (2010) 
Knežević, Z., Milani, A., Farinella, P., Froeschle, C., Froeschle, C.: Secular resonances 

from 2 to 50 AU. Icarus 93, 316–330 (1991) 
Knežević, Z., Milani, A.: Synthetic Proper Elements for Outer Main Belt Asteroids. Celes-

tial Mechanics and Dynamical Astronomy 78, 17–46 (2000) 
Knežević, Z., Lemaitre, A., Milani, A.: Asteroid proper elements determination. In: Bottke, 

W.F., Cellino, A., Paolicchi, P., Binzel, R. (eds.) Asteroids III, pp. 603–612. Universi-
ty of Arizona Press, Tucson (2002) 

Kozai, Y.: Secular perturbations of asteroids with high inclination and eccentricity. The 
Astronomical Journal 67, 591–591 (1962) 

Leake, M.A., Chapman, C.R., Weidenschilling, S.J., Davis, D.R., Greenberg, R.: The chro-
nology of Mercury’s geological and geophysical evolution - The Vulcanoid hypothe-
sis. Icarus 71, 350–375 (1987) 

Lemaitre, A., Morbidelli, A.: Proper elements for highly inclined asteroidal orbits. Celestial 
Mechanics and Dynamical Astronomy 60, 29–56 (1994) 

Levison, H.F., Duncan, M.J.: From the Kuiper belt to Jupiter-family comets: the spatial 
distribution of ecliptic comets. Icarus 127, 13–32 (1997) 

Lhotka, C., Efthymiopoulos, C., Dvorak, R.: Nekhoroshev stability at L4 or L5 in the ellip-
tic-restricted three-body problem - application to Trojan asteroids. Monthly Notices of 
the Royal Astronomical Society 384, 1165–1177 (2008) 



3   Orbital and Dynamical Characteristics of Small Bodies 77 

Mainzer, A., 36 colleagues: NEOWISE Observations of Near-Earth Objects: Preliminary 
Results. The Astrophysical Journal 743, 156 (2011) 

Mainzer, A., 12 colleagues: Characterizing Subpopulations within the near-Earth Objects 
with NEOWISE: Preliminary Results. The Astrophysical Journal 752, 110 (2012) 

Malhotra, R.: Orbital Resonances and Chaos in the Solar System. In: Lazzaro, D., Vieira 
Martins, R., Ferraz-Mello, S., Fernandez, J., Beauge, C. (eds.) Solar System Formation 
and Evolution. ASP Conf. Series, vol. 149, pp. 37–63 (1998) 

Michel, P.: Effects of linear secular resonances in the region of semimajor axes smaller 
than 2 AU. Icarus 129, 348–366 (1997) 

Michel, P., Thomas, F.: The Kozai resonance for near-Earth asteroids with semimajor axes 
smaller than 2 AU. Astronomy and Astrophysics 307, 310–318 (1996) 

Michel, P., Froeschlé, C.: The location of linear secular resonances for semimajor axes 
smaller than 2 AU. Icarus 128, 230–240 (1997) 

Michel, P., Froeschlé, C., Farinella, P.: Dynamical evolution of NEAs: Close encounters, 
secular perturbations and resonances. Earth Moon Planets 72, 151–164 (1996) 

Michel, P., Zappalà, V., Cellino, A., Tanga, P.: NOTE: Estimated Abundance of Atens and 
Asteroids Evolving on Orbits between Earth and Sun. Icarus 143, 421–424 (2000a) 

Michel, P., Migliorini, F., Morbidelli, A., Zappalà, V.: The population of Mars crossers: 
Classification and dynamical evolution. Icarus 145, 332–347 (2000b) 

Migliorini, F., Michel, P., Morbidelli, A., Nesvorný, D., Zappalà, V.: Origin of multikilo-
meter Earth- and Mars-crossing asteroids: A quantitative simulation. Science 281, 
2022–2024 (1998) 

Mikkola, S., Innanen, K.: A numerical exploration of the evolution of Trojan-type asteroid-
al orbits. The Astronomical Journal 104, 1641–1649 (1992) 

Milani, A.: Planet Crossing Asteroids and Parallel Computing: Project Spaceguard. Celes-
tial Mechanics 45, 111–118 (1989) 

Milani, A.: The Trojan asteroid belt: Proper elements, stability, chaos and families. Celes-
tial Mechanics and Dynamical Astronomy 57, 59–94 (1993) 

Milani, A., Carpino, M., Hahn, G., Nobili, A.M.: Dynamics of planet-crossing asteroids - 
Classes of orbital behavior. Icarus 78, 212–269 (1989) 

Milani, A., Knežević, Z.: Secular perturbation theory and computation of asteroid proper 
elements. Celestial Mechanics and Dynamical Astronomy 49, 347–411 (1990) 

Milani, A., Knežević, Z.: Asteroid proper elements and the dynamical structure of the aste-
roid main belt. Icarus 107, 219–254 (1994) 

Milani, A., Knežević, Z., Novaković, B., Cellino, A.: Dynamics of the Hungaria asteroids. 
Icarus 207, 769–794 (2010) 

Moons, M., Morbidelli, A.: Secular resonances in mean motion commensurabilities: The 
4:1, 3:1, 5:2 and 7:3 cases. Icarus 114, 33–50 (1995) 

Moons, M., Morbidelli, A., Migliorini, F.: Dynamical structure of the 2:1 commensurability 
and the origin of the resonant asteroids. Icarus 135, 458–468 (1998) 

Morais, M.H.M., Morbidelli, A.: The Population of Near-Earth Asteroids in Coorbital 
Motion with the Earth. Icarus 160, 1–9 (2002) 

Morbidelli, A.: Modern celestial mechanics: aspects of solar system dynamics. Taylor and 
Francis, London (2002) ISBN 0415279399  

Morbidelli, A., Gladman, B.: Orbital and temporal distribution of meteorites originating in 
the asteroid belt. Meteoritics & Planet. Sci. 33, 999–1016 (1998) 

Morbidelli, A., Nesvorný, D.: Numerous weak resonances drive asteroids towards terrestri-
al planets orbits. Icarus 139, 295–308 (1999) 

Morbidelli, A., Bottke, W.F., Froeschlé, C., Michel, P.: Origin and Evolution of Near-Earth 
Objects. In: Bottke, W.F., Cellino, A., Paolicchi, P., Binzel, R. (eds.) Asteroids III, pp. 
409–422. University of Arizona Press, Tucson (2002) 



78 B. Novaković 

Murray, N., Holman, M.: Diffusive chaos in the outer asteroid belt. The Astronomical Jour-
nal 114, 1246–1252 (1997) 

Nesvorný, D., Ferraz-Mello, S.: On the asteroidal population of the first-order Jovian re-
sonances. Icarus 130, 247–258 (1997) 

Nesvorný, D., Morbidelli, A.: Three-Body Mean Motion Resonances and the Chaotic 
Structure of the Asteroid Belt. The Astronomical Journal 116, 3029–3037 (1998a) 

Nesvorný, D., Morbidelli, A.: An Analytic Model of Three-Body Mean Motion. Celestial 
Mechanics and Dynamical Astronomy 71, 243–271 (1998b) 

Nesvorný, D., Dones, L.: How Long-Lived Are the Hypothetical Trojan Populations of 
Saturn, Uranus, and Neptune? Icarus 160, 271–288 (2002) 

Nesvorný, D., Ferraz-Mello, S., Holman, M., Morbidelli, A.: Regular and chaotic dynamics 
in the mean motion resonances: Implications for the structure and evolution of the aste-
roid belt. In: Bottke, W.F., Cellino, A., Paolicchi, P., Binzel, R. (eds.) Asteroids III, pp. 
379–394. University of Arizona Press, Tucson (2002) 

Nesvorný, D., Jedicke, R., Whiteley, R.J., Ivezić, Ž.: Evidence for asteroid space weather-
ing from the Sloan Digital Sky Survey. Icarus 173, 132–152 (2005) 

Novaković, B., Tsiganis, K., Knežević, Z.: Chaotic transport and chronology of complex 
asteroid families. Monthly Notices of the Royal Astronomical Society 402, 1263–1272 
(2010) 

Novaković, B.: Portrait of Theobalda as a young asteroid family. Monthly Notices of the 
Royal Astronomical Society 407, 1477–1486 (2010) 

Novaković, B., Cellino, A., Knežević, Z.: Families among high-inclination asteroids. Ica-
rus 216, 69–81 (2011) 

Öpik, E.J.: Interplanetary encounters - Close-range gravitational interactions. In: Kopal, Z., 
Cameron, A.G.W. (eds.) Developments in Solar System and Space Science, p. 155. El-
sevier, Amsterdam (1976) 

Rabinowitz, D., Helin, E., Lawrence, K., Pravdo, S.: A reduced estimate of the number of 
kilometre-sized near-Earth asteroids. Nature 403, 165–166 (2000) 

Robutel, P., Gabern, F., Jorba, A.: The Observed Trojans and the Global Dynamics Around 
The Lagrangian Points of the Sun Jupiter System. Celestial Mechanics and Dynamical 
Astronomy 92, 53–69 (2005) 

Rubincam, D.P.: Radiative Spin-up and Spin-down of Small Asteroids. Icarus 148, 2–11 
(2000) 

Schubart, J.: Three characteristic parameters of orbits of Hilda-type asteroids. Astronomy 
and Astrophysics 114, 200–204 (1982) 

Schumacher, G., Gay, J.: An attempt to detect Vulcanoids with SOHO/LASCO images. I. 
Scale relativity and quantization of the solar system. Astronomy and Astrophysics 368, 
1108–1114 (2001) 

Schunová, E., Granvik, M., Jedicke, R., Gronchi, G., Wainscoat, R., Abe, S.: Searching for 
the first near-Earth object family. Icarus 220, 1050–1063 (2012) 

Stacey, G.R., Connors, M.: Delta-v requirements for earth co-orbital rendezvous missions. 
Planetary and Space Science 57, 822–829 (2009) 

Stuart, J.S., Binzel, R.P.: Bias-Corrected Population, Size Distribution, and Impact Hazard 
for the Near-Earth Objects. Icarus 170, 295–311 (2004) 

Tabachnik, S.A., Evans, N.W.: Asteroids in the inner Solar system - I.  Existence. Monthly 
Notices of the Royal Astronomical Society 319, 63–79 (2000) 

Tancredi, G.: An Asteroid in a Earth-like Orbit. Celestial Mechanics and Dynamical As-
tronomy 69, 119–132 (1997) 

Taylor, P.A., 11 colleagues: Spin Rate of Asteroid (54509) 2000 PH5 Increasing Due to the 
YORP Effect. Science 316, 274 (2007) 

Vokrouhlický, D., Farinella, P., Bottke, W.F.: The Depletion of the Putative Vulcanoid 
Population via the Yarkovsky Effect. Icarus 148, 147–152 (2000) 



3   Orbital and Dynamical Characteristics of Small Bodies 79 

Warner, B.D., Harris, A.W., Vokrouhlický, D., Nesvorný, D., Bottke, W.F.: Analysis of the 
Hungaria asteroid population. Icarus 204, 172–182 (2009) 

Weidenschilling, S.J.: Iron/silicate fractionation and the origin of Mercury. Icarus 35, 99–
111 (1978) 

Weissman, P.R., Bottke, W.F., Levison, H.: Evolution of comets into asteroids. In: Bottke, 
W.F., Cellino, A., Paolicchi, P., Binzel, R. (eds.) Asteroids III, pp. 669–686. Universi-
ty of Arizona Press, Tucson (2002) 

Whitman, K., Morbidelli, A., Jedicke, R.: The size frequency distribution of dormant Jupi-
ter family comets. Icarus 183, 101–114 (2006) 

Williams, J.G.: Secular Perturbations in the Solar System. Ph.D. Thesis, University of 
California, Los Angeles (1969) 

Xu, R., Cui, P., Dong Qiao, D., Luan, E.: Design and optimization of trajectory to Near-
Earth asteroid for sample return mission using gravity assists. Advances in Space Re-
search 40, 200–225 (2007) 

Yuasa, M.: Theory of Secular Perturbations of Asteroids Including Terms of Higher Orders 
and Higher Degrees. Publications of the Astronomical Society of Japan 25, 399 (1973) 

Zappalà, V., Bendjoya, P., Cellino, A., Farinella, P., Froeschle, C.: Asteroid families: 
Search of a 12,487-asteroid sample using two different clustering techniques. Ica-
rus 116, 291–314 (1995) 

Zappalà, V., Cellino, A., Gladman, B.J., Manley, S., Migliorini, F.: NOTE: Asteroid Show-
ers on Earth after Family Breakup Events. Icarus 134, 176–179 (1998) 

Zappalà, V., Cellino, A., Dell’Oro, A.: A Search for the Collisional Parent Bodies of Large 
NEAs. Icarus 157, 280–296 (2002) 

Zhao, H., Lu, H., Zhaori, G., Yao, J., Ma, Y.: The search for vulcanoids in the 2008 total 
solar eclipse. Science in China G: Physics and Astronomy 52, 1790–1793 (2009) 



Chapter 4  
Prospecting Asteroid Resources 

Martin Elvis 

Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA 

4.1   Introduction 

Mining the asteroids has long been the stuff of science fiction, but is  rapidly becom-
ing an engineering reality [http://www.planetaryresources.com, http:// deepspacein-
dustries.com].The idea that asteroid mining could be a profitable industry in the near 
future gives the prospecting phase of mining a new urgency. Finding suitable astero-
ids to mine could well be the bottleneck to developing asteroid resources. Though 
the population of near-Earth objects (NEOs) is huge, with some 20,000 NEOs larger 
than 100m diameter (Mainzer et al. 2011b), and vastly smaller ones, there may be 
only a small number of NEOs that are initially profitable. Thorough prospecting 
could be needed to find these precious objects. This review identifies the state of the 
art for each stage of NEO prospecting, with an emphasis on remote telescopic tech-
niques, and sets out options for upgrading our capabilities to the requisite industrial 
scale.  

Our goal is to find ore. Here we take the definition that “Ore is commercially 
profitable material” (Sonter 1997), not merely a concentration of some minable 
resource. Ore in space could be precious metals, Helium-3, water, complex organ-
ics, or any other material that has commercial value. For the asteroids, all of the 
above except Helium-3 are abundantly available, but may not be profitable. Estab-
lishing whether some resource is potentially profitable, and thus qualifies as ore, 
depends on many factors. Prospecting is the first step, and is the process of estab-
lishing the presence of potentially valuable resources in a subset of the asteroid 
population. The costs of extracting those resources must then be determined in 
order to know if they are, in fact, ore. Only asteroids orbiting the Sun close to the 
Earth’s orbit, the NEOs, are considered in this review because of the energetic 
favorability of their orbits, imposed by the unforgiving rocket equation (e.g. Elvis 
et al. 2011), which makes them the first targets for asteroid mining. If NEO min-
ing becomes profitable, then the million times greater resources of the Main Belt 
(Sect. 4.4) will become available. 

Much of this review depends on the techniques of astronomy. Because this is a 
new, interdisciplinary, field, attracting specialists from many areas, I deliberately 
explain terms that may appear elementary to astronomers. I also retain the profes-
sional astronomical usage, to make the original papers easier to read for those who 
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want to dig deeper. Similarly, at the risk of overlapping in content with other 
chapters, I include some basic information about asteroids, as this may be  
unfamiliar to some astronomers. For a general introduction to NEOs, see Yeomans 
(2013). For a more technical overview of asteroid properties see Bottke et al. 
(2002a). 

In this review Sect. 4.2 outlines the prospecting problem; Sect. 4.3 reviews  
asteroid composition from an ore-seeking point of view; Sect. 4.4 reviews the 
properties of NEOs; Sect. 4.5 examines NEO discovery survey techniques for 
discovering NEOs; Sect. 4.6 moves on to remote, telescopic, characterization; 
Sect. 4.7 looks, fairly briefly, at local characterization, both nearby an asteroid and 
in contact with its surface. Finally, Sect. 4.8 faces the implementation costs and 
timescales involved and emphasizes the need for new research. In concluding, in 
Sect. 4.9, I stress the commonality of means required to satisfy several motiva-
tions for going to the asteroids: exploration, hazards, and science, as well as min-
ing. These all point towards an energetic asteroid prospecting program over the 
next decade. 

4.2   Prospecting Overview  

Prospecting asteroids falls naturally into three phases, based on the techniques that 
are used. (1) Discovery of a large enough sample of asteroids. (2) Remote teles-
copic characterization of sufficient asteroids to sufficient accuracy to find enough 
promising mining sites. (3) Local characterization of promising sites by visiting 
the asteroids, to prove enough viable mining targets. [Local characterization is 
often called in situ characterization. The local use of the resource is often termed 
in situ resource utilization (ISRU)]. Local characterization is divided into “near-
by” and “contact” steps. Each stage requires different techniques, and becomes 
progressively more demanding, and so must be carried out for smaller and smaller 
numbers of asteroids. 

While the mineral content of an asteroid is the most important property to de-
termine, other properties are also critical to determining whether the rock can be 
mined at reasonable cost. For example, the granularity and cohesive strength of 
the asteroidal material, on all scales, will affect mining costs. 

In a little more detail the prospecting phases are: 

(1) Discovery. To count as “discovered” a NEO must have its orbit well 
enough determined that it can be located on its next pass near to the Earth 
(its next “apparition”) with available telescopes. A few arcseconds is gen-
erally necessary accuracy when the orbit is extrapolated a year ahead [As-
tronomers use the hexadecimal units of degrees, arcminutes, arcseconds. 1 
deg = 60 arcmin = 3600 arcSect. Engineers and planetary scientists tend to 
use radians. 1 arcsec = 4.85 microradians]. 
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(2) Remote Characterization. Two primary types of characterization are 
needed: spectroscopic (to determine the surface mineral content) and pho-
tometric (to determine the rotation rate and shape). Photometry is generally 
done in the normal optical bands (0.4 – 0.9 microns wavelength), while 
spectroscopy provides optimal discrimination if it covers the redder optical 
to near-infrared bands (0.8 - 2.5 microns) or, even better, thermal infrared 
coverage (from 3.5 microns to 10 microns) – for reasons explained in Sect. 
4.6. Other characterization tools are radar and interferometry, which direct-
ly determine asteroid sizes, and astrometry – accurate positional measure-
ment - which can measure masses when the asteroid is a pair orbiting one 
another and, when combined with other data, via the Yarkovsky effect 
(Sect. 4.6.4).  

(3) Local Characterization. Powerful additional prospecting tools can be  
employed if we can send a spacecraft close to an NEO (to kilometer scale 
distances, or to contact). For example, an accurate mass can be measured 
by orbiting the NEO and, coupled with imaging, a density. X-ray and 
gamma-ray spectrometers can be used to measure surface element  
composition.  

4.2.1   The Scope of the Prospecting Problem 

How long will it take to prospect the NEOs? Table 4.1 (Beeson et al. 2013) 
presents a quick summary of the flow of each phase of prospecting from discovery 
through remote and local characterization. The years needed to complete  
each phase at the current NEO discovery rate of ~1000/year (Sect. 4.4.2) and cha-
racterization rate of ~100/year (Sect. 4.6.2.1) are also given. Numbers are  
given for both 50 m and 100 m diameter NEOs. The first row begins with the 
predicted total NEO population (Mainzer et al. 2011b). In practice 30% of the  
100 m or larger NEOs have been found, but discoveries are progressing at 
~400/year.  

For this table 4.1, I assumed that 10% of the discovered NEOs would have 
promising orbits that merit characterizing the objects better, and that 10% of these 
would remain promising targets that merit detailed assays. Obviously these can 
only be illustrative numbers at this early stage. 

For large-scale extractive industries a time horizon of 10 years is not excep-
tional. The current discovery rate is then not unreasonable. However, current cha-
racterization rates to determine sizes and compositions are too slow by an order of 
magnitude, unless ore-bearing NEOs turn out to be very common. The final two 
columns of Table 4.1 list some ways to enhance the discovery and characterization 
rates, and the years then needed to complete the task. 
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Table 4.1 What we want to know, how long it will take, how we can do better 

Prospecting  
Stage 

Properties Technique # needed
@100m 
@ 50m 

Years to 
Complete

Enhancement 
Options 

1. Discovery  
 

Orbits, rough 
sizes 

Wide-field 
ground-based 
optical sur-
veys 

20,000  
80,000 

30 
40 

Larger solid angle, 
collecting area 
ground-based sur-
veys. 
Space-based ther-
mal-IR survey(s) 

2. Remote 
Characterization 
 

Accurate 
Sizea 

Radar, 
Ground-
based ther-
mal-IR 

2,000 
8,000 

20 
80 

Space-based ther-
mal-IR survey 

 Mineral 
Compositiona

Mass 

Ground-
based opt-
Near-IR 
spectroscopy; 
comparison 
with mete-
orites Bina-
ries 
Yarkovsky 
effect 
 

2,000 
8,000 

20 
80 

Dedicated 10m 
class ground-based 
telescope with OH 
suppression, 
Space-based 0.5m 
opt-IR spectrome-
ter 
 

3. Local Cha-
racterization 
 

Mass,  
densityb 

Close ap-
proach 

200 
800 

> 100 
> 100 

Precision photome-
try, 
Precision astrome-
try, 
Swarms of small 
spacecraft 

 Elemental 
compositionb 

Ground-
based opt-
Near-IR 
spectroscopy; 
comparison 
with mete-
orites 

200 
800 

>100 
>100 

Nearby solar fluo-
rescence X-ray 
spectroscopy 
Contact sampling 

a. Only the 10% with low delta-v orbits 
b. Only the 1% having low delta-v orbits, sufficient size and promising mineralogy 
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4.2.2   How Many Ore-Bearing NEOs? 

If ore-bearing NEOS are common, then a complete reconnaissance would be un-
necessary. How many NEOs must we characterize before we have compiled a 
sufficient inventory of highly promising mining targets? The answer will deter-
mine how complete our surveys of NEOs have to be.  

We can quantify the number of ore-bearing NEOs (Elvis 2013) as 

Nore = Ptype · Prich · Plow-δv · Peng · N (>Dmin), 

where Ptype is the probability that an asteroid is of the resource bearing taxonomic 
type (DeMeo et al. 2009), Prich is the probability that this type of asteroid is suffi-
ciently rich in the resource, Plow-δv is the probability that the asteroid is in an orbit 
with a sufficiently low delta-v, and N(>Dmin) is the total number of asteroids larger 
than a threshold diameter, Dmin , for profitability for the identified resource. Peng is 
the probability that the engineering challenges of mining this asteroid can be over-
come. Other factors can be added to this equation as the calculations become more 
refined, but this captures the essence of the problem. 

 We begin with the platinum group metals (PGMs: Pt, Rh, Os, Ir, Pd, Re, see 
Sect. 4.3.2) which Kargel (1994) has identified as a promising asteroidal ore type, 
because of their high value if returned to Earth (~US$50k/kg). Kargel (1994) dis-
cusses the fraction of NEOs that might be rich in PGMs. He estimates, from mete-
orite numbers, that Ptype = 2-5% of NEOs are nickel-iron (Ni-Fe). (A much higher 
proportion of meteorites are Ni-Fe as they survive passage through the Earth’s 
atmosphere much better than stony meteors.) Ni-Fe meteorites span 4 orders of 
magnitude (4 dex [1 dex = a factor 10 = 10 dB = one “order of magnitude”.]) in 
iridium (Ir) richness [0.01 – 100 parts per million (ppm), Kargel 1994, Fig. 4.1]. 
Iridium is a useful indicator of overall PGM content. The richest dex has 10-100 
ppm of Ir. The curve is steep, so the richness of the second 10% is well below that 
of the top 10%. This curve thus defines Prich = 10%. 

Perhaps Plow-δv = 10% (δv < 5.5 km s-1, vs. peak δv=6.6 km s-1, Elvis et al. 
2011). So the ore bearing Ni-Fe NEOs are approximately 4 x 10-4 of the total NEO 
population, or 1 in 2500. The situation is better than these odds make it seem, as 
all the terms except Prich (and Peng) can be determined remotely at modest cost. 
The 1 in 10 odds of finding a PGM-rich asteroid from the good candidates is much 
more acceptable. 

The total number of ore-bearing asteroids depends on Dmin, the minimum di-
ameter NEO worth mining for PGMs. To estimate Dmin requires considering ore 
value. At a density of 4,000 kg m-3, a 100 m diameter asteroid would have a mass 
of 2.09 x106 metric tons (mt). At 10 ppm, the mass of platinum would be 20.9 mt. 
If this mass of platinum could be extracted and returned to Earth then, at present 
approximate prices of US$50 k kg-1, they would be worth US$1.05 B. Factoring in 
the other PGMs increases the return by 60% (B.C. Crandall, private communica-
tion 2012) to US$1.7 B. Larger asteroids quickly become more valuable. An oth-
erwise identical 150m dia. NEO could contain US$5.7 B of PGMs, for example. 



86 M. Elvis 

However, smaller asteroids become unpromising just as rapidly. A 50 m diameter 
asteroid would contain one eighth of the platinum mass (7.8 mt), worth about 
US$220 M. Given that extraction is unlikely to be 100% efficient at first (Kargel 
1994), and the as yet unknown, but likely substantial, mining and transport cost 
involved, Dmin = 100 m dia. seems a reasonable starting point to take for  
profitability. 

 

 

Fig. 4.1 Cumulative percentage of metalliferous type IIIAB meteorites with a given Iridium 
richness (ppm). Only the richest ~10% have a promising Ir richness > 10 ppm. (Data from 
table 2 of Scott and Buchwald 1973). 

N(>100), the number of NEOs larger than 100 m diameter, is about 20,000 
(Mainzer et al. 2011b). Combining these estimates, there are likely to be about 
eight NEOs that are good initial PGM mining targets. This is surprisingly small 
number and is certainly subject to large uncertainties. The total PGM value in 
these asteroids is US$14 B, so is still substantial. The most likely path to increas-
ing the number is improved propulsion as Plow-δv increases rapidly with δv. 

If, instead, our goal is to mine water, then the larger population of carbona-
ceous asteroids is the target, for which Ptype = 25% - 50%. Meteorites show that 
these also contain larger resource fractions than metallic asteroids, in the range 1% 
to 20% water. The distribution of water richness is not well determined. Taking the 
same Prich = 10%, and the same Plow-δv =10%, good water targets will be (2.5-5) · 103, 
1 in ~300, of the total population. This is a total of ~60 of the 20,000 NEOs with 
larger than 100 m diameter.  

However, Dmin is smaller for water-bearing asteroids. Water is about 1 dex less 
valuable per kg in LEO, than PGMs are on Earth, though its value doubles in 
GEO, and perhaps equals that of PGMs at the Earth-Moon L1 point. However, the 
much higher richness of water in the best targets more than compensates, so that 
smaller, ~15 m diameter, NEOs cross the nominal ~US$1.7 B threshold at 20% 
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water content. There may be about a million of these, for a total population of 
water-ore-bearing NEOs of ~5000 - ~10,000. This is a more promising number. 
For 1% water content NEOs Dmin increases to 40 m.  

The disadvantage, as we will see later, is such small NEOs are significantly 
harder to discover and characterize than 100 m diameter ones. Solutions are avail-
able though, and may be implemented for other reasons. 

Peng has not been considered here. Doing so is inherently complex and will 
greatly affect Pore. Several considerations favor water over PGMs. The lower mass 
NEOs required for water-ore may have higher Plow-δv, increasing their numbers. 
Mining water will be less demanding on the miner spacecraft, especially energeti-
cally, reducing extraction costs. Returning ore to a high orbit rather than to the 
Earth’s surface also reduces engineering complexity and energetic costs. Whether 
there is a sufficient market for water in high orbits is beyond the present  
discussion. 

There are then a few tens to a few thousand NEOs that fulfill all the criteria for 
being ore-bearing, and thus potentially profitable. The small number of PGM-ore 
bearing NEOs argues for a virtually complete survey of 100 m diameter NEO 
orbits, size and compositions, while the larger number of water-ore-bearing NEOs 
argues for less complete surveys for smaller objects.  

4.3   Asteroid Ore 

Asteroids are flying mountains in space. On Earth only a small minority of moun-
tains contain ore. We should expect that most asteroids are similarly uninteresting 
commercially. Extensive surveys will likely be needed to locate the small number 
of ore-bearing asteroids. Unfortunately, as we will see, many of the available di-
agnostics have limited ability to find resources of interest. 

To know if sufficient ore is present we need several asteroid parameters: the 
size of the asteroid, its density, and hence mass, and the concentration of the target 
material. Asteroid sizes, densities and masses are considered in Sect. 4.4. Here I 
look at concentration diagnostics. 

4.3.1   Astronomical versus Commercial Accuracy 

We must keep in mind what level of confidence in our resource determination we 
need to establish. The accuracy of many astronomical observations is modest. 
Until recently, for example, the scale of the Universe (the Hubble Constant) was 
known only to a factor of 2, and is now determined to ~5% (Freedman et al. 
2001). Most astronomical measurements of asteroids are similar to the Hubble 
constant in accuracy, and often to its earlier poor state. For example, asteroid di-
ameters are mostly uncertain by a factor 2, so their volumes are uncertain by about 
an order of magnitude (see Sect. 4.4.3), which is far too large to allow a decent 
estimate of Net Present Value (NPV). Better evaluations of resource content are 
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needed to make the business case for mounting a mining expedition to a promising 
asteroid. 

An evaluation of NEO ore-value would have to be made using a low-end esti-
mate. To have a 90% chance of not having a lower resource content than the value 
chosen means using an estimate two standard deviations (2σ) down from the best 
estimate. If the resource content of a NEO has a standard deviation of a factor two, 
then the 2σ low value is four times below the best estimate. In the PGM-rich 100 
m diameter object discussed in Sect. 4.2.2, that means working to a low ore value 
of US$1.3 B, rather than a best estimate of US$5.3 B. The return on investment 
(ROI) is clearly affected strongly by this uncertainty. 

In order to be useful for mining, the measurements need to be improved from 
these rough characterizations. 

4.3.2   Composition: Resource Concentration 

Asteroids and meteorites come in a profusion of compositions. Knowing which 
ones are likely to contain high concentrations of potential ore is far from 
straightforward. 

This compositional profusion is due to the complex histories of asteroids. Cur-
rent understanding is that the progenitors of the asteroids were small proto-planets, 
called  “planetisimals” (10 km radius or larger). Radioactive heating (primarily 
from the decay of 26Al to 26Mg) melted the cores of the larger of these planetisim-
als, allowing gravity to differentiate their elements, with heavier ones, especially 
siderophiles, settling toward their cores. Siderophiles are “iron-loving” elements 
that dissolve easily in liquid iron. They include the PGMs. The details are com-
plex, and models with sufficient detail to locate where, for example, PGMs end 
up, are not fully developed. An example of current models is the study by Yang et 
al. (2010), who find that Type IVB iron meteorites, which have some of the high-
est measured levels of platinum content (~30 ppm, Campbell & Humayun 2005), 
formed in a 70 km radius core within a 140 km radius planetisimal. This core was 
later split apart by collisions into the smaller asteroids we see today. This is still an 
active research topic. We do not know how many planetisimals of 140 km radius 
formed. As a result we do not know how much high PGM concentration rock 
formed in the early Solar System. Only 14 Type IVb meteorites are known, and 
their orbits before they impacted the Earth are unknown [Meteoritical Bulletin 
Database, see http://www.lpi.usra.edu/meteor/metbull.php]. Given the likely small 
fraction of PGM rich asteroids (2 – 5%), there's no guarantee that any of them will 
be NEOs in low delta-v orbits, and thus economically accessible. 

The three main types of asteroid, based on meteorite compositions, are: stony, 
carbonaceous and metallic. Stony asteroids are chondritic, i.e. the rock contains 
small almost spherical lumps of different material. Chondrites can be metal rich 
(H) or metal poor (L). Carbonaceous asteroids contain high levels of complex 
organic molecules and ices, particularly water ice. Metallic asteroids are predomi-
nantly nickel-iron (Ni-Fe) and can contain high concentrations of heavy metals.  
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These three primary types map into 24 classification sub-types for asteroids (De 
Meo et al. 2009) and 34 for meteorites (Burbine et al. 2002). If we could match 
one with the other then prospecting would be relatively straightforward. Unfortu-
nately, the links between the two systems are mostly quite uncertain. Burbine et al. 
(2002) list 27 suggested asteroid-meteorite associations. If these are correct then 
selecting, for example, S(IV) class asteroids would maximize the probability of 
finding ordinary chondrites (Gaffey et al. 1993). In addition, many of the clearly 
different asteroid sub-type assignments based on spectra are ambiguous as to 
composition. It is unclear, to take an important example for mining, whether an 
individual X-class asteroids, which all have rather featureless optical-near-IR 
spectra, belong to the E- M- or P-class sub-type, some of which are nickel-iron 
bodies. An albedo measurement can discriminate between the E, M and P catego-
ries (Thomas et al. 2011a). Only a high radar reflectivity can indicate a metallic 
asteroid surface, as it has in a few cases (Ostro et al. 1991), but this evidence is not 
completely convincing (Shepard et al. 2010). 

Most meteorites are of unknown age. Fresh falls of meteorites allow minimally 
contaminated or chemically altered samples to be recovered. This is particularly 
important for volatiles. The Tagash Lake fall in 2000 was especially valuable 
because it was witnessed and fell on a frozen lake, helping to preserve the volatile 
content of the meteorites. A new method, that may produce many fresh falls, is to 
locate falls using weather radar. This method was proven in the Sutter’s Mill fall 
of 2012 (Jenniskens et al. 2012). 

 
Fig. 4.2 Anticorrelation of Iridium (Ir) richness (ppm) with Nickel (Ni) content for 140 
metaliferous type IIIAB meteorites. (Data from table 2 of Scott and Buchwald 1973). 

Most spectroscopy is sensitive to silicates rather than to potentially valuable 
elements. From a mining perspective, then, it is important to know whether any 
silicates are a good tracer for elements of value. Among metallic meteorites (at 
least of types IIAB, IVA and IVB) the PGMs correlate with one another (Morgan 
et al. 1992). However, there is a large spread: about 1 dex for platinum (Pt) and 
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rubidium (Ru), and 2-3 dex for rhenium (Re), osmium (Os), and iridium (Ir), in 
their abundances relative to palladium (Pd) (Petaev and Jacobsen 2004, McCoy et 
al. 2011). PGMs are anticorrelated with Nickel (Ni) abundance (Morgan et al. 
1992, Fig. 4.2). 

Meteorites measured with sufficient accuracy to detect PGMs are few. The 
20,000, or so, meteorites collected by the Antarctic Search for Meteorites program 
[http://geology.cwru.edu/~ansmet/], have all been classified by the Smithsonian’s 
National Museum of Natural History (NMNH). X-ray spectra generated with an 
electron probe identify elemental richness down to a few hundred ppm. PGMs 
have lower richness, however. As a result of the limited data there may well be 
useful correlations of abundant elements with PGMs that do not appear in the 
current data. If we are serious about asteroid mining, it would make sense to take a 
“human genome” approach to characterizing the nearly 45,000 meteorite samples 
in collections (Grady 2000) down to 10 ppm or thereabouts.  

4.3.3   Mineral Diagnostics from Spectroscopy 

An asteroid does not act as a perfect mirror, but reflects better at some wave-
lengths than others. The shape of the reflectivity curve depends on the surface 
minerals, and so can be used as a diagnostic. The reflectivity curve is often loosely 
called the asteroid spectrum, whereas it is really the observed spectrum divided by 
a solar spectrum. Nearby stars that are close solar analogs are usually used rather 
than the actual spectrum of the Sun. 

Many asteroids and meteorites show two broad, shallow, spectral absorption 
bands at ~1 micron and ~2 microns. In meteorites the centers and band area ratios 
distinguish two types of silicates, olivine and pyroxene (Dunn et al. 2010). Slight 
changes in the wavelength of the centers of these features, and in the ratio of their 
strengths (their “Band Area Ratio”, Thomas & Binzel 2010), indicate changes in 
composition. These features differ from one asteroid class to another, so these 
bands are used to link S-, Q- and V-type asteroid spectra to meteorite types, which 
then suggest a particular olivine to pyroxene ratio. The range of possible meteorite 
types for a given asteroid type, however, can be quite large (Gaffey et al. 1993, 
Thomas and Binzel 2010).  

4.3.4   Water Diagnostics from Spectroscopy 

The 3.1 micron hydration feature is a valuable diagnostic (Nelson et al. 1993, 
Vilas 1994). If water or other volatile materials are being sought, then this is a 
good signpost. It may be also be a good counter-indicator for a rich source of 
PGMs.  

Observationally it is tricky, though. The feature lies at the short wavelength end 
of the L band (3.2 – 3.8 microns), whose width is set by atmospheric transmission, 
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and the L-band background is strongly dominated by the 300 K black body  
emission of the Earth’s atmosphere and the telescope (Sect. 4.4.4). Earth-based 
detection will be infeasible for all but the brightest NEOs. 

An alternative to the 3.1 micron hydration feature is the feature at 0.7 micron, 
which lies well within the readily accessed optical band (Vilas 1994). These two 
features correlate well in the carbonaceous C-class Bus-DeMeo objects (Howell et 
al. 2011). The 0.7 micron feature is rare though in the X-class objects, despite the 
3.1-micron feature being common. So the 0.7 micron feature appears to be a suffi-
cient, but not necessary, diagnostic for hydration. The 0.7 micron feature is com-
mon in Main Belt asteroids, but is unfortunately rare or weak in most NEOs  
(Howell et al. 2011), and so is of limited utility for early mining operations.  

4.3.5   Gardening and Space Weathering  

Optical-near-infrared spectra can only tell us the mineral content of the asteroid 
surface, usually loose regolith. Most asteroids have likely undergone a collision 
that broke the asteroid up, reassembling it in a new random configuration. This 
“gardening” process creates a rubble pile asteroid and is thought to make the sur-
face mineralogy representative of the whole body. Supporting this idea is the ob-
servation that pairs of asteroids, which likely result from a single asteroid breaking 
up, have similar colors (Moskovitz 2012). The gentler process of tidal stressing 
from near-Earth encounters can also refresh the surface (Binzel et al. 2010). 

Some of the variety in asteroid sub-types (Binzel et al. 2012) seems to be due to 
space weathering (Hapke 2001), which alters the mineralogy of the surface layers. 
The asteroid surface material is irradiated by Solar ultraviolet photons, by high 
energy particles in the Solar wind, and by the high energy protons that form most 
of the Galactic cosmic rays. All of these forms of energetic particles can change 
the surface mineralogy compared with the bulk of the asteroid. One, possibly do-
minant process, is the coating of the silicate grains with a layer of nano-phase iron 
(Pieters et al. 2000); being opaque the iron removes the silicate spectral signatures. 
Micrometeorites also bombard the surface, as on the Moon. Outgassing of vola-
tiles will occur near the surface if they are suddenly exposed to the space envi-
ronment by this bombardment. 

Space weathering could be quite a rapid process, by astronomical standards. A 
timescale of <1 million years (Myr) is likely (Vernazza et al. 2009), which is short 
compared to the ~10 Myr that an asteroid spends in a NEO orbit. However, this is 
by no means settled (Willman et al. 2012, Thomas et al. 2011b). Research on the 
changes induced by space weathering is underway, including laboratory research 
where meteorite samples are irradiated with lasers to induce the same effects. 
Once completed, this research should enable us to work back from the current 
surface mineralogy to that of the bulk material. 
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4.3.6   Direct Asteroid-Meteorite Comparisons 

The best way to connect asteroids with meteorites mineralogically is to find small 
asteroids on their way to impacting the Earth. If found a few days to weeks before 
impact, we could characterize them telescopically in space to establish their spec-
tral types, orbits and light curves. Then, when they are partially recovered as 
meteorites, detailed laboratory analysis can be compared directly with the teles-
copic spectra. With a sample of a few tens we could reliably tie NEO telescopic 
characterizations of a number of common asteroid types to their laboratory  
compositions. 

Only one such “death plunge” asteroid has been found to date, 2008 TC3. This 
lone example has both space and laboratory measurements as, luckily, pieces of it 
landed in the northern Sudanese desert (Jenniskens et al. 2009) [Its meteoritic 
fragments were designated the Almahata Sitta fall, after a nearby railroad station. 
(almahata sitta means “station six” in Arabic.)]. 2008 TC3 had a diameter of about 
one meter. Similar sized asteroids impact the Earth about a dozen times a year 
(with significant uncertainty, being based on only 12 known events, Brown et al. 
2002). Two thirds will fall in the oceans and at least half the remainder will fall 
where their meteorites cannot be recovered. A few per year may be retrievable. 
However, they could all be studied as they enter the atmosphere. Fast imaging and 
spectroscopy of their meteor trails could be carried out from aircraft, as is now 
done for meteor showers (Jenniskens 2007). The next generation of optical NEO 
surveys (Sect. 4.5) is likely to have the capability to find many of these incoming 
NEOs. 

4.4   Near-Earth Objects (NEOs) 

Millions of asteroids, with a total mass 5x10-4 Earth masses [1 Earth mass = 
5.97x1024 kg (Cox 1999)], or ~3x1018 metric tons (Petit et al. 2002), lie in the 
Main Belt, between the orbits of Mars and Jupiter, where Jupiter-induced and 
mutual perturbations among the Main Belt asteroids cause collisions and dynami-
cal excitation (Weidenschilling 2000). Main Belt asteroids require significantly 
more energy to send spacecraft to (as measured as “delta-v”, Sect. 4.4.1), and 
round trip journey times from Earth take a decade or more with current technolo-
gy. Such a long timescales, even once a mining expedition is underway, have a 
bad effect on the profitability of any mining venture. 

The much smaller population of Near-Earth objects (NEOs) have orbits that 
approach or cross the Earth’s orbit at some point. The NEOs were scattered into 
these orbits from the Main Belt (Bottke et al. 2002b) by entering orbital reson-
ances (i.e. orbits having integer orbital period ratios) with Mars or Jupiter (Green-
street and Gladman 2012). Asteroids remain as NEOs for about 10 million years 
before being scattered again. NEOs are mostly asteroids, with a small admixture 
of dormant comets, although more of these are becoming recognized (Jewett 
2012). Hence the term “NEO” rather than NEA (near-Earth asteroid) is usually 
used. 
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The dust from some small NEOs (and from comets) enters the atmosphere and 
burns up as meteors. Larger pieces make it to the ground as meteorites. Occasio-
nally large pieces hit the Earth, such as the 20th century Tunguska (1908, e.g. Lon-
go 2007), Rio Curaça (1930, Steel 1995) and the 2013 Chelyabinsk objects, which 
had diameters of a few tens of meters. This hazard makes NEOs worrysome, as 
well as being enticing as sites of possibly valuable resources. 

4.4.1   NEO Types 

NEOs are defined to lie within Mars’ orbit (perihelion, q < 1.3 AU [AU = Astro-
nomical Unit, the mean distance from the Sun to the Earth = 149 x 106 km (Cox 
1999)]). The asteroid scientific literature sub-divides NEOs into types depending 
on their orbits [http://neo.jpl.nasa.gov/neo/ groups.html ]:  

• Amors (1.017 < q < 1.3 AU AND semi-major axis, a>1 AU) are Earth-
approaching NEOs with a perihelion between Mars and Earth orbit. 

• Apollos (q < 1.017 AND a > 1 AU) are NEOs that dip inward to cross the 
Earth’s orbit, and so are Earth-crossing objects.  

• Atens (aphelion, Q > 0.983 AND a < 1.0 AU) NEOs rise outward to be Earth-
crossing objects. 

• Atiras (Q < 0.983, AND a < 1 AU), NEOs that are always within the Earth’s 
orbit.  

While useful for astronomical observations, these distinctions are not of great 
utility to asteroid miners. 

 
Fig. 4.3 Distribution of outbound delta-v from LEO to NEO (Elvis et al. 2011) 
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A more interesting parameter for mining, or any spacecraft visit, is delta-v, the 
total change in velocity a spacecraft must achieve to make a round trip to the 
NEO. Because of the rocket equation, which calculates the penalty a rocket must 
pay for having to carry its propellant with it, small differences in delta-v lead to 
large changes in the payload mass that can be delivered to the NEO. Reducing the 
outbound delta-v from 6 km s-1 to 4 km s-1 doubles, and can even quadruple, the 
payload that can be delivered to a NEO from LEO (Elvis et al. 2011). Hence, for 
example, a NEO on a circular 1.2 AU orbit is not of great interest for early mining 
operations (or for human exploration), as it has a high delta-v. The tail of small 
delta-v NEOs in Fig. 4.3 is thus of great importance. To get accurate delta-v esti-
mates is computationally demanding but feasible. The Near-Earth Object Human 
Space Flight Accessible Targets Study (NHATS [http://neo.jpl.nasa.gov/nhats/]) 
calculated delta-v for several thousand NEOs. A preliminary estimate of the out-
bound delta-v can be calculated using minimum energy Hohman transfer orbits 
(Shoemaker and Helin 1978) [Near-Earth Asteroid Delta-V for Spacecraft 
Rendezvous: http://echo.jpl.nasa.gov/~lance/delta_v/delta_v.rendezvous.html]. 

Potentially Hazardous Objects (PHOs), which have a relatively high probability 
of striking Earth, tend to have low delta-v. There are 1370 PHOs known at 
present, about 15% of all NEOs, but 25% of the NEOs larger than 140 m diameter. 
PHO orbits must have an asteroid-Earth minimum orbit intersection distance, 
MOID < 0.05 AU (= 19.6 lunar distances = 7.45x106 km). PHOs must also be 
large enough to reach the Earth’s surface where they would be highly damaging. 
Lacking accurate sizes their absolute visual magnitude, H is used as a proxy (Sect. 
4.4.4). An NEO must have H < 22 (diameter > 140 m) for it to be classified as a 
PHO, although smaller NEOs of 40 m diameter or more can reach the surface too. 
PHOs are typically also good mining candidates based on their sizes and orbits. 

4.4.2   NEA Numbers 

Nearly 10,000 NEOs have been identified and cataloged (as of 1 January 2013) 
primarily from ground-based optical surveys. They range in size up to ~50 km 
diameter (1036 Ganymed, H = 9.45), but are mostly much smaller, down to a few 
meters in diameter. 5512 have H < 22, corresponding to a diameter of about 100 
m. Current surveys for NEOs are incomplete, with their incompleteness becoming 
much worse for smaller NEOs. Mainzer et al. (2011b) find that about 80% of 100 
m - 300 m diameter NEOs remain undiscovered, with some 2700 now known. 

Current NEO surveys have a discovery rate of about 1000 new NEOs a year. 
For example, in 2012 987 NEOs were found. Of the 2012 discoveries 398 had H < 
22. They were roughly evenly divided between Apollos and Amors, with a 6% 
contribution from Atens [based on Minor Planet Center statistics.] 

A careful study of the NEOWISE detections compared with the survey “selec-
tion function” - the probability that it will find a given NEO - predicted the total 
number of NEOs, down to 100 m in diameter to be 20,500 +/-3000 (Mainzer et al. 
2011b). This is a factor four or so smaller than previous estimates (Bottke et al. 
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2002b). This is an important reference number, since asteroids smaller than ~100 
m dia. (H < 22) are unlikely to be profitable at currently plausible mission costs 
(Sect. 4.2.2). 

Many NEOs smaller than 100 m certainly exist. On a log10(number of NEOs) 
vs log10(diameter) plot, NEO numbers follow a line of slope no larger than two (N 
∝ D-α, a power law of slope α = -2.) Thus there will be no more than 100 times 
more NEOs 10 times smaller in diameter than any given size. This slope predicts 
~80,000 NEOs with diameter greater than 50 meters. Smaller asteroids are hard to 
find directly, but at the very small end of the size scale (a few meters), the number 
of NEOs is currently pinned by the rate at which fireballs are detected in the 
Earth’s atmosphere (Brown et al. 2002). In the near future lunar impact monitor-
ing may be able to provide another data point for even smaller, ~ 1 kg, asteroids 
(Suggs et al. 2008). Having two low mass points would determine the slope of the 
curve, and so improve our estimates of the numbers at intermediate sizes of a few 
tens of meters. 

4.4.3   NEO Emission of Light 

Asteroids are seen in two ways. Their reflected sunlight dominates in the optical 
and near-infrared (near-IR) bands (~0.5 – ~3 microns). The sunlight that is not 
reflected is absorbed which heats the asteroid surface, and causes re-radiation at 
infrared wavelengths. This black body emission dominates from ~3 microns 
longward for NEOs. 

The optically derived size of an asteroid depends on knowing what fraction of 
the incoming sunlight is reflected, which is called the albedo (or reflectance) of 
the NEO [Albedo means “whiteness” in Latin.]. Most NEOs are dark, reflecting 
only a little of the sunlight incident on them. Hence the thermal-IR measurement 
depends primarily on the size of the NEO, while the optical depends primarily on 
the albedo. 

The geometric albedo, pV, is the albedo measured at a phase angle of zero. The 
Bond albedo, AB, is the fraction of input illumination energy on the object’s sur-
face that is reflected. It is what would be measured averaging over all observing 
phase angles (Harris and Lagerros 2002). NEO Bond albedos also span a range of 
about five, AB = 0.05 to 0.25. Without knowing more the sizes derived from opti-
cal measurement are uncertain by a factor of √5 and volumes by a factor 11. This 
is an unacceptable level of uncertainty for mining purposes. Fortunately albedos 
within a taxonomic class have narrower distributions, about a factor 1.4 for S-class 
(Thomas et al. 2011a, Mainzer et al. 2012). The optical is the most technologically 
developed band, can be done well from Earth, and costs less than the alternative 
method, and so is easier to apply in bulk. 

Most NEOs, being close to 1 AU from the Sun, re-radiate their absorbed solar 
energy at an equilibrium black body temperature similar to the Earth, about 300 K 

[ K = degrees Kelvin. The Kelvin scale is the same as Celsius, except that it begins 
at absolute zero, rather than the freezing point of water. Hence 0 K = -273.15 C. K 
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is universally used in astronomy, though C is used in meteoritics]. A 300 K black 
body peaks at ~10 microns, and is strong throughout the ~5 micron to ~50 micron 
band. This band is called the “thermal infrared”[The name arises because bodies at 
common Earthly temperatures emit the peak of their radiation there]. This is a 
temperature far cooler than most stars, galaxies or other astronomical bodies [For 
comparison, the surface temperature of the Sun is 6430 K (Cox 1999), which is by 
no means extremely hot for astrophysics. A 6000 K black body peaks at ~0.6 mi-
crons, which is right in the visible band, at a point where the Earth’s atmosphere is 
highly transparent]. So NEOs stand out clearly in this thermal, or mid-, infrared 
band. 

If the surface temperature of an object is known, the observed flux gives the 
emitting area and so diameter. Obtaining a surface temperature requires at least 
two wavelengths, and preferably more. Given a size and an H magnitude the albe-
do can be derived. Thermal inertia of the asteroid surface alters this simple calcu-
lation to a small, but significant, extent. Once the asteroid surface is out of direct 
sunlight it continues to radiate in the thermal-IR, as it is out of equilibrium with its 
surroundings. The sidewalk is still hot on a summer night, even though there is no 
more sunlight, for the same reason. This increases the apparent area of the NEO. 
Careful thermo-physical modeling can take this into account quite well (Mueller et 
al. 2011). The Near-Earth Asteroid Thermal Model (NEATM, Harris 1998) is 
often used for this measurement. 

Fortunately, the wavelength at which the thermal emission of NEOs peaks lies 
in the clean, broad (8-13 microns) N-band window of transparency in the atmos-
phere. However, as this temperature is similar to that of the Earth (or people for 
that matter), the atmosphere, and the telescope itself, including the mirror, radiate 
strongly in the thermal infrared. This ubiquitous emission creates a strong back-
ground that limits sensitivity in the N-band, when observed from Earth. 

Unfortunately, thermal IR surveys are much more challenging technologically. 
To be sensitive they need to escape the Earth’s thermal background and so are best 
done with  space-based telescopes, which are more expensive than optical surveys. 
But sizes need not be determined for the entire NEO population. If NEOs can be 
discovered in the optical bands, then a thermal-IR measurement could be post-
poned to the “remote characterization” phase (Sect. 4.6) when only a promising 
sub-set of NEOs need be measured. 

4.4.4   NEO Sizes and Masses 

In most cases NEO sizes are estimated based on their absolute optical magnitudes. 
An “absolute” magnitude refers to a common scale with all objects placed (artifi-
cially) at the same distance and under the same illumination conditions. Observed 
magnitudes instead depend on how far away the NEA is when it is observed, and 
whether it is observed fully illuminated, or at a less favorable phase angle. A fully 
illuminated, full-moon like, phase angle is given the value 0, and a half-moon 
phase of 0.5. The absolute magnitude used for all asteroids, including NEOs, is the 
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H magnitude [This H should not be confused with the photometric H band (1.6 
microns) used by infrared astronomers (Zombeck 2007), Sect. 4.6.4.2.]  

An H magnitude is the magnitude one would theoretically measure from a NEO 
located 1 AU from the Sun and 1 AU from the telescope, viewed at phase 0 (i.e. 
fully illuminated [http://www.iau.org/public/nea/]). The H magnitude is a notional 
reference magnitude only, as Solar System geometry means we never see an NEO 
under these conditions. Doing so would require a telescope at the solar surface. 
Fortunately, it is straightforward to convert from magnitudes observed with other 
geometries to the H magnitude. 

H is defined in the Johnson/Cousins V band magnitude (Bessel 2005). The V 
band is centered on 0.55 microns and spans a 0.09 micron wide band. As the hu-
man eye is sensitive over the wavelength range 0.5-0.6 nm (Robinson and Schmidt 
1984) the V band is a good approximation to what we would see. As different 
asteroids, stars and galaxies, have different shapes for their spectra, using bands 
centered at other wavelengths would produce different magnitudes. 

Astronomical magnitudes are logarithmic measures of brightness. This is a nat-
ural scale as the response of the human eye is roughly logarithmic. Magnitudes are 
scaled (Pogson 1857) to match the original Greek/Hellenistic magnitudes for the 
naked eye stars, as listed in Ptolemy’s Almagest (~150 CE) and used continuously 
thereafter [Astronomy is full of similarly archaic scales and units. Most are  
retained because they are convenient, and the vast range of scales in astronomy 
makes no individual unit universally handy. Still, this mongrel usage can be  
frustrating]. Hence: 

V = - 2.5 log[f(star)/f(0)]. 

Larger magnitudes correspond to fainter fluxes. A 6th magnitude star (at the limit 
of naked eye detectability) is 100 times fainter than a 1st magnitude star (one of 
the brightest few in the sky.) A factor 10 decrease in flux corresponds to 2.5 mag. 
increase in H. f(0) is a zero point flux, defined to be 3.67x10-23 W m-2 Hz-1 for the 
V band (Zombeck 2007). 

At phase angle 0.5 a spherical body is ~10 times fainter than at phase angle 0, 
not half as bright, as one might naively expect (e.g. Clark et al. 1998). This steep 
“phase curve” is due to geometry – the same observed area on the NEA is illumi-
nated by less sunlight, due to the acute angle of the surface to the Sun – to sha-
dowing, and to the high degree of coherent backscattering of optical light (Hapke 
1990). 

The diameter, D (km) of an asteroid of magnitude H and geometric albedo pV, 
is given by (Harris and Harris 1997): 

log D = 3.1236 – 0.5 log pV -0.2 H 

or, equivalently: 

D = 1329 pV
-0.5 10-H/5 
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Observing a NEO at 1 AU with V = 24.5 at phase = 0.5 implies H = 22. H = 22 
corresponds to a diameter of 110 m to 240 m, for albedos of 0.25 and 0.05 respec-
tively [from http://neo.jpl.nasa.gov/glossary/h.html]. 

NEO sizes can be calculated with much greater accuracy using thermal infrared 
data, rather than optical data because of their low albedo. Changing AB from 0.05 
to 0.25 only changes the NEO black body emission from 95% to 75%, which 
changes the size estimate by only about 20%. This gives us a more acceptable 
volume range of a factor 1.7. If we want to measure accurate NEO sizes remotely, 
the thermal infrared is the best band to use. 

Knowing a size for a NEO only roughly defines its mass. Asteroids have a 
range of density and often contain large fraction of space that are empty (voids). 
The fraction of the volume that is a void is called the porosity. The largest (> 300 
km diameter) asteroids have lower porosity (≤ 0.1). Smaller asteroid span a wide 
range of porosity, from 0.1 up to 0.5, or possibly 0.7 (Baer and Matson 2011). 
This makes masses uncertain by a factor 2 – 3 even when their size is well meas-
ured. High porosity asteroids are likely the result of almost destructive collisions. 
The porosity of 100 m diameter asteroids has been little investigated, but seems 
likely to include many high values. 

The mass of the NEO depends finally on the density of the material it is com-
posed of. Asteroid densities are derived from meteorite samples. Pure Ni-Fe has a 
density of 7.3 – 7.7 g cm-3, the common silicates in meteorites, pyroxene and oli-
vine have 3.2 – 4.37 g cm-3, and clays have 2.2 - 2.6 g cm-3 (Britt et al. 2002). 
This is a range of 3.5 in density. Spectroscopy, and possibly optical photometry, 
can put the asteroidal material into one of these classes with reasonable confidence 
(Sect.s 4.6.2, 4.6.1.1). However, in addition, meteorites show micro-porosity, 
which reduces their densities from these compacted densities (Britt et al. 2002). 
Without finding a binary (Sect. 4.6.1.2) or measuring the Yarkovsky effect (Sect. 
4.5.4.3), both of which are applicable only to a minority of NEOs, local characte-
rization at the NEO is essential to determining a mass to commercial accuracy 
(Sect. 4.7). 

4.4.5   NEO Orbits 

All closed orbits are elliptical, and are characterized by six parameters (Table 4.2). 
Three describe the orbit shape (a, e, i) and three describe the phase of the orbit 
(∧, ω) and of the object (M)[ http://www.lns.cornell.edu/ ~seb/celestia/orbital-
parameters.html]. 

Good orbit determinations are essential to claiming an NEO as detected. Unless 
the orbit determination is at least good enough to predict the location of the NEO 
accurately enough to find it again the next time it becomes visible (its next “appa-
rition”) it will be lost as soon as it is found. In practice, orbits good enough to 
predict future apparitions accurately for decades ahead (in most cases) are achiev-
able with modest means, one to two meter diameter terrestrial telescopes (Sect. 
4.4.1.2), which are fairly common and inexpensive to use.  
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Table 4.2 The six parameters of an elliptical orbit 

Orbit Parameter Symbol Meaning 

Semi-major axis a Longer of the two ellipse semi-axes. 

Ellipticity e Degree of departure of the orbit from a 
circle. e =√(1-(b2/a2)], where b is the semi-
minor axis of the ellipse. For an ellipse, 0 < 
e < 1  

Inclination i Inclination (i), in our case relative to the 
Earth’s orbital plane, the ecliptic 

Longitude of the ascending 
node 

Ω Angle at which the NEO crosses the 
Earth’s orbit plane going North, measured 
from the first point of Ares, where the Ec-
liptic and the Celestial Equator cross as the 
Sun moves North. 

Argument of pericenter ω Angle from the ascending node, Ω, to the 
pericenter, the point of closest approach to 
the Sun, measured in the plane of the NEO 
orbit. 

Mean anomaly M Angular location of the object in its orbit, 
which is time dependent. 

Orbit parameters are calculated by the Minor Planet Center (MPC) of the Interna-
tional Astronomical Union (IAU) [MPC is located at the Harvard-Smithsonian Cen-
ter for Astrophysics, 60 Garden St., Cambridge, Massachusetts O2138 USA. (The 
author’s home institution.) http://www.minorplanetcenter.org]. The MPC assigns a 
logarithmic uncertainty code, U, which ranges from zero to nine, for the uncertainty 
in position of an asteroid after 10 years [ http://www.minorplanetcenter.net/iau/ 
info/UValue.html]. For example, an uncertainty value of six (U=6) corresponds to a 
2.08 degree uncertainty after 10 years, which is hard to pick up again. Imaging by 
follow-up telescopes with few arcminute diameter fields of view needs U≤5, for <2 
arcminutes after 1 year. Spectroscopy needs U≤2, to achieve <2 arcseconds after a 
year. In practice 75% of NEOs have U<2 (Fig. 4.4). 

The U values are strong confidence limits, corresponding to 3σ uncertainties in 
position, so that 99.7% of the time the asteroid will lie within that radius of the pre-
dicted position (Gareth Williams 2012, private communication). NEO sky locations 
vs. time (“ephemerides”) are provided by the MPC and by NASA-JPL at their 
“HORIZONS” site, object by object [http://ssd.jpl.nasa.gov/horizons.cgi#top]. Im-
proved algorithms for deriving orbits, taking into account different uncertainties 
from different sources and correlated errors within each data source may improve 
the situation further (Baer and Matson 2011). 
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Fig. 4.4 Orbit uncertainty codes, U, for NEOs 

4.5   NEO Discovery 

Discovering NEOs requires sensitive surveys with telescopes. Ground-based sur-
veys are in the optical band. Space-based surveys use the thermal infrared band. 
To efficiently use the available observing time, the telescopes must have as wide a 
field of view as possible. In this way the maximum number of NEOs will be cap-
tured in each exposure.  

Individual exposures cannot be longer than a few minutes, as NEOs move quite 
rapidly across the field of background stars, which would create an elongated 
image in a long exposure. Although this shape identifies a moving object cleanly, 
the sensitivity of the survey is reduced, as the signal is then spread over many 
pixels. 

No image is perfect and minor blemishes due, for example, to cosmic rays  
coming through the camera, can produce an apparent detection on one frame  
that is gone on the next. To guard against such false detections, NEO surveys typi-
cally require three to five detections in a row of an object moving against the star 
field. 

This section first describes ground-based current and future surveys, and then 
space-based current and possible future surveys.  
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4.5.1   NEO Optical Ground-Based Surveys 

Ground-based surveys are only practical in the optical band. This is due to the 
affordability of very large optical detector arrays and the high atmospheric trans-
parency and low background in the optical band.  

Ground-based surveys have inherent limitations. Each can view only the he-
misphere the telescope is in (North or South). As a result a pair of telescopes is 
needed to cover the whole night sky at any one time. A survey lasting a decade or 
more would be able to catch most asteroids in more than one apparition, as 98% of 
the known NEOs swap hemispheres during their apparitions over a 10-year inter-
val, because of their orbital inclination, and the Earth’s tilt out of the ecliptic.  

4.5.1.1   The Synodic Period Problem  

The most accessible NEOs are those in the most Earth-like orbits in terms of a, e, 
and i (Table 4.2, e.g. Elvis et al. 2011). As a result these NEOs tend to have orbital 
periods close to that of the Earth, and so either catch-up with, or fall-behind, the 
Earth slowly. This can make the time between their apparitions (their “synodic 
period”) quite long [A synod is simply a meeting.]. In some circumstances it can 
also lead to several apparitions in rapid succession. Synodic periods of decades are 
possible, so that a 10-year long survey would miss these slow movers (Vereš et al. 
2009). These NEOs are effectively “hiding behind the Sun” much of the time, 
where we cannot see them from Earth. 

4.5.1.2   Telescopes 

Telescopes [Professional astronomers never say “scopes”. It’s a shibboleth] are 
described mainly by the diameter of their primary mirror [The primary mirror 
diameter is also called the telescope aperture], as this determines the amount of 
light each can gather. The cost of a telescope rises quickly with the primary mirror 
diameter. The ground-based telescopes of interest range from small, about one 
meter, which are common and cheap enough to be within reach of dedicated ama-
teurs, through moderate aperture, two to four meter, telescopes, which are signifi-
cant investments (a large university might have one), on up to large, six to ten 
meter, telescopes, each of which is a major international project. A new generation 
of 20-40 m telescopes is just entering construction and should see first light in the 
early 2020s [The three projects are the ELT (Extremely Large Telescope): 
www.eso.org/public/teles-instr/e-elt.html; GMT (Giant Magellan Telescope): 
www.gmto.org/, and TMT (Thirty Meter Telescope) www.tmt.org]. A different 
class of wide field of view (a few to 40 square degrees) telescopes are used for 
ground-based surveys of large areas of the sky. These have primary mirror diame-
ters in the range 0.5 - 1.2 meters. They are usually Schmidt designs (Schroeder 
1999).  

Ground-based surveys can only work at night, of course. This ensures that any 
object discovered is passing by near to or beyond 1 AU [To be precise, beyond the 
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Earth’s current distance from the Sun. As the Earth’s orbit is slightly elliptical 
(e=0.016) this varies from 147x106 km to 152x106 km (Cox 1999).] Objects near 
to 1 AU, unless very nearby, will appear close to the horizon at local midnight, or 
nearly overhead near dawn or dusk. Observing close to the horizon involves look-
ing through a large column of atmosphere (“air mass”), which decreases the ob-
served flux from this object through scattering and absorption (“extinction”), and 
produces a poorer image quality due to atmospheric turbulence (“seeing”), which 
further reduces sensitivity. In practice, no surveys look more than ~60 o from di-
rectly overhead, the zenith. At this angle the air mass ~ sec(zenith angle) = 2.  
Astronomical twilight is the time after sunset or before sunrise when the sky is too 
bright for sensitive surveys to be performed, and is defined as being when the Sun 
is 18 deg below the horizon. This constraint, plus the air mass constraint, means 
that the closest a ground-based survey can come to the Sun’s direction is 48 o.  The 
solar elongation angle is the angle of the object from the Sun as viewed from the 
Earth. In practice, most NEOs are found at Solar elongations >60 o (fig. 3 of  
Larson 2007). 

Ground-based surveys are also interrupted by weather, and are less sensitive 
when the Moon is near full. Nearly one week per month is lost to the full Moon, 
leaving 75% of 365 nights. Bad weather, even at the best sites (Mauna Kea, Hawaii 
and Northern Chile) takes another 20% of the remaining nights. Other losses, due to 
instrument and telescope maintenance or failures, typically take another 5%. At best, 
then, a ground-based telescope operates effectively on about 210 nights a year. Aste-
roids crossing the Milky Way are also hard to find over a roughly ±10 o swath of 
sky, imposing a seasonal variation on asteroid discovery rates. 

4.5.1.3   Major NEO Surveys 

Table 4.3 lists the main NEO surveys. Note the bias toward the Northern hemis-
phere. All of them are optical surveys. These surveys have been very effective in 
virtually completing the census of NEOs larger than one kilometer diameter (H < 
17.5) (Harris 2008) [http://neo.jpl.nasa.gov/stats/]. These surveys were instituted 
by NASA in response to the George E. Brown Congressional mandate. This 
mandate was motivated by the extreme hazard posed by such a large NEO if one 
were to impact the Earth. Together they constitute the Spaceguard program.  

They all use broad photometric filters to define their band. These filters typical-
ly have widths, δλ, about 10% of their wavelength, λ, and so have δλ/λ ∼ 10. For 
example, the much-used V-band filter is centered at 0.55 microns and has a width 
of 0.09 microns. Two main sets of filters are used. The older Johnson/Cousins 
magnitude system has the U, B, V, R, I filters (centered at 0.36, 0.45, 0.55, 0.66 
and 0.81 microns, respectively). A newer system (Fukugita et al. 1996) was de-
fined for the Sloan Digital Sky Survey (SDSS): u’, g’, r’, I, ’z’ (centered at 0.36, 
0.48, 0.62, 0.76, and 0.91 microns respectively). The SDSS filters were carefully 
chosen to reduce sky background. Larson (2006) provides a good summary of the 
older surveys. The three largest contributors to NEA discoveries are LINEAR, 
CSS and SSS. These three surveys each re-purposed an under-utilized telescope, 
in order to fit within their available budgets.  
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Table 4.3 Ground-based NEO Surveys 

Survey Location  
(Latitude) 

Telescope Primary 
diameter 
(meters) 

Field of 
view, 
Area/night 
(sq.deg) 

Limiting mag-
nitude at 
5σ, exposure 

Operator 

Lincoln Near-Earth 
Asteroid Research  
LINEAR 
[http://www.ll.mit.edu/m
ission/space/linear/] 

White Sands, 
New Mexico, 
USA (+33o) 

GEODSSa  1.0 2 V=19.5 Lincoln 
Labs 

Catalina Sky Survey  
CSS 
[http://www.lpl.arizona.e
du/css/css_facilities.html 
 

Mt. Bigelow 
Arizona, 
USA (+32o) 

Catalina 
Schmidt 

0.7 8.2 [19.4b] 
~800  

V=20.5  
(1 min) 

University 
of Arizo-
nac 

Siding Spring Survey 
SSS  
 

Coonabara-
bran, New 
South Wales, 
Australia (-
31o) 

Uppsala 
Schmidt 

0.5 4.2 V=19-20 
(1 min) 

Siding 
Spring 
Observa-
tory 

Pan-STARRS 1e,  
PS-1 [http://pan-
starrs.ifa.hawaii.edu/pub
lic/] 
 

Haleakala, 
Maui, 
Hawai’i, 
USA (+21o) 

PS-1 1.8 7.0 V=24 University 
of Ha-
wai’id 

Palomar Transient 
Factory e,  
PTF 
[http://www.astro.caltec
h.edu/ptf/] 

Mt. Palomar, 
California, 
USA (+33o) 

Oschin 
Schmidt 

1.2 7.8 [40b] r=20.5 
(1 min) 

Caltechd 

UNDER 
CONSTRUCTION 

      

Asteroid Terrestrial-
impact Last Alert Sys-
tem  ATLAS 
[http://www.fallingstar.c
om/technical.php] 

Hawai’i or 
Arizona 

2 sites at 
100km 
separation 

0.25 x 4  40 
20,000 

V~19.1 University 
of Ha-
wai’id 

Large Synoptic Survey 
Telescope e, LSST 
[http://www.lsst.org/lsst/
science/development] 

Cerro Pa-
chon, Chile (-
30o) 

LSST 8.4 9.6 V = 23   (15 
sec) 

LSST 
Consor-
tium 

Pan-STARRS-2 e Haleakala, 
Maui, 
Hawai’i, 
USA (+21o) 

PS-2 1.8 7.0 V=24 University 
of Ha-
wai’id 

a. Ground-based Electro-Optical Deep Space Surveillance. b. when upgraded. c. 
by Steward Observatory with the Lunar and Planetary Lab. (LPL) (Larson et al. 
2001). d. for a consortium. e. asteroid detection shares this facility with other 
projects. 
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LINEAR dominated NEO discoveries from 1998 until about 2004, after which 
CSS has dominated. Construction began on upgrades to the CSS in 2012, funded 
by NASA, and should be completed in late 2013. The field of view of the Catalina 
Schmidt will be more than doubled, to 19.4 square degrees. The field of view of 
the CSS 1.5 m is also being increased to 5 square degrees, with a limiting magni-
tude of V = 21.5 (Christensen et al. 2012).  

A new interest among astronomers in transient events, such as supernovae, has 
led to two new wide-field survey facilities Pan-STARRS (PS-1, Kaiser et al. 2002) 
and the Palomar Transient Factory (PTF). Both of these are, in principle, excellent 
for NEO discovery, but neither was designed specifically for that task. The partial-
ly funded plan for the “Palomar Transient Factory 2” (PTF-2) upgrade should 
increase the field of view of the Oschin Schmidt to the full 40 sq. deg (Sect. 
4.4.1.4). Construction began in 2012. 

Two new, and very different, surveys are planned that will also find NEOs: 

• The Asteroid Terrestrial-impact Last Alert System (ATLAS) will consist of a 
global array of small telescopes that can give a one month warning of an im-
pact from a 300 m diameter NEO, or one week for 50 m. NEOs (Tonry 2009, 
2011; Jedicke et al. 2012). ATLAS is designed to scan the entire available sky 
every night. NASA funding was awarded in 2012, and the detailed design is 
still evolving. 

• The Large Synoptic Survey Telescope (LSST) is also designed to survey the 
entire available (Southern) sky every night, but much more deeply than 
ATLAS and in the five SDSS bands, plus the newer Y-band (at 1.04 microns 
with width 0.15 microns, Hillenbrand et al. 2002). The primary science goal 
is to find transient objects, with NEOs being one sub-class of such objects. 
The baseline plan is to make two full images of the accessible sky every 
night. These images pairs will be 15s long to avoid blurring (Ivezič et al. 
2011). LSST should see first light in 2018. 

4.5.2   NEO Space-Based Surveys 

Space-based survey telescopes overcome many of the limitations of ground-based 
surveys. A telescope in space can be designed to work at whatever wavelength is 
optimal for the task at hand. Space-based astronomical telescopes already exploit 
this freedom by working in the X-ray, [Chandra X-ray Observatory: chan-
dra.harvard.edu/] ultraviolet [Hubble Space Telescope: www.nasa.gov/hubble/], 
and far-infrared bands (which are 100% absorbed by the atmosphere) [Spitzer 
Space Telescope: www.spitzer.caltech.edu/; Herschel: sci.esa.int/herschel/], as 
well as in the near- to mid-infrared bands where the atmosphere, though quite 
transparent, produces an intense background. Having access to the thermal infra-
red without the interfering effects of strong emission at the same wavelengths 
from the telescope itself, provides a huge advantage. 

The zodiacal light (e.g. de Pater and Lisauer 2001, chapter 9) is a background 
that peaks in the thermal IR. Zodi (as it is commonly called) is thermal emission 
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from small interplanetary dust grains at temperatures similar to NEOs, and so is 
still present in space. These grains are concentrated in the ecliptic plane. This 
means that low i NEOs, which tend to have low delta-v, are the most affected. The 
zodiacal light is about as bright as the Milky Way. The Milky Way is the other 
background in space, and is concentrated close to its plane (about ±10 deg., more 
toward the Galactic Center, totaling ~20% of the sky). 

The improved viewing geometry from space is highly beneficial. Without the 
atmospheric scattering of light, a telescope can observe much closer to the Moon 
and the Sun. Space-based telescopes can easily look right along the Earth-Sun 
tangent line (solar elongation = 90o). A solar elongation fixed to near 90o (typical-
ly ±20o) allows a spacecraft to have simple fixed solar panels, which lowers cost. 
If the telescope is equipped with good baffling, solar elongations as small as 40o 
can be reached.  

The two primary limitations on sensitivity in space are usually solar light, scat-
tered by the spacecraft itself, reaching the instruments at the telescope focal plane, 
and thermal constraints as the spacecraft must operate within a modest range of 
temperatures. Going out of range on temperature could distort the optics, com-
promise the electronics, or raise the detector background, which would reduce the 
signal to noise ratio of the NEO detections. 

In most low Earth orbits (LEOs) the Earth blocks most sky locations from view 
for half the time on each orbit. But there are some almost polar orbits (inclination 
~99o) which stay above the Earth’s day/night terminator. Using this terminator 
orbit a telescope that scans around the circle perpendicular to the Sun once per 
orbit achieves continuous unocculted observations. 

4.5.2.1   WISE: The Wide-Field Infrared Survey Explorer 

The NASA WISE mission (Wright et al. 2010), operated out of UCLA and Cal-
tech/JPL, used a terminator orbit to perform a one year all sky survey in four 
thermal infrared bands: 3.4, 4.6, 8 and 22 microns. It was a NASA Explorer class 
mission, the smallest NASA mission class (e.g. Elvis et al. 2009), which utilized a 
40cm telescope. Initially the instrument was cryogenically cooled with solid hy-
drogen to <12 K. The field of view of WISE is a relatively modest 47 x 47 arcmi-
nute (0.6 sq.deg.). WISE has now run out of cryogen and has warmed up to 180K. 
It is currently in hibernation, lacking the funding to continue operations. Given 
new funding WISE could continue to survey in the two shortest wavelength bands, 
3.4 and 4.6 microns, which remain sensitive.  

The NEOWISE project reprocessed the WISE data to find about 500 NEOs 
(Mainzner et al. 2011b, 2012). Finding moving objects required new, specially 
adapted software, as the WISE data reduction pipelines were designed to find 
distant objects that are effectively stationary on the sky. Detector artifacts, in par-
ticular those produced by cosmic rays passing through the detector, make moving 
object detection a non-trivial exercise. The smallest NEO found by NEOWISE 
was about 100 m diameter. A comparison of NEOWISE sizes with direct radar 
size measurements shows good agreement (Mainzer et al. 2011a). 
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4.5.2.2   Potential Space Surveys in the Thermal-IR 

While Earth orbiting telescopes are far more effective than those on the ground, if 
restricted to Earth orbit, they will still have difficulty finding NEOs on the sun-
ward side of the Earth, primarily Atens and Atiras. Two telescopes are in devel-
opment that address this problem by using solar orbits. 

SENTINEL [http://b612foundation.org. The name is not an acronym.] takes a 
radical approach. SENTINEL mission will place a thermal infrared (5 - 10 mi-
cron) telescope in a Venus-like (0.7 AU) orbit. It will point its 0.5 m telescope 
outward, scanning ~1/3 of the 1 AU orbit at any one time. Just as Venus orbits the 
Sun in seven months, SENTINEL will too, sweeping over the entire Earth orbit 
space around 1 AU. This guarantees that any long synodic period NEO will be 
found quickly. In addition, all the NEOs will be seen near zero phase angle, mak-
ing  them somewhat brighter. As a result, SENTINEL should detect at least 90% 
of 100 m diameter NEOs, as well as a significant fraction of 50 m diameter NEOs, 
during its 5.5 year mission. Communications will be a significant challenge. The 
large distance of SENTINEL from Earth (0.3 to 1.7 AU) limits the telemetry rates. 
Even though NASA will be providing the Deep Space Network to receive data, 
full frame images cannot be returned for analysis on the ground. Hence intensive 
on-board data processing will be required to detect moving objects, including 
NEOs. Only the small, postage stamp, images around NEO candidates can be 
beamed back. The SENTINEL mission is being pursued by the B612 Foundation, 
using philanthropic funding. With a possible launch in 2015, this would be the 
first privately funded deep space mission. 

NEOCam [http://neocam.ipac.caltech.edu/] takes another approach to escaping 
the Earth-orbiting problem. It intends to put a 0.5m telescope at the Sun-Earth L1 
Lagrange point, roughly 106 km (~0.01 AU) Sunward of the Earth 
[http://www.esa.int/esaSC/SEMM17XJD1E_index_0.html]. This Lagrange point 
requires less delta-v to reach, which should make it less expensive than 
SENTINEL. In addition, the telescope can be cooled to about 30 K without any 
cryogen to limit its lifetime (Mainzer 2006). (This is called passive cooling.) The 
NEOCam mission can reach solar elongations as small as ~40o, opening up most 
of the 1 AU orbit to surveying, although NEOs at small elongations will be more 
distant than for SENTINEL, and will be viewed at less favorable phases. Another 
advantage of the L1 point is that it is close enough to Earth to allow high data 
rates to be transmitted back, so that ground data processing can be used to select 
NEOs. This will ensure higher reliability in the reported NEOs. NEOCam is de-
signed to survey in two bands, 5 and 10 microns, allowing a temperature to be 
determined, rather than assumed, which will lead to more accurate sizes. In a four 
year mission NEOCam could find two thirds of all NEOs larger than 140 m. 
NEOCam has been proposed to NASA’s Discovery program twice, and has been 
funded for technology development in 2010 (McMurty et al. 2013). 
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4.6   Remote Telescopic Characterization 

The available astronomy techniques for the characterization of asteroids form a 
pyramid, or “wedding-cake”, ranging from low-cost methods that can be applied 
broadly, to thousands of asteroids, but return only modest information about the 
asteroid, to higher and higher cost methods that can thus be applied to smaller and 
smaller numbers of NEOs. 

Any more detailed characterization, beyond simple detection and orbit determi-
nation, demands the collection of more photons. This has consequences. More 
observing time, or a larger primary mirror, or both, are required. This means that 
far fewer asteroids will be characterized than detected. To date, most characteriza-
tion has been carried out with terrestrial equipment. Space-based facilities would 
open up new possibilities. 

The resolving power of a spectrum is R = λ/Δλ. Here Δλ is the width of the 
smallest resolved spectral bin and λ is the central wavelength of that bin. A spec-
trum that is adequate for asteroid characterization has a resolving power R ~ 100. 
By optical astronomy standards R ~ 100 is a very low resolution [Values of a few 
thousand are commonly achieved, and R = 100,000 is quite possible. Requiring 
only low resolving power has the advantage of requiring fewer photons than high-
er resolving power]. The photometric bands have an even lower R~10. To get the 
same signal-to-noise in 10 bins each 1% wide needs 10 times as many photons as 
a simple detection over the whole 10% wide band. That would appear to move 
characterization from a ~1 meter telescope to a ~3 meter telescope. However, the 
near-IR has a higher background, which degrades the signal-to-noise there. Fortu-
nately, this can be compensated for as, once an asteroid orbit is known accurately, 
a telescope can track its path during an observation. This allows integration times 
to be increased from a few minutes to an hour or longer. With these long integra-
tions, a 3-meter class telescope can indeed characterize many NEOs. 

In the following sections I describe each layer of the characterization wedding 
cake, from various forms of photometry, the easiest technique, up to spectroscopic 
techniques. The section concludes with a brief look to future space-based  
opportunities. 

4.6.1   Photometry  

4.6.1.1   Colors  

In astronomy a “color” is the difference, in magnitudes, between two photometric 
bands. Colors give a coarse view of the shape of the spectrum. The diagnostic 
value of optical broad band photometry (Sect. 4.5.1.3) for asteroids was demon-
strated with the “Eight-Color Asteroid Survey” (ECAS, Zellner et al. 1985). Using 
this data, Tholen (1989) was able to establish a taxonomy of asteroid types. More 
recently, Ivezić et al. (2001) showed that using just four of the SDSS bands (griz) 
asteroids can be classified into a few sub-types, if the photometry errors are a few 
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percent, as in SDSS (3%, Carvano et al. 2010). This allowed a first rough classifi-
cation of NEO types. For example, S-type asteroids can be distinguished from C- 
or D -type, with reasonable reliability. But SDSS photometry is not good at finer 
grained typing, such as separating the E-, M- and P-type objects. 

4.6.1.2   Optical Variability  

NEO rotation periods and aspect ratios can be determined using time series data of 
their brightness. These are called “light curves” by astronomers. A period is found 
from the time taken for the shape of the light curve to repeat. For a symmetrical 
body the period is double the repeat time. The aspect ratio of the asteroid is given 
roughly from the amplitude of the light curve. 

NEO rotation periods range from a few minutes, or even shorter, to about 10 
hours or longer. Only smaller NEOs have spin periods shorter than about an hour. 
Faster rotations rates would throw off loose regolith from their surfaces centrifu-
gally (Pravec and Harris 2000). This division of rotation rates is good evidence 
that smaller NEOs are more likely to be monolithic, while most larger NEOs are 
rubble piles. Small NEOs (H < 20) rarely have spin periods of less than a few 
hours. This may be because they are easily spun up by the YORP (Yarkovsky - 
O’Keefe - Radzievskii -Paddack) effect (Rubincam 2000). The possibility of there 
being against seeing faint slow rotators should be considered. 

If the asteroid is found to be a binary, by seeing eclipses in the light curve, then 
the masses of the two components of the binary can be determined using Kepler’s 
laws. Only about 15% of NEOs are seen to be binaries at present. However, our 
sensitivity to small secondaries is not good. The high precision photometry dem-
onstrated by the Kepler mission (Sect. 4.6.4), may be able to find a higher fraction 
of binaries. This would allow many more NEO masses to be determined cheaply. 

 If the light curves sample at least 10 phases per period, and span a number of 
rotation periods with good accuracy (~1-3%) then the NEO gross morphology can 
be determined using tomographic techniques (Hanuš and Ďurke 2011). Asteroids, 
especially the smaller ones, do not always spin around one of their principal axes. 
These non-principal axis (NPA) rotators, or tumblers, present different parts of 
their surfaces to us on each rotation. Tumblers thus allow better tomographic re-
construction of their three dimensional shapes. Newer data analysis techniques, 
such as genetic algorithms, are increasingly able to extract structural information. 
The resulting structures can be then be checked against radar, adaptive optics and 
interferometric images, or in situ spacecraft images, in a few cases, to validate the 
techniques (Bartczak and Marciniak 2012). 

4.6.1.3   Facilities 

A dedicated 1m telescope could classify a few hundred NEOs per year into S or C 
types using photometry in the SDSS bands. At NEO magnitudes, exposure times for 
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photometry are quite short. A minute on a 1 m telescope [http://www.noao.edu/ 
gateway/ccdtime/] should reach V = 21 at 10σ, which is a clear detection, 3% in ~5 
minutes, but attaining 1% accuracy requires about an hour. 

Several observatories have telescopes at least partially dedicated to asteroid 
photometry (Table 4.4). Most of these observe in a single broad optical band to 
measure light curves, and do not obtain multi-band data to classify NEO types.  

Table 4.4 Ground-based Characterization Facilities 

Observatory Location  Telescope 
dia(meters) 

Capability 

NASA Infrared Telescope Facility 
(IRTF) 

Mauna Kea, 
Hawai’i 

3.0 Optical-near-IR 
spectroscopy 
(0.8-2.5 
microns) 

Palmer Divide Observatory (PDO) 
[http://www.minorplanetobserver.com/
PDO/PDOHome.htm]  

Colorado 
Springs, Col-
orado 

3 x 0.35   1 x 
0.5 

Photometry (1 
band for light 
curves) 

Palomar Mt. Palomar, 
California 

1 x 1.5    1 x 
5.0 

Photometry 
(colors)  Spec-
tra (optical-
NIR) 

Las Cumbres Observatories Global 
Telescope Network, (LCOGT) 
[http://www.lcogt.net] 

various 2 x 2.0     1 x 
1.0    N x 0.4

Photometry 
(colors or light 
curves) 

Catalina Sky Survey (CSS) Mt. Lemmon, 
Arizona 

N x 1.0  Astrometry for 
orbits 

Tenagra [ 
http://www.tenagraobservatories.com]

 Arizona 1 x 0.81 Photometry 
(colors or light 
curves) 

 
The Palmer Divide Observatory (PDO), in California, is dedicated to asteroid 

characterization. Though formally amateur, PDO attains professional standards 
and is currently the leading source of asteroid light curves. PDO has discovered 
more than a dozen binary asteroids, and is funded by NASA, the NSF, and the 
Planetary Society.  

The Palomar Transient Factory (PTF) integrates the larger Mt. Palomar 1.5m 
P60 (60-inch) and 5m P200 (200-inch) telescopes into the system. This enables 
rapid follow-up. P60 takes images to obtain multi-color photometry, while the 
much larger P200 is equipped with “Triplespec” a 1-2.4 micron NIR spectrometer. 

The Las Cumbres Observatories Global Telescope Network (LCOGT) is based 
in Goleta, California. It is building a telescope network around the globe to allow 
continuous coverage of anything in the night sky. Observing time is open to insti-
tutions that have bought into the collaboration. 
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The Catalina Sky Survey (CSS) is upgrading its 1 m follow-up telescopes 
(Christensen et al. 2012). Their primary role is to determine more accurate orbits 
for CSS discoveries. It would be possible to use this facility for measuring light 
curves. 

Tenagra Observatory is a privately owned facility. They sell observing time at 
~US$200/hour. The Tenagra II telescope is a 0.81 m with a CCD image fitted with 
Johnson/Cousins UBVRI filters (Bessel 2005). Specialized filters supplied by the 
customer can be used. Both light curves and spectra could be measured with this 
facility. 

4.6.2   Optical-NIR Spectra  

Asteroid classification into Bus-DeMeo classes (De Meo et al. 2009) is routinely 
achieved using R~100 spectra spanning the near-IR 0.5 - 2.2 micron bands. The 
diagnostic absorption features are weak (1% - 5% of the flux at their wave-
lengths). High signal-to-noise spectra (S/N>10 per pixel) are thus needed to meas-
ure these features accurately. 

Ground-based optical-near-IR spectroscopy has two limitations. Most NEOs 
have had just one spectrum taken, so it is unknown whether their surfaces have 
variegated mineral content.  

More worryingly, different spectral shapes have been found on repeated obser-
vations of the same asteroid, which put it into somewhat different classes depend-
ing on the observation (Moskovitz et al. 2012). The strong, highly variable, NIR 
background on Earth, and the lack of well-characterized calibration standard stars, 
are contributing factors to this classification uncertainty. Single spectrum classifi-
cations are adequate for many scientific purposes, where large samples average 
out small errors. But a mining expedition demands more certainty on individual 
objects. Surface composition uncertainty means that a given expedition will need 
more potential targets, which may be costly. 

4.6.2.1   Facilities 

The sensitivity of NIR spectrographs limits the rate at which NEOs are characte-
rized spectroscopically. For example, to obtain 2000 NEO spectra/year would 
require gathering an average of 10 spectra on every available night. In an average 
10 hour night this allows exposure times of 45 minutes, plus 15 minutes per spec-
trum to acquire the necessary calibration data (primarily spectra of “standard 
stars” with well-measured spectra). A well-run program on a dedicated telescope 
can sustain this pace. 

The largest ongoing program of optical-near-infrared spectroscopy is the MIT-
UH-IRTF Joint Campaign for NEO Spectral Reconnaissance [http://smass.mit. 
edu/minus.html]. This survey uses the NASA 3.3 m Infrared Telescope Facility 
and the SpeX spectrograph. In the year May 2011 to May 2012, this program ob-
tained spectra of 84 NEOs in 19 nights. While this rate is much beyond that 
achieved a decade ago, it is only 10% of the rate at which new NEOs are being  
discovered. This program uses the SpeX spectrograph on the 3 m NASA Infrared 
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Telescope Facility (IRTF) on Mauna Kea, Hawaii [http://irtfweb.ifa.hawaii. 
edu/~spex/]. SpeX can reach targets as faint as V~17.5 (Binzel et al. 2006). Most 
SpeX spectra are of larger NEOs (H < 15). Exposures of 30 minutes to one hour are 
normal, tracking the NEO as it moves against the background field of stars. 

 

Fig. 4.5 Brightest V magnitude for all NEOs visible in 2013 

However, most of the NEO population lies beyond the reach of SpeX. Most 
NEOs are discovered at V ~ 18 - 21.5 (Fig. 4.5). Of these ~30% get brighter than 
the V = 17.5 limit of SpeX (Beeson et al. 2013). 

Newer NIR spectrographs on larger telescopes can obtain spectra of fainter 
NEOs. For example, the FIRE instrument [The Folded-port InfraRed Echellette.] 
on the 6.5 m Magellan telescopes (Simcoe et al. 2010), can reach V = 20 on a 
NEO (Moskovitz et al. 2012) in ~1 hour exposures. At this limit, 96% of newly 
discovered NEOs are accessible. However large telescopes are heavily oversub-
scribed for their available observing time and are operated by consortia, so that 
little time is given to asteroid observations. 

Another advantage of going fainter is that a telescope can then have a defined 
schedule of observations well in advance, rather than having to react quickly, 
within a few days. This is because half of NEOs stay brighter than V = 20 for over 
three months, compared with just about 15% staying brighter than V = 17.5 for the 
same period (Fig. 4.6)[ These numbers are based on MPC statistics from 2011 
November 1 to 2012 November 1]. This simplifies the scheduling of spectroscopy 
after discovery. Observations can then also be scheduled away from full Moon, for 
increased sensitivity. 
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Fig. 4.6 Number of NEOs visible for longer than N days for V<17.5 (SpeX/IRTF) and 
V<20 (FIRE/Magellan) 

Another route to higher sensitivity is new NIR technology. A great increase in 
sensitivity is, in principle, possible by reducing the NIR sky background (Ellis and 
Bland-Hawthorn 2008). This background is due to primarily hundreds to thou-
sands of emission lines produced by hydroxyl atoms (OH) high in the atmosphere. 
These lines are not only extremely bright, they are also variable on both hours and 
minutes timescales, which complicates the use of even nearby calibration stars. If 
these lines could be removed, then the background would be reduced by 20-30 dB, 
equivalent to 5 - 7.5 magnitudes. A one meter telescope could then be as sensitive 
as a 10 meter telescope is now! Because the OH lines are extremely narrow in 
wavelength (<0.1nm) it should be possible to selectively remove these wafer thin 
slices of the spectrum without reducing the signal from the asteroid. Recent work 
has made progress. FIRE has a resolving power of R ~ 6000, so that several hun-
dred OH lines can be excised. Sullivan and Simcoe (2012) report a substantial 
gain of ~20 dB, but then other background components, not all understood, be-
come important. OH suppression is an active area of development, mainly because 
of its importance to cosmological studies. Useful improvements can be expected 
in a few years. 

4.6.3   Thermal IR Ground-Based Photometry and Spectroscopy 

From the ground there are three thermal IR windows of transparency in the at-
mosphere: M-band (5 microns), N-band (8-13microns), and Q-band (20 microns). 
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By far the widest and most transparent is the N-band, which is thus the most sensi-
tive. N-band imaging is sufficient to give a decent asteroid size measurement. To 
measure a temperature requires just R~10 across the 5 μm wide N-band. Details 
that reveal the NEO surface composition and dust size distribution emerge at 
R~30 (Vernazza et al. 2010). Unfortunately very few NEOs come close enough to 
become sufficiently bright to observe in the themal IR from the ground, so this 
technique has limited utility for large surveys. 

4.6.4   Other Characterization Techniques 

4.6.4.1   Radar  

Radar can give precise orbits, detailed shapes, and rotation axes of NEOs. Some of 
the best radar data are spectacular, with an effective resolution of a few meters. 
However, even with the world’s largest radio dishes, radar can only reach the 
small minority of NEOs that come nearest (0.05-0.1 AU [http://echo.jpl.nasa.gov/ 
~lance/snr/far_asnr18.gif]). As such, for bulk characterization, radar is generally 
limited to being a calibration tool for other methods (Howell et al. 2012, Mainzer 
et al. 2011a). The 70 m Goldstone or 300 m Arecibo dishes are the main facilities 
used for radar astronomy. High power transmitters are needed because the out-
bound signal is attenuated as 1/r4 by the time it returns to Earth. (1/r2 on the out-
bound journey, and 1/r2 on the return.) Arecibo uses a one megawatt transmiter, 
making fuel costs a significant factor. To gain a factor two in distance requires a 
factor 24 = 16, increase in power, which rapidly becomes problematic. NASA 
funded radar work at Arecibo and Goldstone supports the study of 20-30 NEOs 
per year, though in 2012 fuel cost savings allowed 80 NEOs to be targeted 
[http://neo.jpl.nasa.gov/neo/2011_AG5_LN_intro_ wksp.pdf, slide 20.] 

4.6.4.2   Optical and Infrared Interferometry  

Another way to measure the sizes of NEOs, in principle, is interferometry. Interfe-
rometry allows us to reconstruct images at the resolution of a single large tele-
scope by combining the signal from several smaller telescopes. The maximum 
angular resolution of a telescope is limited by diffraction for a fixed wavelength. 
A larger aperture produces a sharper image at fixed wavelength, and a shorter 
wavelength produces a sharper image for a fixed aperture size. In interferometry, 
two small telescopes with a large separation produce interference between their 
combined light beams as they move in and out of phase scanning across a field. 
Using multiple telescopes allows the reconstruction of images at the resolution 
that would be afforded by a single large dish of the same size as the separation of 
the smaller telescopes. This technique has long been used in radio astronomy. The 
NRAO Jansky Very Large Array (JVLA) is the premier instrument of this type 
[https://science.nrao.edu/facilities/vla]. It has baselines up to 27 km long.  
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Interferometry is inherently harder to implement at the shorter wavelengths of 
optical or infrared astronomy. CHARA, on Mt. Wilson, California and the Euro-
pean Southern Observatory (ESO) Very Large Telescope Interferometer (VLTI) 
are the two interferometers operating in the optical and infrared. The VLTI “MID-
infrared Interferometric instrument” (MIDI) [http://www.eso.org/sci/facilities/ 
paranal/instruments/midi/], produces thermal infrared (N-band) images at 20 milli-
arcsecond resolution, about 10 times better than that of the Hubble Space Tele-
scope in the optical band, but still only about 1.5 km resolution at 0.1 AU, much 
worse than radar. VLTI-MIDI can image only the occasional NEO, as it is limited 
to objects brighter than V ~ 14 (1 Jansky at 11.8 microns, Delbo et al. 2009,  
Matter et al. 2011).  

In the near-infrared (1 – 2 microns) the VLTI–AMBER (Astronomical Multi-
Beam combinER) instrument has 2 milli-arcsecond resolution, giving a resolution 
of 144 meters at 0.1 AU, still worse than radar. However, AMBER can only reach 
a 1.6 micron H magnitude of 8 [This is NOT the absolute H magnitude discussed 
in Sect. 4.4.3]. CHARA has a similar instrument with a factor ~2 better resolution, 
and should soon be upgraded to reach H ~ 10. The Magdalena Ridge Observatory 
Interferometer (MRO-I) promises to be five magnitudes more sensitive than 
VLTI-AMBER making many NEOs [http://www.mro.nmt.edu/about-mro/ interfe-
rometer-mroi/]. First light for MRO-I depends on funding availability. 

4.6.4.3   Astrometry  

Astrometry is the accurate measurement of the position of objects on the sky. 
Small changes in NEO orbit parameters are constantly occurring because of the 
“Yarkovsky effect”. In this effect, the rotation of the asteroid causes its black body 
emission to be strongest away from zero solar elongation, producing a tiny net 
force (Yarkovsky 1901). The change in NEO semi-major axes (a) due to the Yar-
kovsky effect is only ~10-4 AU/Myr (~5 mm s-1). Nevertheless, the effect has been 
confirmed using precise radar measurements (Chesley et al. 2003). To predict 
NEO locations decades in advance orbit changes of this magnitude need to be 
measured. Most asteroids are small, and their larger ratio of area to mass for 
smaller asteroids makes the Yarkovsky effect more important for them. If they are 
fast rotators though, the thermal differences will be smoothed out. As most NEOs 
are small, taking account of the Yarkovsky effect in calculating their orbits can be 
critical to finding them again. If larger orbit changes are seen, they indicate anoth-
er force is present, such as mass loss from volatiles or, for very small NEOs, solar 
radiation pressure. 

In principle, if the size, shape and thermal conductivity of the NEO are known, 
then the size of the Yarkovsky effect can be used to calculate the mass of the 
NEO. Unfortunately, the prospects for bulk measurement of NEO masses from 
this technique appear poor. On a decade timescale, normal astrometry can rarely 
detect this effect. Nugent et al. (2012) were able to detect the Yarkovsky effect in 
just 54 out of ~1250 NEOs. The ESA Gaia mission will achieve few milli-
arcsecond positions with a telescope area equivalent to a 0.5 m diameter mirror 
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[http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=40129]. Even so, 
Mouret & Mignard (2011) find that Gaia could measure the Yarkovsky drift for 
only a handful of NEOs. Expensive, one-at-a-time, local characterization must be 
used instead to measure NEO masses (Sect. 4.7), unless they are among the minor-
ity in binaries (Sect. 4.6.1.2). However, Pan-STARRS routinely obtains 1 dex 
better astrometry than the 1 arcsecond typical of NEO position measurements, and 
LSST promises to deliver another 1 dex improvement. At this level NEO astrome-
try just might have lead to good mass measurements when combined with other 
data, which would be a significant gain for asteroid prospecting. 

4.6.5   Space-Based Characterization 

Space-based observations have seven major advantages:  

(1) Outside the Earth’s atmosphere the intense, variable, OH emission lines in 
the 0.9-2 micron range (Sect. 4.5.2) no longer confound observational data. 

(2) Cooling the telescope and instruments to ≤40 K removes the thermal back-
ground for all wavelengths of 10 microns or less. The low background 
makes an enormous difference to sensitivity and survey speed. The 
NEOWISE survey (Sect. 4.4.2.1) was 300 times faster than the 8 m Gemini 
telescope in reaching a detection. 

(3) A single detector can capture the entire 0.5-10 micron spectral range with-
out atmosphere-induced gaps. Good detectors spanning this range have 
been developed for NEOCam (McMurty et al. 2013). 

(4) As small solar elongations become accessible, and latitude on the Earth is 
not an issue, many more NEOs are accessible at any one time. 

(5) Terrestrial weather is irrelevant, all the time is “night” time, and a full 
moon is much less important, which all lead to higher observing efficiency. 

(6) In some configurations long continuous observations are possible. Conti-
nuous observations are helpful in measuring shapes from light curves. 

(7) Extremely high accuracy photometry is possible from space. The NASA 
Kepler mission, with a 0.5 m primary, has demonstrated that a space obser-
vatory can obtain photometry with100 ppm (0.01%) errors, on a 13th mag-
nitude star (Koch et al. 2010), a factor 100 better than good ground-based 
photometry. Even the 15 cm MOST satellite can reach 200 ppm, albeit for 
Procyon, a 1st magnitude star (Walker et al. 2003). For optical photometry, 
in principle, a space mission could obtain quite detailed NEO morpholo-
gies, and find small binary companions (Sect. 4.6.1.2).  
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4.7   Local Characterization 

Asteroid prospecting needs to go beyond astronomy-based techniques in order to 
perform a detailed assay of resource content. If of the full sequence of remote 
characterization described in the preceding sections could be fulfilled we would 
know which NEOs are accessible to current launcher capabilities, and which ones 
are likely to be rich in volatile materials, or valuable mineral resources. However, 
the accuracy of these remotely acquired resource predictions are of only astronom-
ical accuracy. 

More accurate estimates of the resource content for the target asteroid are clear-
ly needed in order to bring down the risk to a prudent level. To do so, making 
measurements local to the NEO will be necessary, before mining operations begin.  

Planetary science mission techniques have a lot to contribute here. This is a 
large subject, with many missions from NASA, ESA and JAXA having potentially 
relevant technology to consider. This section presents only a brief overview.  

A few key points are worth emphasizing: 

(1) Only a tiny fraction of the ~20,000 NEOs >100m dia. can be visited by 
spacecraft. In order to choose them well, all the remote characterization 
techniques must be employed. 

(2) Mass is the key number missing from remote characterization. Masses 
require local measurements by robotic spacecraft (using tracking teleme-
try), except for binary asteroids (Kistler et al. 2010). 

(3) Several other measurements require close approach. X-ray and gamma-ray 
spectroscopy can detect surface resources. Optical imaging can measure 
density. 

(4) Contact measurements could provide fair samples of the resource content. 
Boreholes could sample the resource content to depths of several meters, 
where space weathering and outgassing have not been at play. 

4.7.1   Missions to Asteroids 

Only three spacecraft missions have visited an asteroid to within 1000 km: 

1. NEAR/Shoemaker (NASA) was the first spacecraft to orbit an asteroid, 433 
Eros, a 33 x 18 km, S-type Amor, in 1999, and later toucheddown on the sur-
face in 2000 [http://science.nasa.gov/ missions/near/]. 

2. Hayabusa (JAXA) orbited and touched down on 25143 Itokawa (a 500 x 294 x 
209 m, S-type, Apollo) in 2005, and returned a milligram sample of the surface 
regolith to Earth [http://www.jspec.jaxa.jp/e/activity/ hayabusa.html].  

3. DAWN (NASA) visited 4 Vesta (a 525 km diameter main belt asteroid) in 2011 
and, as of the date of writing, is on its way to 1 Ceres (the largest, 950 km di-
ameter, main belt asteroid) [http://dawn.jpl.nasa.gov/]. 
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Three new missions are under development: 

• NASA is building OSIRIS-REx for launch in 2016 to the C-type asteroid 
1999 RQ36 (a 493 m diameter, C-type, Apollo). If successful, it will return 60 
grams or more of surface regolith to Earth in 2023 [http://osiris-
rex.lpl.arizona.edu].  

• JAXA is building Haybusa II for launch in 2014. It is intended to return a 
sample from 1999 JU3 (dia. ~900 m, C-type, Apollo) in 2020 
[http://www.jspec.jaxa.jp/e/activity/hayabusa2.html].  

• ESA is studying another sample return mission, Marco Polo-R to the binary 
asteroid 2008 EV5. (primary dia. 1.6km, secondary dia. 400 m, probably C-
type, Apollo, de León et al. 2011). However the mission is not yet approved 
[https://www.oca.eu/MarcoPolo-R/]. 

4.7.2   Instrumentation 

The instrument package on OSIRIS-REx is quite comprehensive and provides good 
baseline of what tools are currently available [ http://osiris-rex.lpl.arizona.edu/sites/ 
osiris-rex.lpl.arizona.edu/files/pdfs/OSIRIS_REx_ infosheet.pdf]. These instruments 
fall into two classes: those that operate nearby from a few hundred meters above the 
asteroid surface, and those that require contact with the surface. 

4.7.2.1   Nearby Instruments 

The OSIRIS-REx payload includes a suite of optical/infrared imaging and spec-
troscopy instruments (OCAMS, OVIRS, OTES) similar to those used remotely. 
Their advantage locally, a few hundred meters above the surface, is that they can 
make high resolution maps of topography, and may reveal compositional inhomo-
geneities. Three dimensional surface models can be made by combining images 
from many angles and lighting conditions, using photogrammetry techniques 
(Gaskell 2012).  

Other OSIRIS-REx instruments can only be used locally. Doppler radio track-
ing of the spacecraft allows the NEO mass, and also rough mass distribution, to be 
determined (Takashima and Scheeres 2012). A laser altimeter, OLA, can deliver 
ranging, topography and texture data. REXIS maps elemental abundances using  
X-ray imaging spectroscopy in the 0.5 – 7 keV [keV = kilo-electron volts. 1 keV 
corresponds to a wavelength of 1.25 nm.]X-ray detectors sensitive to carbon (0.3 
keV) and platinum (~12 keV) lines, which REXIS cannot see, are feasible (Kraft 
et al. 2012). A gamma-ray spectrometer was used on NEAR/Shoemaker and 
Dawn (GRS, Trombka et al. 1997), but is not included on OSIRIS-REx. GRS was 
sensitive in the 0.2 - 10 MeV band and measured isotopic ratios, as well as ele-
mental composition. Gamma-ray instruments have only minimal imaging resolu-
tion, which is only important if the target NEO is inhomogeneous. We don’t know 
if this is the case. 
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4.7.2.2   Contact Instruments 

Direct contact with the NEO brings further techniques into play. An impactor sent 
from a distance, as for the NASA Deep Impact mission to comet Tempel 1 
(A’Hearn et al. 2004) can be used to measure surface strength [http://www.nasa. 
gov/mission_pages/deepimpact/main/ index.html]. Such projectiles may penetrate 
sufficiently to reach depths where volatiles are present. The plume of vaporized 
material ejected by the impact can be analyzed spectroscopically from nearby, or 
remotely.  

Landing on the surface allows gentler observations. Hayabusa initially included 
a small (1kg) NASA supplied rover, MUSES-CN. Despite its small size, it would 
have carried a multi-band imager, and infrared spectrograph and an alpha/X-ray 
spectrometer. However, MUSES-CN was cancelled. The wide suite of instruments 
on the Mars Science Laboratory Rover, Curiosity (Grotzinger et al. 2012) show 
what is possible for contact instruments. Their cost and a mass precludes launch-
ing many copies. Laser created plasmas can probe the composition of mm-sized 
regions in detail, via spectroscopy, as on the ChemCam instrument (Maurice et al. 
2005) [http://www.msl-chemcam.com]. The SAM instrument (Mahaffy et al. 
2009) has a mass spectrometer for detailed molecular analysis, but the instrument 
is mechanically complex [http://msl-scicorner.jpl.nasa.gov/ Instruments/SAM/]. 

Boring a core sample requires a firm attachment to the NEO surface. On deep 
regolith or rubble piles this may be problematic (Daniels 2013). 

4.7.3   Need for Multiple Small Missions 

If we take the asteroids that already have complete remote characterization indi-
cating that they are promising mining candidates, we will know only that they lie 
within a broad range of possible resource richness.  

To find one NEO in the top 10th percentile of the resource we are seeking one 
would expect that we must make local investigations of about 10. But we could be 
unlucky. The binomial distribution probability of finding at least one in the top 
10th percentile with ten trials is 65% [See, e.g., Bevington P.R. and Robinson K., 
1992, Data Reduction and Error Analysis for the Physical Sciences, McGraw-
Hill, ISBN 0-07-911243-9, Chapter 2, Eq. 2.4]. To reach 90% we must make 22 
trials. (There will be a 66% probability there will also be a second good asteroid.) 
Forty-four trials are needed to reach 99% probability. So two to four dozen good 
NEO candidates must be investigated to have an acceptable chance of finding one 
ore-bearing asteroid. 

Because the transit time from one of the rare good asteroid candidates to the 
next is likely to be a year or so, serial investigations of a few dozen by one space-
craft will take too long. We must consider a parallel approach. A fleet, or swarm, 
of smaller spacecraft could investigate a number of NEOs simultaneously. 

The cost of obtaining this information needs to be a modest fraction of the val-
ue of the resources ultimately retrieved, perhaps 10%. For the nominal ~US$5 B 
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value of the PGM-rich 100 m diameter NEO considered in Sect. 4.3.1, that would 
cap the local prospecting cost at ~US$500 M. This means that we need to launch 
cheap, and surely small, spacecraft. 

Each one must then cost far less than, for example, OSIRIS-REx (Lauretta et al. 
2012). As a New Frontiers class mission, it will cost about US$800M, not includ-
ing launch. Robotic characterization missions for mining would not necessarily 
return samples, leading to greatly reduced costs. If sufficient resource data can be 
gathered without contact with the NEO, mission complexity and costs can be re-
duced further. Nonetheless, much smaller spacecraft will still be needed. 

This need has already been recognized. It is one goal of the Arkyd satellite se-
ries that Planetary Resources is developing, and of the Firefly, cubesat-based, 
satellites from Deep Space Industries. Their first launches (to LEO) could be as 
early as 2015. To keep the spacecraft small we will need to define a minimal in-
strument package. This could be limited to radio tracking and optical imaging. For 
prospecting, the next highest priority instrument is probably an X-ray imaging 
spectrometer. 

Operating small spacecraft at interplanetary distances poses two primary chal-
lenges: propulsion and communication. Propulsion might be provided by rocket-on-
a-chip technologies, such as microfluidic electrospray propulsion (MEP) systems 
(Mueller et al. 1997) using solar power. More radically, radioisotope-powered tuned 
thermo-photovoltaic systems (RTPV, Howe et al. 2012) might provide higher power 
electric propulsion, though Solar power currently wins for anticipated technology. 

Radio communications across AU distances requires high power transmitters 
and large (>34m) antennae, such as those of NASA’s Deep Space Network, to 
collect the weak signal [http://deepspace.jpl.nasa.gov/dsn/]. One solution to this 
challenge might be to set up a “Solar System Internet” with a chain of small satel-
lites acting as transponders around the Sun (Elvis, Landau et al. 2012). Another 
approach might be to look at the technology that is currently being developed for 
the Square Kilometer Array. [http ://www.ska.ac.za/download/fact_sheet_ skaint_ 
eng_2011.pdf]. This technology can track many probes at once. At a goal price of 
a billion US dollars for a one square kilometer array, and, being a highly modular 
technology, should scale, so that a 100 m diameter antenna, with ~1% of the area, 
should cost around $10M. A more careful study (Jones 2005) suggests that an X-
band only system could cost US$30 M – US$40 M. More than one system would 
be needed for continuous communication. 

Optical, laser-based, communication provides an alternative, and requires only 
moderate aperture telescopes as ground stations. But pointing near the Sun would 
be necessary and this might lead to a high background. Fortunately, the very nar-
row laser bandwidth greatly mitigates this problem. A careful choice of wave-
lengths that lie in solar spectral absorption bands [most likely Na H+K (589.29 
nm) or Hα (656.28 nm)] can help further. The newly developed optical sieve 
technology might provide a large optical mirror at low mass for transmitting the 
laser signal from a small satellite [see FalconSAT-7: http://www.usafa.edu/df/dfe/ 
dfer/centers/ lorc/docs/FalconSAT07.pdf]. The greatest difficulty for optical 
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communications may lie in achieving the sub-arcsecond pointing stability required 
for the beam to intercept the Earth. 

4.8   Implementation 

How should this program of NEO prospecting best be carried out? This review has 
concentrated on techniques, with only minor excursions into costs. Now we must 
consider both plausible costs and timescales. 

A first step would be increasing the ground-based NEO spectroscopic characte-
rization rate to keep up with the current rate of NEO discovery of about 1000 a 
year. If we could double this rate to 2000/year, then the 20,000 NEOs >100 m 
diameter could be characterized within a decade, always subject to the synodic 
period problem. 

Currently, however, all large telescopes are designed, and funded, for astro-
nomical research. Their available observing time is already oversubscribed by 
factors of three or more for this research, so obtaining large amounts of time is 
unlikely by an established route [E.g. Gemini: see right hand column of graph at 
http://www.gemini.edu/sciops/ statistics?q=node/11676].  

4.8.1   Costs 

The most direct way to obtain 2000 NEO spectra/year would be to build a new 
large telescope. The 10 m Keck telescopes cost ~US$100 M per telescope (Stepp 
et al. 2002). Using the 10 m Southern African Large Telescope (SALT 
[http://www.salt.ac.za/]) design could provide a more affordable path for a dedi-
cated ground-based NEO characterization facility. SALT was built for under 
US$30 M (Year 2000 $), including both an imager and a spectrograph (P. Charles, 
private communication, 2012). This simplified design uses spherical, modular, 
optics, and a fixed elevation. The moving secondary means that the aperture is not 
fully utilized, however. It is derived from the similarly low cost Hobby-Eberly 
Telescope [http://www.as.utexas.edu/mcdonald/het/het.html]. 

An alternative would be to re-purpose an old telescope, as was done for several 
NEO surveys. This may be a quicker and less expensive path than a building a 
new telescope. Re-purposing has become an option, as funding support for several 
major telescopes has dried up in recent years. The 4 m UK Infrared Telescope 
(UKIRT) is actually up for sale, an unprecedented situation [http://www.jach. 
hawaii.edu/UKIRT/news/UKIRT_AO/ Prospectus.pdf]. UKIRT running costs are 
given as US$1.238M/year. In addition, a new spectrograph would likely be needed 
for NEO characterization. Similarly, a 2012 review of the US ground-based as-
tronomy facilities run by the National Science Foundation recommended that the 
NSF divest itself of several moderate to large aperture optical-near-infrared tele-
scopes, and two major radio telescopes, including the 100 m diameter Green Bank 
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Telescope (GBT), which might be useful for radar [http://www.nsf.gov/mps/ast/ 
portfolioreview/reports/ast_portfolio_review_report.pdf]. 

But remote characterization is best done from space, as discussed above. The 
main limitation to in-space NEO characterization is getting an adequate mirror 
size at an affordable cost. The thermal infrared Spitzer Space Telescope has a 0.85 
m primary. Spitzer is one of NASA’s Great Observatories, and cost ~US$720 M 
(in 2004 dollars). The optical Kepler mission has a 0.5 m primary and cost 
~US$500 M, including 3.5 years of operations. WISE cost ~US$320 M.  

The proposed NEOCam mission is a Discovery class mission, and so fits within 
that cost cap of US$425 M, not including launch [http://discovery.nasa.gov/p_ 
mission.cfml]. A modestly enhanced version of NEOCam could carry a 0.5-10 
micron spectrometer and, possibly, also be capable of high enough time resolution 
to make precise light curves. The remote characterization problem would be al-
most completely solved with such a mission.  

4.8.2   Timescale 

How quickly can we complete the characterization of the 20,000 NEOs >100 m 
diameter? If we start now, the remote characterization phase could be essentially 
completed within a decade. 

The quickest start would be made by re-purposing UKIRT to 100% NEO cha-
racterization, notably near-infrared spectroscopy. Increasing the number of nights 
from ~16 a year to about 200 a year is alone enough to get spectra of ~1000 NEOs 
a year. UKIRT has the thermal-IR MICHELLE instrument, which could begin 
work at once. Building a new optical-near-infrared spectrograph based on an exist-
ing design would take 2-3 years before it could begin work. A new spectrograph 
design would take a year or two longer. 

Building an exact SALT duplicate on an existing site would take about 4 years. 
(SALT was built from mid-2001 to mid-2005, Phil Charles, 2012, private commu-
nication.) The site needs to allow the construction of a new large telescope, which, 
unfortunately, probably excludes Mauna Kea. Once operational, such a telescope 
could gather spectra at ~2.5 times the rate of UKIRT, based on its increased area 
(and assuming background limited instruments). 

A new Explorer class space mission is also likely to take five years from ap-
proval to launch. B612 is trying for a shorter build time, closer to three years. The 
mission itself would then last 3-5 years.  

Following spectral characterization, local characterization of optimally chosen 
NEOs could then begin in bulk. A immediate test program for small interplanetary 
satellites, targeting the best NEOs available at the time could teach us how to 
build optimal missions for the bulk phase of the investigation, so that we could 
scale up rapidly. Planetary Resources and Deep Space Industries are taking this 
approach, planning on a three-year build time to their first launch. The Arkyd 100 
series, though, will not have interplanetary capability. A first local characteriza-
tion phase, with fully optimized – prospecting-worthy - targets, could well begin 
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when the census is half completed. The first local characterization results from 
optimal targets could then come in a decade, with the rest following within five 
years. 

4.8.3   Research 

Some of the programs outlined in this review have almost reached an “industrial” 
stage. Astrophysics research is not required to produce NEO orbits and spectra in 
bulk. On the other hand, the characterization of asteroid composition, whether 
remotely, locally, or via meteorites, is by no means settled science. For example, 
the theory of planetisimal formation and differentiation, needs to be developed to 
a point where it can guide prospecting. Theory always needs guidance from ob-
servations and experiment. Observing asteroid belts in other planetary systems, 
and directly comparing meteorite mineralogy with astronomical spectroscopy of 
the parent asteroid are just two examples. The implication is that industrial astero-
id mining will have a continuing need for academic research, in order to optimize 
its commercial prospecting and mining returns. 

Good basic research is not effectively motivated by profit, however. Practition-
ers of asteroid science do not see an urgent need to characterize the whole NEO 
population. In order to attract the interest of research astronomers, potential scien-
tist users of prospecting data need to be convinced that surveys for mining needs 
will also benefit their scientific efforts (Elvis 2012). Large astronomy surveys 
initially faced a similar challenge. Most astronomers did not realize how big data 
would benefit their field. But, today, astronomical research has been transformed 
by the bulk data acquired by the Sloan Digital Sky Survey (Madrid and Macchetto 
2009). Bulk data will similarly transform Solar System research.  

Already, the greatly accelerated discovery rate of NEOs initiated by the George 
E. Brown Congressional mandate to find 90% of all NEOs with diameters greater 
than 140 m diameter, has revitalized asteroid research, although its root motiva-
tion was not scientific. A similar explosion in asteroid compositional data, includ-
ing plentiful local measurements, will be even more transformative (Elvis 2012). 
The process of formation of our solar system will surely be greatly clarified, in-
cluding puzzles about Earth’s early history. For example, the origin of the water in 
the oceans, and the ores in the crust, as well as the potential seeding of Earth with 
organic molecules which may have sped up, or even enabled, the origin of life, are 
all topics that will benefit from more asteroid data. Beyond that, there is the possi-
bility of exotic materials, with new properties, that form only in space (Bindi et al. 
2012, Ma et al. 2012). 

Policies enabling open access will be needed, if we intend to derive maximal 
science benefit from this new data. Yet some of the data will have commercial 
value as intellectual property. Significant work will be needed to establish a good 
set of working rules. 
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4.9   Summary and Conclusions 

"Everything is science fiction right up to the point that it's science fact" 
[Chris Lewicki, Chief Asteroid Miner, Planetary Resources]. This review has 
attempted to lay out how the prospecting challenges faced by would-be asteroid 
miners can become science fact. The approach tried to be reasonably complete and 
quantitative. While the implied programs are substantial, a concerted program 
over the next decade could complete the program, generating a highly valuable set 
of NEO prospecting data. This would buy down the risk for all future asteroid 
mining ventures. Raising substantial private capital for such ventures would then 
be much easier. 

Finally, all the techniques described in this review for mining purposes, apply 
equally well to the selection of asteroid targets for human exploration, and for 
discovering actually hazardous objects (not merely “potentially hazardous” ones) 
and diverting them. Throughout, science will accrue great benefit from the vastly 
enlarged data sets. Whatever our interest in asteroids, these preliminary prospect-
ing steps are unavoidable. This clear alignment of motivations calls for strong and 
rapid action. 
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5.1   Introduction 

Sending probes to asteroids for prospecting and, ultimately, mining, is fundamen-
tally different from purely exploratory space missions. Time, cost-efficiency, and 
an industrially acceptable rate of success are key issues. We should be able to  
investigate targets that are easy to reach and are probably suitable for mining  
purposes; i.e., they contain enough material resources and provide favourable 
working environments. While such prior selection cannot be foolproof, we in-
crease our chances of success by characterizing the potential targets as well as 
possible prior to space missions (e.g., Mueller et al. 2011). 

The purpose of this chapter is to give an overview of our pre-mission sources of 
information about asteroids. The data available to us are mostly Earth-based; i.e., 
from ground or satellite observatories. With sufficient remote-sensing data, we can 
construct models of individual asteroids. Fortunately, the development of observa-
tional techniques and facilities over the past two decades has been nothing short of 
spectacular, offering us various data modalities on which to base our asteroid 
models. The development of mathematical methods for analyzing such data has 
been equally important.  

This chapter is designed to be accessible to anyone interested in the detective 
business of asteroid modelling. One does not have to be an engineer, a scientist, or 
a mathematician to follow our discourse. We avoid technical details and equa-
tions, leaving them to references, simply because otherwise the story would fill an 
entire book. Our focus is on the big picture: how does one form a portrait of an 
asteroid without sending anything there – usually without seeing more than a point 
of light – and how accurate can we expect that portrait to be? 

We proceed by taking each observational source in turn: what does it reveal to 
us and how? The mathematical and methodological thread runs alongside: most of 
the data are so-called generalized projections of the target (Kaasalainen and 
Lamberg 2006) that essentially sample radiation from sets of points on its surface 
in various ways. Reconstructing the asteroid from this information is an inverse 
problem that requires mathematical analysis in the choice of the solution method 
and the examination of the uniqueness and stability of the solution. An important 
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concept is that the multiple data modalities are complementary: together they form 
a picture that is more than the sum of its parts. 

In the following, we first discuss the information and parameters we want to re-
trieve in Sect. 5.2. Then, in Sect. 5.3, we briefly list the data sources and tabulate 
their information content, after which we discuss the inverse problems related to 
each data type. Finally, we discuss some special cases of targets and data in Sect. 
5.4, and in Sect. 5.5 we sketch a scenario for obtaining a pre-mission portrait of an 
asteroid. 

5.2   Making Asteroid Portraits 

5.2.1   Exact Model Parameters 

First, we define what constitutes a model of an asteroid in terms of the exact phys-
ical and mathematical parameters describing it. For many targets, we can deter-
mine only some of these parameters simply because of the lack of data. The main 
reason for the lack of data is the size of the solar system. Because of their small 
sizes and long distances from us, most asteroids are only revealed to us as dimen-
sionless points of light. Determining their orbits from these points is a relatively 
easy task in celestial mechanics and accurate astrometry, but inferring the rest is 
considerably trickier. Our challenge is to find out an asteroid’s 

1. Size (volume)  
2. State of rotation (period and spin axis direction)  
3. Shape  
4. Mass and density 

In the following, by a model we mean a reconstruction that contains a quantitative 
estimate of some of the items on the list, which is roughly in the order of increas-
ing difficulty. It is also roughly the order in which these parameters are typically 
determined. For most asteroids that can be observed in the first place (of order 105 
to 106), we can get an estimate of the rotation state and shape (given enough time), 
and a rough estimate of the size. For some thousands of these, it is (or will be) 
possible to obtain very good estimates based on some disk-resolved data. Mass 
and density estimates require non-negligible gravitational interactions between 
bodies (binary asteroids or asteroids perturbing each other or space probes).  
Information on the corresponding orbital configurations is contained in the  
observational data. 

5.2.2   Inferred Properties: Composition and Structure 

When only ground-based data are available, composition and structure are most 
often estimated by inference based on the exact parameters and known or guessed 
correlations. Here we enter something of a grey area: though based on figures, the 
description cannot be put in a form of, say, a mathematical function. This is the  
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reason why it was necessary to have a geologist among the Apollo astronauts: no 
instrument can describe something that an experienced eye can infer. This has as 
much to do with our collection of concepts and definitions as with the quantity (or 
lack of it) of numerical information. 

When an asteroid’s density, size, and shape are known, it is possible to draw in-
ferences from morphology and geophysical considerations. The Lutetia flyby by 
Rosetta (Sierks et al. 2011) is an example of the interior properties of an asteroid 
deduced from external ones. The volume of the asteroid could be determined well 
as it was known very accurately for one half, and the other half was strongly con-
strained by the combined flyby and groundbased observations. The mass was  
accurately known from the deflection of the probe trajectory, so the density could 
be deduced. This turned out to be at the high end of known cases, constraining the 
structure and composition of the interior. Small asteroids such as 1999 KW4 or 
Steins spun up by the YORP effect feature an equatorial ridge indicating a rubble-
pile structure (Ostro et al. 2006; Keller et al. 2010). A strongly bifurcated or a 
sharply asymmetric shape indicates two loosely connected bodies or a contact 
binary (Ostro et al. 2002; Demura et al. 2006). A low density for a target with 
apparently denser material indicates a porous structure (Britt et al. 2002; Carry 
2012). 

Next we briefly discuss data sources that contain information on composition in 
a constraining rather than exact model-defining sense. 

Spectroscopy. Spectroscopy is a key data source on the material properties of 
asteroids. In practice, it is a direct indicator rather than a data source for an inverse 
problem, although one can measure spectroscopic lightcurves (cf. Nathues et al. 
2005).  

Asteroid taxonomy is mostly based on spectroscopic data (DeMeo et al. 2009). 
Different taxonomic classes correspond to different mineralogical composition of 
the surface and/or different evolution history. However, the same taxonomic type 
does not in general guarantee the same composition. Ideally, the spectroscopy 
over the visual and near-infrared range of the spectrum should be available for  
reliable spectroscopic studies. Spectroscopy may give a "tag" to the asteroid mate-
rial relating it with meteorites with similar spectra (Carry 2012). Large-scale sur-
veys such as Gaia can obtain low-resolution spectra of hundreds of thousands of 
asteroids (Delbo et al. 2012). 

Polarimetry. Polarimetric data of the light reflected from asteroids are availa-
ble for many targets, but the main problem from the point of view of modelling is 
that there is no good and computationally well tractable model of the state of po-
larization as caused by the entire surface and its structure. This, of course, means 
that there is no solution for the inverse problem. Correlations between, e.g., polar-
ization and asteroid types have been observed, and these can be used for educated 
guesses. Also, the ratio between the signal strengths from the two different polari-
zation modes in radar experiments is apparently correlated with the surface  
roughness at small scales (Ostro et al. 2002). 
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5.3   Data Sources for Model Construction 

Exact model-building information about asteroids can be obtained with various 
instruments, wavelengths, and measurement types: 

1. Photometry (lightcurves) 
2. Radar data 
3. Images (adaptive optics, space telescopes) 
4. Interferometry 
5. Thermal infrared radiometry 
6. Stellar occultations 

 
Of these, photometry and thermal IR (1 and 5) are disk-integrated (i.e., from 
pointlike sources) in character; the others contain disk-resolved information. In 
Table 5.1, we evaluate the model parameter estimates obtainable with each data 
type alone; however, data fusion improves the estimates considerably (see below 
and Figs. 5.5, 5.6, 5.7 and 5.9). We have also estimated the number of asteroids 
for which data for modelling can be obtained with each source within, say, a few 
tens of years.  

Table 5.1 Asteroid properties obtainable from various Earth-based data sources. Large X 
denotes a good estimate (with a conservative estimate of the obtainable level of data and 
coverage), small x denotes a rough idea. Small r denotes the ability to resolve a spin ambi-
guity in some lightcurve and radar solutions. The last column gives the number (order of 
magnitude) of targets suitable for each data type, and their main target populations (where 
applicable). 

 Shape Spin   Size, vol. Mass (binaries) Targets 

Photometry X X  Density  105 

Radar X (details) X X X 102/NEAs 

AO images x xr X X 103/large MBAs 

Interferometry x r X x 103/large MBAs 

Thermal IR    x  105

Occultations x r X  102

 

The figures are orders of magnitude; i.e., 102 means some hundreds or below 
one thousand and so on. The overwhelming difference between photometry or 
thermal IR and others is due to large sky surveys. With good and well-calibrated 
instruments, sparse photometry (Kaasalainen 2004; Ďurech et al. 2006) makes it 
possible to obtain a large number of asteroid models within some ten years. More 
detailed models with data sources at higher resolution require large top-level  
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instruments of which there probably will be only a few in the world at a given 
time. Thus the constraints on observing time available limit the number of models 
obtainable in intermediate or high resolution, even if it were technically feasible to 
resolve thousands of asteroids with the future superlarge telescopes. For the same 
reason, we do not give, e.g., adaptive optics (AO) images the full capability to 
model 3D shape and spin. Theoretically this is possible, but in practice very few 
asteroids will be given enough observing time for the purpose: instead, we are 
likely to have some complementary snapshots. 

Next we discuss the modelling possibilities and analysis of data sources each in 
turn (see also Sect. 1 of Carry et al. 2012); before this, we emphasize the simulta-
neous use of the sources in data fusion. 

Data Fusion. While lightcurves and radar data are sufficient for asteroid mod-
elling by themselves, they can be augmented with the other, complementary data 
modes to produce more detailed and reliable models. In some cases, the other data 
can complete a deficient lightcurve or radar dataset so that modelling is possible in 
the first place. Data fusion, or the simultaneous use of several data sources in a 
combined inverse problem, is a powerful method for getting as much out of all 
available data as possible. The key issue is the optimal weighting of each source 
(or different subsets of one source); this is called the maximum compatibility  
estimate (Kaasalainen 2011).  

 

Fig. 5.1 The principle of the maximum compatibility estimate. The ideal solution is given 
by the point (asterisk) on a curve closest to the intersection of the two straight dotted lines. 
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The main principle of this approach is shown in Fig. 5.1, where we schemati-
cally consider two data modes. The parameters of the mathematical model are 
adjusted in data fitting. The weight of data mode 2 increases from left to right 
along a plotted curve; logarithm is used for scale invariance. The dotted lines give 
the best fits for each data source alone, and the ideal weight and solution corre-
sponds to the point on a curve closest to their intersection. The dashed line de-
scribes two compatible models for the data modes: both fit levels are good at the 
optimum. The dot-dash is an example of two somewhat mutually discrepant mod-
els or measurements: separate fits are good, but the optimal solution is a bad com-
promise. This implies systematic errors in data, or an insufficient mathematical 
model.  

5.3.1   Photometry 

The disk-integrated brightness of an asteroid varies in time due to its rotation and 
motion around the Sun. Light-variations of asteroids have been recorded for about 
a century, and electric measurements started in the late 1940’s; many of the early 
ones are quite accurate. The mass-production of CCDs in the 1990’s allowed rou-
tine acquisition of accurate data even with small amateur telescopes. Now pho-
tometry is recorded for hundreds of thousands of asteroids in all-sky surveys such 
as Pan-STARRS and LSST (under construction; Jedicke et al. 2006; Jones et al. 
2009). This makes photometry the richest data source on asteroids by far. 

 

 

 

Fig. 5.2 Lightcurves of the asteroid Golevka (asterisks), each for one rotation around its 
axis, together with the model fit (dashed line). The model is shown in Fig. 5.4. The meas-
urements are plotted in relative intensity. 
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Depending on the direction of the rotation axis of an asteroid, different parts of 
its surface are tilted towards the Earth as it moves around the Sun. For example, 
main-belt asteroids in the plane of the ecliptic show largest variation in the shapes 
of their lightcurves when their rotation axes lie in that plane. Such a configuration 
allows the target to be seen from all viewing aspects. In all the inverse problems 
discussed here, sufficiently wide aspect coverage is necessary for modelling. 

Examples of lightcurves obtained at various illumination and viewing geome-
tries are shown in Fig. 5.2. The observations are shown as asterisks, and the 
dashed line depicts the values obtained from the shape and spin reconstruction. 
The solar phase angle α denotes the angle between the illumination and viewing 
directions (the Sun and the Earth) seen from the target; θ gives the viewing direc-
tion measured from the asteroid pole, and θ0 denotes the illumination direction. 

For almost a century, lightcurves were not thought to be sufficient for proper 
general shape modelling: the inverse problem was considered unsolvable. The 
data were only used for crude rule-of-thumb estimates of the rotation period and 
axis and the dimension ratios of the body (Magnusson et al. 1989). This misunder-
standing stems from the fact that even if one knows the areas of the shadows of an 
object in all directions, it is impossible to reconstruct the object uniquely (Russell 
1906; Kaasalainen et al. 1992). This was thought to apply to asteroid lightcurves, 
since the brightness of an asteroid at opposition (the Sun behind the Earth seen 
from the asteroid) is, to a good approximation, proportional to its area projected 
on the plane of sky. For the same reason, the full moon looks like a disk instead of 
a ball. 

However, this ambiguity vanishes away from opposition; i.e., when shadows 
are visible on the surface of the asteroid. This enables a rigorous solution of the 
inverse problem: the unique reconstruction of the target turns out to be possible 
even at small solar phase angles α. Seen from the Earth, main-belt asteroids reach 
phase angles up to about 20-30 degrees, and near-Earth targets often more than 90 
degrees, so the natural observing geometries allow model solutions for most of the 
targets for which accurate photometry can be recorded. This mathematical result 
(Kaasalainen et al. 1992; Kaasalainen and Lamberg 2006) led to practical robust 
procedures for reconstructing the shapes and spin states of asteroids from their 
lightcurves (Kaasalainen et al. 2001, 2002, 2004; Ďurech et al. 2009, 2010; Hanuš 
et al. 2011, 2013). This method is applicable to almost any asteroid, which is far 
more than with any other observation technique. 

While the problem of lightcurve inversion is solvable, some limitations on the 
solution and the data available are inevitable. In a nutshell, these are: 

• Shape models from Earth-based lightcurves are usually limited to convex ap-
proximations of the object. Lightcurves do not reveal craters or valleys (Ďurech 
and Kaasalainen 2003). At this level of resolution, the models are well tested 
against the ground truth from space probes (Kaasalainen et al. 2001) and labor-
atory models (Fig. 5.3; Kaasalainen et al. 2005). The shape solution is also sta-
ble: it is not particularly vulnerable to data noise or inaccurate assumptions on 
the light-scattering properties of the surface.  
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• For targets close to the ecliptic plane, the longitude of the spin axis has two 
mirror solutions (while the latitudes of these are essentially the same). This 
applies also to radar (Kaasalainen and Lamberg 2006). 

• An asteroid should be seen from a few different observing geometries at least. 
A main-belt asteroid requires at least three different apparitions (a time interval 
of some five years), while one apparition may be sufficient for a near-Earth  
target. 

• The size of the target must be inferred from other data types, or by guessing the 
darkness (albedo) of the surface material. 

• The surface albedo is assumed not to vary much over the surface. There is an 
indicator for the violation of this condition, but only modest indication has been 
obtained for about one percent of the observed targets. Probe data and physical 
considerations (accumulation of surface regolith, space weathering) support this 
as well (Kaasalainen et al. 2001, 2002). 
 

 

Fig. 5.3 Validation of lightcurve inversion by laboratory measurements (left: target, right: 
reconstruction from 7 lightcurves). This ground truth also validated the robustness of the 
inversion against poorly known surface scattering properties. 

Using photometry with filters at various wavelengths, it is possible to construct 
colour maps of the surface with the lightcurve inversion method as well (Nathues 
et al. 2005). The slight differences in the brightness variations at different wave-
lengths do not affect the stable shape solution, but they indicate colour variations 
over the surface. This gives information on the potential differences of the compo-
sition of the surface material. 

5.3.2   Radar Data 

Contrary to other remote-sensing techniques, in radar studies the source of radia-
tion is not the Sun but a powerful radio emitter on the Earth. The pulse is sent  
towards the target and then the echo is received and analysed; this is the only  
experiment-like ground-based observation method of asteroids. Because the inten-
sity of the echo decreases with the fourth power of the distance to the target, radar 
observations are limited to near-Earth asteroids (NEAs) that come close to the 
Earth or to the largest asteroids of the main belt (MBAs). At present, the only two 
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radar facilities that are capable of these experiments at a sufficient level of signal 
strength are Arecibo and Goldstone. Future possibilities are offered by combining 
large new radiotelescopes or telescope systems (e.g., LOFAR and SKA) with 
transmitters such as EISCAT.  

For asteroids that come close to the Earth, radar is the best possibility for de-
tailed modelling. Most main-belt asteroids cannot be measured well with current 
radars, so the number of well-observed radar targets does not grow fast. In princi-
ple, radar can achieve a resolution level of less than ten meters, if the data are very 
good (the target makes a close approach). 

A range-Doppler radar samples the surface of the asteroid in bins that contain 
the integrated echo power from surface patches that have a common distance from 
and, due to the rotation, relative speed with respect to the radar. The size of the 
bins depends on the available resolution level, and each bin is represented as a 
pixel in a range-Doppler plot (which is not an image of the target). The shape and 
rotation of the target can be modelled from a set of such plots obtained at various 
geometries. This inverse problem has, in principle, a unique solution if the geome-
try coverage determined by orbital and rotational motion is good, just as with 
lightcurves (Ostro et al. 2002; Kaasalainen and Lamberg 2006). For example, if 
the rotation axis and the orbit do not allow other than mostly equatorial viewing 
aspects, a shape ambiguity or instability remains.  

As an example of a typical instability, the numerous radar measurements of the 
asteroid Itokawa had a nominal resolution of some ten meters (the target itself is 
roughly 500 meters across), but the resulting model (Ostro et al. 2005) failed to 
portray the shape features of the target that occur at a much larger scale and were 
later recorded by the space probe Hayabusa (Demura et al. 2006). Thus the actual 
resolution of radar was not better than that of photometry. Another ground truth 
was obtained by the Chinese Chang-E probe that flew by the asteroid Toutatis in 
December 2012. Toutatis has been extensively covered by radar, and the main 
features of the resulting high-resolution model (Hudson et al. 2003) agree with the 
probe images. However, the purported resolution of the radar-based model is  
exaggerated (Xiaoping Lu, personal communication). Radar models should thus 
not be mistaken for accurate high-resolution representations. 

The reliability of a model is always largely dependent on the observing geome-
tries available (constrained by observing schedules or the laws of nature). Any 
high-resolution models are more vulnerable to instabilities of this kind than the 
low-resolution lightcurve models that implicitly contain the resolution scale in 
their representation of the global shape; Figure 5.4 illustrates the difference be-
tween the two. They are also more sensitive to assumptions on the scattering prop-
erties. Detecting such instabilities and determining the actual resolution scale to 
avoid over-interpretation of the model obtained is important in all imaging, not 
just radar, that aims to portray shape details. 
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Fig. 5.4 Images of models of the small near-Earth asteroid Golevka (less than 1 km across). 
Left: radar model (courtesy of Scott Hudson); right: lightcurve model. The radar model 
contains artificial small-scale details that are retained in the modelling process to enhance 
the rendering of intermediate-scale nonconvex features. Such features are “gift-wrapped” 
by the convex lightcurve model that depicts the resolution obtainable from photometry 
alone. 

5.3.3   Adaptive Optics and Other Images 

Ground-based telescopes equipped with adaptive optics (AO) are capable of re-
solving the disks of large main belt asteroids (at least tens of kilometers across). 
The level of detail is not high as the images do not contain a large number of pix-
els as shown in Fig. 5.5; however, the main shape features can be resolved. The 
processing of AO images usually causes the boundary contours of the target to be 
much better defined than the image pixel brightnesses inside the contour; the latter 
may contain contrast errors and artificial features. Apart from resolving disks of 
asteroids, AO techniques have also led to the discovery of small moons of tens of 
main belt asteroids. 

 

Fig. 5.5 An adaptive optics image of the asteroid Daphne (A), together with the extracted 
boundary contour (B), and the plane-of-sky image of the model reconstructed with AO and 
lightcurves (C). (Figure courtesy of Benoit Carry). 
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Some disk-resolved asteroid images of resolution similar to AO have been tak-
en with the Hubble Space Telescope (HST), but the main development in Earth-
based asteroid images is in AO at large new telescopes. 

Actual disk-resolved images can currently be obtained of some 200 largest as-
teroids in principle (Marchis et al. 2006). Most of these are with adaptive optics on 
large ground-based telescopes. The resolution level is currently not very high; the 
superlarge future telescopes will enhance it, increasing the number of resolvable 
targets to some thousands (Merline et al. 2013), but the actual number is likely to 
remain below this, as discussed earlier. From the point of view of asteroid mining, 
most of these are large main-belt asteroids not among the potential near-Earth 
prospecting candidates. 

 

 

Fig. 5.6 Validation of Earth-based imaging methods. Top row: Rosetta flyby images of the 
asteroid Lutetia (Sierks et al. 2011). Bottom row: images of the lightcurve- and AO-based 
surface model at the corresponding viewing geometries (Carry et al. 2012). (Figure courte-
sy of Benoit Carry). 

By combining a number of images obtained at different geometries with other 
data (especially lightcurves), it is possible to reconstruct a fairly detailed shape 
model of the target as in Fig. 5.5 (the KOALA algorithm: Carry et al. 2010, 2012; 
Kaasalainen 2011; Kaasalainen and Viikinkoski 2012). The resulting data fusion 
model is better than that from any of the complementary sources alone. The power 
of this approach was validated with the Rosetta flyby of the asteroid Lutetia as 
shown in Fig. 5.6. The model was made and published before the flyby using 
lightcurves and adaptive optics images only. The excellent agreement shows  
that intermediate-sized shape details and features can be reconstructed from 
ground-based data. 

5.3.4   Interferometry 

Further increase in angular resolution is possible when using interferometry - the 
wavefronts from two or more telescopes are combined together. The angular reso-
lution is then equivalent to the resolution of a telescope with the same aperture as 
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the distance of the telescopes. However, this resolution is available only along the 
line connecting the telescopes, and the resulting observable is a sampling of a 
transformation of the asteroid’s image on the plane of sky. As all data providing 
angular resolution, interferometry can be used for size estimates (Delbo et al 
2009). 

   

Fig. 5.7 A portrait of the asteroid Eunomia (of order 250 km across), modelled with 
lightcurves and interferometry from HST/FGS. A sample interferometric curve is shown, 
together with the model fit (dashed line; the dotted one is for the lightcurves-only model). 

So far, there are few interferometric asteroid data of quality sufficient for mod-
elling. These are mainly from HST Fine Guidance Sensor (FGS). Much more data 
will be available with the new multi-telescope ALMA system (Busch 2009). 

In principle, interferometry offers disk-resolved information about the target. 
The information is scrambled by the response function of the instrument, but can 
be extracted when solving the inverse problem of simultaneous data sources  
(Kaasalainen and Viikinkoski 2012; Kaasalainen and Lamberg 2006). An example 
of HST/FGS interferometry in data fusion is shown in Fig. 5.7. The model from 
lightcurves alone would have given the fit with the dotted line: interferometry 
helped to resolve some nonconvex features on the surface of the asteroid  
Eunomia. 

When only a limited number of viewing directions are available, 
interferometric data are not as rich as AO images. With a large number of 
interferometric base lines (e.g., thousands in ALMA), the scrambled plane-of-sky 
image can be sampled densely, and the situation is essentially the same as having 
an image (AO images are also scrambled by a geometrically simpler point-spread 
function that has to be removed in the processing). Thus the ALMA data are going 
to be as important as AO images for modelling several hundreds of large main-
belt asteroids. ALMA operates in the thermal infrared, so thermal modelling must 
be included in the solution of the inverse problem. 
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5.3.5   Thermal Infrared Data 

Thermal infrared observations are much harder to obtain than visual ones because 
of the absorption bands in the atmosphere and the thermal background contami-
nating the signal from the asteroid. Therefore, the best observing station for ob-
taining thermal infrared data is outside the Earth's atmosphere (ISO, IRAS, Akari, 
WISE, Spitzer; Tedesco et al. 2002; Usui et al. 2011; Mainzer et al. 2011). Obser-
vations of asteroid brightnesses in the thermal infrared are the main source of 
 information about asteroid sizes (Harris and Lagerros 2002). 

In optical wavelengths, we detect the light from the Sun scattered from an as-
teroid's surface. However, for dark asteroids, most of the incoming energy is  
absorbed, heating the surface and subsurface layers, and the surface emits temper-
ature-dependent radiation according to Planck's law. At wavelengths of five mi-
crometers and longer, the emitted heat becomes measurable. 

Observations in the thermal infrared can remove the albedo/size ambiguity that 
is inevitable in visual photometry where one can only surmise the albedo. The 
temperature of the surface is not very sensitive to the albedo because the albedo is 
low; i.e., around 95% of the solar radiation energy is absorbed and subsequently 
emitted, and even large relative changes in the albedo change the temperature and 
the irradiation flux only a few percent. Thus the amount of emitted radiation is 
mostly proportional to the surface area.  

In order to compute the emitted radiation, the temperature of the surface must 
be estimated (Harris and Lagerros 2002; Delbo and Harris 2002). In the first  
approximation, it depends on the thermal inertia (the capability of the material to 
resist temperature changes). By estimating the thermal inertia, we can infer some-
thing about the surface – a low thermal inertia indicates a surface covered by thick 
and fine regolith, whereas a high inertia indicates bare rock. This has direct influ-
ence on the engineering choices of a landing mission.  

Reliable thermal infrared data are available for tens of thousands of asteroids 
(WISE, IRAS, AKARI; Masiero et al. 2011). However, these measurements are 
usually individual data points covering an interval of months or years. In order to 
estimate an asteroid's size projected on the plane of sky, one has to know  
the orientation of the asteroid at the time of observation and its shape, which can 
be derived from photometry. Thus, by combining optical and thermal data, we can 
in principle derive scaled shape models of a significant part of the asteroid  
population.  

5.3.6   Stellar Occultations 

From time to time asteroids pass in front of distant stars. An observer placed in the 
path of the shadow sees this as a sudden temporary decrease in the star’s bright-
ness. With multiple observers in various parts on the globe, timing the occultations 
corresponds to measuring a set of chord lengths across the shadow silhouette. The 
accuracy of the profile points depends only on the accuracy of the timings.  
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Although these events cannot be planned, only predicted, and the accuracy of such 
predictions is not perfect, the situation will improve with the precise astrometric 
catalogue from the Gaia mission (Tanga and Delbo 2007). Occultation measure-
ments are especially important for the faraway trans-Neptunian objects that are 
faint and cold. 

As with AO images and thermal data, if there is only one 'snapshot' of the as-
teroid, its orientation is not known from that data alone, and we can estimate only 
the lower limit of the size. When combined with a lightcurve inversion model, 
even a few occultation chords can determine the right size and pole for the model 
as shown in Fig. 5.8 (Ďurech et al. 2011). The chords between disappearance and 
reappearance, obtained at various locations on the globe and plotted on the shad-
ow plane of the occultation, confirm the shape solution from lightcurves (solid 
contour) and scale it. They also reject the mirror pole solution (dotted contour). 
Even though the profile points are sparsely sampled, they can also be used in the 
same way as AO data in the inversion with combined data types. 

 

 

Fig. 5.8 Size and pole determination for the asteroid Thisbe from occultation timings 
(straight lines). The distance corresponding to the motion of the asteroid in one second in 
the shadow plane is shown in the plots. The solid contour is the plane-of-sky profile of the 
lightcurve model with the correct pole; the dotted line is that of the mirror-pole solution. 

The practical problem is that we have to wait for a suitable occultation and then 
place many observers in the path of the shadow. For a successfully observed oc-
cultation, an additional benefit is that the resolution of the profile is of the order of 
kilometers. For large asteroids, this is better than with ground-based imaging 
techniques. 

5.4   Special Cases of Targets and Data 

5.4.1   Binaries 

The fraction of binary asteroids in the asteroid population is not negligible - ac-
cording to Pravec et al. (2006) it is about 16% for the near-Earth population, and 
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probably of the same order for small MBAs. A particularly useful aspect about 
binaries is that we can estimate their densities even if we can only measure their 
lightcurves. This is because the lightcurves give the orbital period of the system 
and its approximate relative size scale: how large the distance between the com-
ponents is relative to their sizes (Scheirich and Pravec 2009). On the other hand, 
Kepler’s third law says that the square of a system’s orbital period is proportional 
to the cube of that distance and inversely proportional to the system’s mass. 
Hence, the density is inversely proportional to the square of the period, and the 
absolute mass and size scale are not needed for its determination. 

For disk-resolved data, we can obtain both the mass and the size scale (and 
hence the density). Binaries are thus especially important in studying the structure 
and composition of asteroids.  

5.4.2   Complex Rotation 

Although most asteroids rotate along the shortest axis in the principal state with 
the lowest energy, some asteroids exhibit complex 'tumbling' and their rotation 
state can be described as free precession. These cases can be modelled by the 
same inversion techniques as 'standard' asteroids with a more complicated descrip-
tion of their rotation (Kaasalainen 2001; Scheirich et al. 2010). 
 

 

Fig. 5.9 Seeing the dark side. Left: Model of the asteroid Lutetia (120 km across) for the 
part seen by Rosetta completed by lightcurve and AO data (darker lower half). Right: Steins 
flyby map (5 km across) completed by lightcurve data (darker right end). The dashed line 
on the surface emphasizes the ridge-like equatorial feature. Both views are equatorial. For a 
detailed account of the flyby- and ground-based parts, see Keller et al. 2010 and Carry et al. 
2012. 

Another deviation from a simple rotation state (fixed rotation axis and rotation 
period) is caused by the Yarkovsky–O'Keefe–Radzievskii–Paddack (YORP) effect 
- the net torque caused by thermal radiation from an irregularly shaped asteroid. In 
the long term, this effect tilts the rotation axis with respect to the orbital plane and 
changes the rotation period. The change in the direction of the rotation axis is slow 
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compared to the interval of observation. However, the secular change of the rota-
tion period is relatively fast and has already been detected on some targets 
(Kaasalainen et al. 2007; Ďurech et al. 2008). 

5.4.3   Flybys 

Space probe flybys allow detailed views of about a half of the target, while the 
other half remains unseen. This, however, is sufficient for reconstructing the dark 
side to a better degree than obtainable by ground-based data only, because the 
directly seen side (that can be mapped with cartographic techiques) constrains the 
solution strongly (Kaasalainen and Viikinkoski 2012). This technique was used in 
the Rosetta flybys of Steins (Keller et al. 2010) and Lutetia (Sierks et al. 2011), 
and is applicable to any flyby. The full models of the Rosetta targets are shown in 
Fig. 5.9. 

5.4.4   Asteroid Tomography 

Direct analysis of the interior of an asteroid can only be carried out in situ. Before 
actually drilling below the surface, tomographic methods and techniques offer a 
possibility to have a glimpse of the inside of an asteroid. Radio tomography is a 
technique based on, e.g., the path lengths of the radiation inside the target  
(Kofman 2007; Pursiainen and Kaasalainen 2013). The experiment can be carried 
out by transmitters/receivers on the surface and one orbiting the asteroid, allowing 
a wide coverage of inspection geometries (Fig. 5.10). This can be further devel-
oped to include full radar pulse coding, giving a possibility to estimate the  
changes of the material properties inside and to locate at least the largest cavities 
or inclusions. 

 

 

Fig. 5.10  Asteroid prospecting with radio tomography. Top row: inclusions inside 1-km 
sized asteroids suitable for mining. Bottom: reconstructions from collimated radio beams 
between an orbiter and the transmitters shown on the surface (not to scale). 
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Seismic tomography is routinely used for prospecting and mining purposes on 
earth, and can in principle be applied to asteroids as well (Asphaug et al. 2002). 

5.5   Conclusions and Discussion 

For mass production of asteroid models, photometry is more or less the only op-
tion. Photometric measurements can be made of any target that can be observed in 
the first place, so millions of asteroids of various sizes and orbits can be recon-
structed with lightcurve inversion. The data are from a large number of telescopes 
of various types (Ďurech et al. 2006, 2007, 2009, 2010; Hanuš et al. 2011, 2013). 
In practice, a very limited number of data points (hundreds or so per asteroid) 
from all-sky surveys will be available for the majority of such targets, but this 
suffices for basic modelling. Of these, the most interesting targets can be observed 
further to obtain dense additional lightcurves. 

More detailed models can be made by combining lightcurves with the other da-
ta sources. For main-belt asteroids, adaptive optics images, interferometry from 
ALMA, and radar data should produce hundreds or even thousands of intermedi-
ate-resolution models in this way. Radar can be used to reconstruct the shapes of 
hundreds of near-Earth asteroids in higher resolution. Structural properties of the 
asteroid can be inferred from the geometrical model, and spectroscopy gives an 
idea of the surface material. 

We can envisage a top-to-bottom scenario for selecting interesting targets and 
obtaining increasingly detailed ground-based information about them, from lower 
to higher resolution. Commercially operated telescopes are probably the fastest 
and most efficient way to collect data sufficient for modelling the thousands of 
asteroid candidates for prospecting prior to space missions. Several probes might 
then fly by a number of most promising candidates, and the data from different 
sources could be combined to complete individual models. Finally, when a probe 
flies to an asteroid to stay there, tomographic methods can be used to estimate the 
interior structure before starting mechanical prospecting and mining  
operations.  
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6.1   Introduction 

Granvik et al. (2012) predict that the Earth is surrounded by a cloud of small tem-
porarily-captured asteroids. These temporarily-captured orbiters (TCOs) originate 
in the near-Earth-object (NEO) population and are temporarily captured in the 
potential well of the Earth-Moon system (EMS). Granvik et al. (2012) predict that 
the largest object in orbit around Earth at any given moment (other than the Moon) 
has a diameter D  ~1 m (Sect. 6.2). The number of TCOs is inversely proportional 
to their size such that there are on the order of 103 0.1-meter-diameter TCOs in 
orbit around Earth at any given time.  

For the purpose of utilizing resources available in asteroids it is essential to first 
carry out accurate remote prospecting. The detailed mineralogy of an asteroid can 
in some cases be derived from spectrometric observations (Gaffey et al. 2002) but 
in general it is not straightforward to link meteorite types based on mineralogy 
with asteroid classes based on spectrometric observations. It was, for example, 
assumed for a long time that M-class asteroids are primarily made of Fe-Ni metal. 
Later it was realized that the composition of M-type asteroids is more complex 
and they contain substantial amounts of silicates (see, e.g., Ockert-Bell et al. 
2010). 

Observational techniques for understanding asteroid mineralogy can be im-
proved by validating the analysis of spectrometric observations of an object with 
the laboratory-defined mineralogy of samples from the same object. This type of 
validation is a major motivation for asteroid sample-return missions such as 
JAXA’s successful Hayabusa mission and the planned Hayabusa II, OSIRIS-REx 
(NASA), and MarcoPolo-R (ESA) missions. But it will take decades and substan-
tial amounts of funding before a large-enough set of samples have been obtained 
to understand the mineralogy of a meaningful fraction of all asteroid taxonomical 
classes. Fortunately, there are faster and less expensive alternatives. 

In 2008, a small asteroid, 2008 TC3, was discovered on a trajectory that would 
lead to a collision with the Earth some 22 hours later. Astrometric, photometric 
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and spectrometric follow-up observations using ground-based telescopes were 
scheduled and executed in the time leading to the impact. The asteroid entered 
Earth’s atmosphere over the northern Sudanese desert and so-called Almahata 
Sitta meteorites of the object were later found in the region. According to the 
spectra of 2008 TC3 the asteroid belongs to dark asteroids in the C-complex, pos-
sibly the F taxonomic class. Analysis of the Almahata Sitta meteorites revealed 
that the asteroid was made of dark carbon-rich anomalous ureilites, earlier thought 
to originate in S-class asteroids (Jenniskens et al. 2009). The material did not exist 
in meteorite collections prior to the 2008 event due to its rarity in interplanetary 
space or, perhaps, due to its fragility which vaporizes most of the material during 
the passage through Earth’s atmosphere. 

The rate of discovery of Earth-impacting small asteroids will increase as the 
capabilities of telescopic surveys improve (cf. Tonry 2011), but events similar to 
2008 TC3 will nevertheless remain relatively rare. First of all the object needs to 
be large enough not to completely vaporize in the atmosphere upon impact.  Let us 
assume that 2008 TC3, with an effective diameter of about a few meters, defines 
the lower size limit for objects that can produce macroscopic meteorites that sur-
vive the passage through the Earth’s atmosphere. Objects of this size impact the 
Earth a few times every year (Brown et al. 2002). About 70% of all meteorites 
will end up in oceans and a substantial fraction of the remaining 30% will occur in 
areas that are difficult to reach or otherwise not well suited for meteorite collec-
tion such as rain forests, taiga and mountain regions. Thus, an event like 2008 TC3 
is not likely to occur more than once every few years even if future surveys could 
discover all such objects before they enter the Earth’s atmosphere. Finally, a ma-
jor drawback of waiting for a small asteroid impact is that we cannot choose the 
taxonomic class of the impactor—if we simply wait for impactors it will take 
many decades to understand the mineralogy for a reasonable fraction of all taxo-
nomic classes. We suggest that the calibration rate can be increased because a 
suitable source of calibration targets can be found in Earth orbit, the TCOs. 

Only one TCO, 2006 RH120, has ever been discovered but recent results suggest 
that we will start discovering more as survey technology improves. Bolin et al. 
(2013) look at different possibilities for TCO detection such as the Subaru tele-
scope’s Hyper Suprime-Cam, the Large Synoptic Survey Telescope (LSST; antic-
ipated start of science operations in 2021), and meteor cameras (Sect. 6.3). They 
find, for example, that LSST will discover several TCOs every month given the 
TCO population model by Granvik et al. (2012). When this happens, TCOs will 
serve as easily-accessible validation targets (Sect. 6.4) by combining spectromet-
ric observations with sample-return missions. Analyzing the mineralogy of  
objects of different taxonomic classes in Earth-based laboratories will allow  
economically sound choices to be made when selecting targets for mining mis-
sions. TCOs can also be utilized as test beds for the technology to be developed 
for mining operations on asteroids such as high-precision automatic navigation 
and resource mapping using remote-sensing technology. 

The option of bringing back entire sub-meter-scale TCOs to Earth-based labor-
atories would open up a treasure trove for planetary science and thus also provide 
more accurate information useful for mining operations on asteroids. For example, 
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studying a TCO’s interior structure would increase our knowledge of the interior 
structure of asteroids in general. Based on theoretical considerations it has, for 
instance, recently been suggested that even small asteroids—previously assumed 
to be monolithic—may be rubble piles kept together by cohesive forces (D. 
Scheeres, private communication). Understanding the structure of target asteroids 
is clearly of key importance for future mining missions. 

6.2    Predicted Population Characteristics for Earth’s 
Temporarily-Captured Natural Satellites 

Granvik et al. (2012) compute the TCO size-frequency distribution (SFD) using a 
two-step process. First, the capture probability is estimated as a function of the 
heliocentric orbital elements. Second, the capture probability is multiplied by a 
debiased NEO orbital element distribution and scaled using the best available 
debiased NEO SFD. 

The capture probability as a function of heliocentric semimajor axis ah, eccen-
tricity eh and inclination ih is computed by integrating 10 million test particles 
through the EMS that have a reasonable possibility of being captured. A particle is 
classified as a TCO if it makes one or more revolutions around the Earth in a co-
ordinate system co-rotating with the Sun while being energetically bound to the 
Earth and within three Hill radii of the Earth’s center. 

 

Fig. 6.1 TCO capture probability as a function of pre-capture heliocentric orbital elements. 
Modified from Granvik et al. (2012). 
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Particles that will become TCOs have speeds of less than 2.2 km s-1 prior to cap-
ture at a distance of 4–5 Hill radii from the Earth. The TCOs’ heliocentric orbits 
prior to capture are extremely Earth-like with a ~ 1 au, e ~ 0 and i ~ 0° (Fig. 6.1). 

Once captured—through the Sun-Earth L1 or L2 point—TCOs spend most of 
their time between 1 and 10 lunar distances (LD) from the Earth. The TCOs’ 
speeds relative to the Earth are typically <1.5 km s-1 but reach Earth escape speed 
during close Earth encounters (Fig. 6.2). 

TCOs are, on average, captured for 286±18(rms) days and make 
2.88±0.82(rms) revolutions around the Earth during this time. Both distributions 
have very long tails: the longest simulated capture event lasts about 900 years 
during which the particle makes almost 15,000 revolutions around the Earth. 

Figure 6.3 shows the resulting TCO SFD assuming Bottke et al.’s (2002) NEO 
orbit distribution and Brown et al.’s (2002) Earth-impactor SFD. The latter is gen-
erally thought to accurately reflect the SFD of non-impacting small NEOs. 

Although the NEO orbit distribution by Bottke et al. (2002) is valid only for 
relatively large NEOs (D > 140 m), most of the uncertainty in the TCO SFD esti-
mate is likely due to the underlying NEO SFD. Granvik et al. (2012) prefer the 
NEO SFD by Brown et al. (2002) because it was measured for objects in the rele-
vant size range and is consistent with the occurrence of a 2006 RH120-like event 
once every decade. A steeper NEO SFD such as the one by Rabinowitz et al. 
(2000) can nevertheless not be ruled out. Brown et al.’s (2002) SFD explains the 
 

 

Fig. 6.2 TCO residence time as a function of geocentric distance and speed (rg and vg, re-
spectively). The implication is that TCOs will be difficult to detect from the ground because 
they are moving fast when they are close to the Earth and thus bright. Modified from 
Granvik et al. (2012). 
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observed TCO SFD assuming that the surveys’ detection efficiency for D > 2 m 
TCOs is 100%. Reducing the assumed detection efficiency increases the steady-
state number of TCOs at every size and makes the NEO SFD by Rabinowitz et al. 
(2000) a viable alternative. 

Bottke et al.’s (2002) NEO orbit distribution also has some recently highlighted 
problems which affect the TCO SFD: NASA’s WISE spacecraft detected more 
low-inclination Atens than Bottke et al. (2002) predict (Mainzer et al. 2012). Re-
call that low-inclination Atens are among the objects most likely to be captured by 
the EMS. The discrepancy is most likely caused by a too large integration step in 
Bottke et al.’s (2002) residence-time integrations (Greenstreet et al. 2012). There 
is still some inconsistency in the inclination distribution even after accounting for 
the integration accuracy (S. Greenstreet, private communication). The likely 
source for the residual discrepancy is the uniform inclination distribution used for 
the initial conditions by both Bottke et al. (2002) and Greenstreet et al. (2012). In 
reality the inclination distribution is skewed towards low inclinations (Granvik et 
al. 2013b). A new NEO model currently in development will soon shed light on 
this issue. 

 

 

Fig. 6.3 The cumulative steady-state TCO SFD based on Bottke et al.’s (2002) NEO orbit 
distribution and Brown et al.’s (2002) NEO SFD. The maximum size at which at least one 
object is captured at any time is H ~ 32 (or D ~ 1 m).  The frequency of capturing a TCO 
with H ~ 30 is about once every decade. The conversion from H magnitude to diameter 
assumes a geometric albedo of 0.15. The line width reflects the uncertainty in the TCO 
SFD. Modified from Granvik et al. (2012). 
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Furthermore, the orbital integrations by Granvik et al. (2012) only take into ac-
count gravity. Future work will need to account for non-gravitational forces such 
as atmospheric drag and solar radiation pressure that will affect the TCO SFD. For 
example, atmospheric drag aids in the capture of objects that would otherwise not 
be captured and thus directly increases the capture probability for the fraction of 
objects that have extremely close encounters with the Earth. We note that for eve-
ry TCO there are 103 asteroids on similar pre-capture orbits that do not get  
captured (Granvik et al. 2012). Thus accounting for the atmospheric drag may 
substantially increase the steady-state number of TCOs at every size. Non-
gravitational forces affecting TCO trajectories also have an indirect effect on the 
TCO SFD, because the latter is directly proportional to the average duration of 
capture. The indirect effect may therefore either slightly reduce or slightly in-
crease the steady-state number of TCOs. The TCO SFD is also affected by break-
up of larger asteroids, e.g., during a passage through the atmosphere or through 
tidal disruption during a close and slow Earth encounter (E. Schunova, private 
communication). 

The uncertainties in the NEO orbit distribution and SFD combined with the 
gravity-only orbital integrations suggest that Granvik et al.’s (2012) TCO SFD 
may be interpreted as a lower limit. 

6.3   Tracking Earth’s Temporarily-Captured Natural Satellites 

6.3.1   Detectability 

Detecting a TCO with D < 2 m is not easy. There are about two million 1–2-
meter-diameter NEOs that pass within one lunar distance of the Earth each year. 
Yet only 13 NEOs with 30 < H < 33 are recorded in the Minor Planet Center’s 
NEO catalogue as of 29 Oct 2012 (i.e., those corresponding roughly to a diameter 
of about 1–2 m).  Given that modern CCD asteroid surveys have been operating 
for about two decades it seems that the annual probability of detecting a 1–2 m 
scale NEO within one lunar distance is about 10-7. Thus, it may be somewhat sur-
prising that the few-meter-diameter TCO 2006 RH120 was detected at all. Howev-
er, even though larger TCOs are considerably more rare they are also much easier 
to detect. Even so, all else being equal, the discovery of a 2-m-diameter object is 
exceedingly unlikely. Thus, the final contributing factor to the discovery of 2006 
RH120 is that TCOs approach Earth slowly and remain in orbit for relatively long 
time intervals compared to close flybys of objects of the same size. Thus, TCOs 
are more likely to be identified because there is more time to discover them. 

Bolin et al. (2013) studied several modes of detecting TCOs while in Earth  
orbit including 1) optical ground-based a) wide area and b) targeted surveys 2) 
infrared space-based surveys and 3) radar. Considering that there are currently no 
infrared space-based surveys we ignore detailed discussion of that opportunity 
here.  Furthermore, considering that we are interested here in detecting TCOs with 
a maximum amount of time available for a spacecraft mission we concentrate on 
options 1b and 3 that both attempt to detect the TCOs close to their time of capture 
when they are passing near L2. 
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Fig. 6.4 Normalized TCO sky-plane residence distribution at time of capture.  There are no 
constraints on the TCO’s apparent magnitude, distance or rate of motion. The ecliptic lon-
gitude is centered on the opposition point, that is, the Sun is at ±180°. 

Figure 12 of Granvik et al. (2012) suggests that at the moment when TCOs  
become energetically bound to the EMS they are all located at roughly the same 
distance, moving at roughly the same speed, and in roughly the same direction. 
Indeed, Bolin et al. (2013) show that they are at a geocentric distance of 
6.3±1.4(rms) LD moving at 0.6±0.1(rms) km s-1 at a position angle of 94°±25° 
(rms). At 6.3 LD and 10° from opposition 1m/0.25m diameter objects have appar-
ent V magnitudes of about 24.7/27.7—the largest objects being barely detectable 
with the largest aperture telescopes if the objects are not trailed too much. Figure 
6.4 shows the sky-plane distribution of TCOs at the moment of capture.  The dis-
tribution on the left and right side of the figure is in the direction of the Sun and 
not detectable in optical surveys but the distribution towards opposition (center of 
the figure) is detectable in a targeted survey with the Hyper Suprime-Cam (HSC) 
on the Subaru telescope (Takada 2010).  Since there are about 145 TCOs larger 
than 25 cm in diameter in orbit at any time and since their typical lifetime is about 
9 months we expect that there are about 100 of these objects captured each year 
near L2.  Thus, a targeted survey near opposition with enough time on a large tele-
scope could detect the largest TCOs at a rate that might be suitable for spacecraft 
missions. 

Figure 6.5 shows the unconstrained (by apparent magnitude, rate of motion, 
and distance) TCO sky plane distribution.  There are strong enhancements at 
quadrature where the objects tend to be further from Earth (Bolin et al. 2013) and 
therefore spend more time.  These enhancements might be exploited in detecting 
asteroids with radar. A 100cm/25cm asteroid can be detected with the Arecibo 
radar facility if it approaches within about 4/0.25 LD and is rotating very slowly. 
Thus, it is in theory possible for the Arecibo radar system to detect TCOs.  The 
greatest uncertainty in the radar capability is the TCO rotation rate distribution. 
The rotation rate distribution of meteoroids in this size range is entirely  



158 M. Granvik et al. 

 

 

 

Fig. 6.5 Normalized TCO sky-plane residence distribution with no restrictions on apparent 
magnitude or rate of motion. The ecliptic longitude is centered on the opposition point, that 
is, the Sun is at ±180°. 

unconstrained with estimates ranging over orders of magnitude.  If the TCOs ro-
tate too quickly the reflected radar signal is spread over too wide a frequency 
range, dropping the signal-to-noise ratio below the detection threshold. 

The most straightforward way to detect TCOs is with existing and future 
ground-based optical surveys as illustrated in Fig. 6.6. There is a strong enhance-
ment towards opposition and along the ecliptic as occurs for most small-body 
populations in the solar system as viewed from Earth.  The enhancements toward 
quadrature from Fig. 6.5 have disappeared because both the phase-angle effect and 
the objects’ greater distance in that direction reduces the objects’ apparent bright-
ness.  A survey system with the constraints imposed in Fig. 6.6 would not be ef-
fective at regularly discovering TCOs but an LSST-like system with a limiting 
magnitude Vlim ~ 24 might discover one TCO per month (Bolin et al. 2013). 

Particularly for human missions to TCOs it would be essential to know the tar-
get asteroid many years prior to launching the actual mission. This requirement 
could be fulfilled by utilizing the fact that pre-capture orbits of TCOs are very 
similar to the Earth’s orbit and they are therefore constrained to a relatively small 
volume in space. Having an optical or IR telescope on an Earth-like orbit leading 
or trailing the Earth (cf. Spitzer space telescope) would thus allow the detection of 
proto-TCOs before they are captured. 

In summary, the most likely prospects for detecting TCOs suitable for space-
craft mission targets is probably a concerted targeted survey with a large-aperture 
telescope and wide-field camera.  Alternatively, it is possible that a clever survey 
strategy from a space-based IR or ground-based radar facility could be optimized 
for TCO discovery. An extremely high-power version of the so-called Space 
Fence radar system would also allow the characterization of the TCO population. 
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Fig. 6.6 Sky-plane number distribution for TCOs with H < 38, apparent magnitude V < 20 
and rate of motion <15 ° d-1. The ecliptic longitude is centered on the opposition point, that 
is, the Sun is at ±180°. 

6.3.2   Predictability of Future Locations 

Once a TCO is detected it is important to understand how much follow-up astrom-
etry is necessary to ensure i) that the object is orbiting Earth ii) to allow continued 
recovery and physical characterization and iii) that the TCO’s orbit is known accu-
rately enough to allow the planning of a space mission (Sect. 6.4). Note that we 
assume that minor corrections to the spacecraft trajectory are allowed after it has 
been launched or, alternatively, departed the geosynchronous transfer orbit. There-
fore the spacecraft trajectory can be planned when a semi-accurate TCO orbit 
becomes available. A recent case study by Granvik et al. (2013a) suggest that a 
typical TCO orbit is reasonably well-constrained after only a few consecutive 
nights of astrometric follow-up observations (see example in Fig. 6.7). 

In particular, Granvik et al. (2013a) show that, for 2006 RH120 and ten random-
ly chosen synthetic TCOs, heliocentric Keplerian orbits are incompatible with 
more than two days of astrometric data. That is, two days after the discovery of a 
TCO it is clear that the object’s orbit is strongly perturbed by a close Earth en-
counter, either because of a close flyby or because it is orbiting the Earth. In both 
scenarios it merits additional follow-up observations. Although less than a week of 
optical astrometry will typically provide an orbital solution that hardly differs 
from the true orbit, we suggest that radar observations be carried out as soon as 
possible. Thus constraining the orbit of a discovered TCO to the point required by 
space missions does probably not take longer than about a week. A preliminary 
characterization of the object’s physical properties such as its type and size  
need not take much longer using Target-of-Opportunity proposals to large  
telescopes. 
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Fig. 6.7 Evolution of a synthetic TCO’s orbital uncertainty as a function of increasing ob-
servational timespan and number of observations; (top left) 3 detections spanning one hour, 
(top right) 6 detections spanning 25 hours, (bottom left) 9 detections spanning 49 hours, 
and (bottom right) 12 detections spanning 73 hours. The black curve shows the true orbit in 
the xy and xz planes in an ecliptic coordinate system co-rotating with the Sun so that Earth 
is always in the center (0,0,0) and the Sun is always at about (1,0,0). The gray shaded area 
shows the extent of all acceptable trajectories and the black dots mark the locations of the 
synthetic TCO at the times of observation. All trajectories are shown for 500 days beyond 
the observation epoch. 

6.4   Spacecraft Missions to Earth’s Temporarily-Captured 
Natural Satellites 

NASA’s Near Earth Asteroid Rendezvous (NEAR) and JAXA’s Hayabusa are 
completed missions that involved a rendezvous with an asteroid. NEAR’s target 
was the large NEO (433) Eros, an irregularly shaped asteroid about 30 km in its 
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longest dimension, while the Hayabusa mission targeted the 600 m long NEO 
(25143) Itokawa. Both missions managed safe landings on their S-class targets. 

Spacecraft rendezvous missions with TCOs will provide unique challenges be-
yond those of the NEAR and Hayabusa missions. The 9-month average capture 
duration is a major challenge when designing a TCO mission—to make a TCO 
mission feasible it is essential to minimize the transfer time to the TCO rendez-
vous point. Contrary to so-called direct trajectory-design methods currently used 
by space-mission designers, the so-called indirect methods provide second-order 
conditions for the time-minimality of candidate trajectories, are much more pre-
cise and provide a clear geometric understanding of the structure of the trajectory. 
A detailed understanding of the geometry of the trajectory allows it to be fairly 
easily perturbed would need arise. The challenge with indirect methods is their 
sensitivity to initialization and a new algorithm has been developed for the TCO 
case to tackle this issue (Chyba et al. 2013a,b; see Sect. 6.4.1). 

Even if the TCO orbit is known well enough to launch the spacecraft, the me-
ter-scale target may not be easy to identify in the spacecraft’s imaging sensors. 
Navigating close to the TCO may require real-time control from ground-based 
operators and, once close to the TCO, it may be in a rapid or tumbling rotation 
state making contact with the object more problematic than with large asteroids. 

6.4.1   Low-Thrust Propulsion Transfers 

The first step in designing a TCO rendezvous mission is to determine if it is possi-
ble given the time constraints and the use of a low-thrust-propulsion spacecraft 
such as electro-ionic propulsion engines (Ferrier and Epenoy 2001, Geoffroy et al. 
1996). Chyba et al. (2013a,b) focus on the initial stage of the mission, i.e., the 
transfer of the spacecraft to the rendezvous location with the satellite, and assume 
that the spacecraft is parked in a geostationary Earth orbit awaiting discovery of a 
TCO to initiate the mission. 

For simplicity, Chyba et al. (2013a,b) first impose the transfer departing posi-
tion of the spacecraft on the geostationary orbit to be the point located on the line 
between the center of the Earth and the Moon. Clearly there is limited control on 
the location of the spacecraft at the time of detection and a complete study includ-
ing any departing position is part of the mission design. The selection of the ren-
dezvous location on the TCO orbit is also a large component of the mission  
design. The initial work by Chyba et al. (2013a,b) is based on known results for 
low-thrust 2-dimensional transfers to the Earth-Moon L1 point (Picot 2012). They 
select the 100 TCOs with the smallest absolute perpendicular distance to the 
Moon’s orbital plane at the time they are nearest the Earth-Moon L1 point from  
the 18,096 TCO trajectories of Granvik et al. (2012). This choice is motivated by 
the fact that near the selected rendezvous location the two-dimensional projection 
of the TCO’s orbit on the Moon’s orbital plane provides a good approximation to 
the three-dimensional orbit for a significant interval of time. However, the final  
computed transfers are fully three-dimensional trajectories. 
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Chyba et al.’s (2013a,b) numerical computations of low-thrust time-minimal 
transfers from the geostationary orbit to TCOs rely on fundamental mathematical 
results from modern optimal control theory. The motion of a spacecraft in the 
EMS is approximated as a solution to the restricted three-body problem due to  
the small eccentricity of the Moon’s orbit (Szebehely 1967). This model describes 
the motion of an object with negligible mass under the influence of the gravita-
tional fields of two planets revolving circularly around their center of mass. Con-
trol terms are added to the equation of motion to represent the thrust of the  
spacecraft that are bounded by the constraints on the engine propulsion power. 
Taking time as the criterion to minimize, the design of a transfer mission from 
geostationary orbit to the rendezvous location on the TCO’s orbit can be phrased 
as an optimal control problem. 

The transfer time is directly correlated to the engine thrust—the more powerful 
the thrust the faster we can reach the rendezvous location.  Using the planar  
time-minimal transfer from the geostationary orbit to the Earth-Moon L1 point 
computed by Picot (2012) as a reference initial guess, Chyba et al. (2013a,b) com-
pute a three-dimensional reference extremal corresponding to a maximum thrust 
of 1 N departing from the geostationary orbit to the rendezvous location for each 
of the selected TCOs. A discrete continuation method on the maximum thrust is 
then used to determine low-thrust time-minimal transfers. 

6.4.2   Orbital Transfer Simulations 

The methodology described above is successful in defining orbital transfers for 
about 40% of the synthetic TCOs. Very recent and still unpublished improvements 
in the methodology has increased the success rate to virtually 100%. Here we 
present a representative simulation of a rendezvous mission from the geostationary 
orbit to a synthetic TCO which is captured for 214 days and makes 1.4 revolutions 
around the Earth. The distance between the Earth-Moon L1 point and the rendez-
vous point is about 0.054 LD. The TCO rendezvous time, that is, the time from the 
TCO’s capture until it passes the rendezvous point, is some 133.3 days. 

Table 6.1 provides information about the simulated TCO rendezvous mission 
given two different values for the maximum thrust, 0.2 N and 1 N. As would be 
expected, the transfer time with the low-thrust propulsion is about five times long-
er than with a five times more powerful engine. The search for possible transfers 
can be refined once the spacecraft’s capabilities are determined. 

Table 6.1 Characteristics of the simulated TCO rendezvous missions 

Thrust [N] Transfer time [d] 
Difference between rendezvous and transfer times 
[d] 

1.0 13.5 119.8 
0.2 62.0 71.3 
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More generally, Chyba et al. (2013a,b) found that the transfer times for 1-N 
transfers were in the range of 10 to 20 days (Fig. 6.8) while the transfer times for 
0.2-N transfers were between 55 and 81 days (Fig. 6.9). The transfer time is less 
than the time it takes the TCO to evolve from its point of capture to the rendez-
vous point for a majority of the three-dimensional 0.2-N transfers. This is crucial 
from a practical stand point since it suggests that it may be feasible to launch a 
low-thrust time-optimal rendezvous mission if the target TCO is discovered at the 
time of capture or soon thereafter. 

 

 

Fig. 6.8 (Top) A wide and (bottom) close up view of a locally time-minimal three-
dimensional transfer with 1 N thrust to a TCO in the inertial frame 
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Fig. 6.9 As in Fig. 6.8 but with a maximum thrust of 0.2 N 

6.4.3   Other Technological Challenges 

The technological challenges of an asteroid-return mission to a TCO have not yet 
been assessed in detail but there are some challenges that are common for all  
asteroid sample-return missions. For robotic exploration the main issue is that the 
current positional accuracy for autonomous navigation is on the order of ten  
meters. For a meter-sized object the accuracy would need to be improved by 1–2 
orders of magnitude.  Of course, in Earth-orbit it might be possible to implement 
real-time control for a TCO rendezvous. 

Another challenge is that, although observational selection effects have not 
been ruled out, there appears to be a lack of small asteroids that rotate slowly  
according to data obtained with the Arecibo and Goldstone planetary radars  
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(P. Taylor, private communication). Thus, an asteroid sample return mission 
would probably need to be equipped with a tool for grabbing and de-spinning fast-
spinning objects. E.g., 2008 TC3 was in a state of non-principal-axis rotation with 
main rotation periods of 49 and 97 seconds (Jenniskens et al. 2009). Analytical 
calculations have also shown that even meter-class asteroids may be rubble piles 
rather than monolithic objects (D. Scheeres, private communication). Grabbing 
and de-spinning a rubble pile is clearly an even greater challenge. 

6.5   Conclusions 

Although the small size of a typical temporarily-captured natural Earth satellite 
would make commercial mining operations unprofitable, we have made the case 
that studying this population and sending spacecraft to these objects is a natural 
first step for any project that aims to take advantage of the energy and material 
resources available in asteroids. The goal of a space mission to a TCO is thus not 
to extract valuable resources, but to increase our understanding of where valuable  
resources can be found and test the technology required for extracting those  
resources. 

The TCO population can be utilized in validating orbit and SFD models of 
NEOs on Earth-like orbits. A mineralogical analysis of TCO samples in Earth-
based laboratories allows the calibration of remote-prospecting methods that rely 
on the compositional classification using spectra. TCOs also provide small-scale 
platforms for testing the technologies that need to be developed such as accurate 
automated navigation, and asteroid de-spinning or, alternatively, anchoring meth-
ods. Bringing an entire TCO to Earth-based laboratories allows, for example, a 
detailed analysis of its interior structure which would allow us to test our current 
theories of the interior structure of asteroids in general. The scientific reward of 
bringing an entire small asteroid to ground-based laboratories is immense and 
would most likely lead to advances that also benefit the commercial entities aim-
ing to take advantage of the resources in asteroids. 

Some of the unknowns—such as the detectability of TCOs and the existence of 
viable orbital transfer paths to the chaotic TCO trajectories—have already been 
assessed in a quantitative manner though numerous aspects still remain to be stud-
ied in greater detail. Examples of things that can be studied fairly easily are the 
lead time from discovery to the escape of the object from the Earth-Moon system 
and a detailed assessment of the frequency of TCO discoveries produced by the 
LSST. 

There are also several technological challenges that need to be solved before 
launching a space mission to retrieve a TCO. One of the major questions is wheth-
er it is realistic to expect that a mission either be launched within a few months of 
a TCO discovery or be parked in, e.g., a geosynchronous orbit until a suitable 
object is discovered. The obvious technological challenges also include the need 
for a major improvement in the accuracy of automated navigation and the tools to 
grab and de-spin rotating bodies. 
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We remain optimistic that these aspects will be studied and solved in the not-
too-distant future owing to the current interest in space-based resources in the 
scientific community, space agencies, commercial entities and, last but not least, 
the general public. 
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7.1   Introduction 

Ever since the discovery of Ceres on January 1st 1801, Near Earth Objects (NEOs) 
have attracted our attention and fascination. Subsequent proof of their potentially 
destructive capabilities and the recent improvements in NEO detection rate have 
given us the impulse to expand our knowledge in order to devise a way of detect-
ing and neutralize possible dangers to our existence. Recent studies however sug-
gest that the pool of materials available in the form of NEOs may also be used 
both as a source of minerals on Earth as well as a material springboard for future 
human colonies in the Solar System. 

If we consider economic resources typically available in space as being classi-
fied into one of four categories, these would be: location, environment conditions, 
energy and matter. Location is being exploited for example by all communication 
or Earth observation satellites, which take advantage from their high vantage point 
increasing their coverage. Low-Earth and geosynchronous orbits host hundreds of 
revenue generating satellites. Particular environmental conditions such as radia-
tion or gravity might be used to enable biological, physical or chemical processes 
that would be impossible to recreate on Earth. These phenomena have been stud-
ied by space agencies and other organizations from the early beginnings of space 
exploration. At current, such experiments are being performed on the International 
Space Station (ISS). In Earth orbit, beyond Earth’s atmosphere, solar radiation is 
abundant and powers most spacecraft and probes. Solar Power Satellites (SPS) 
have been proposed by different organizations with the purpose of delivering huge 
quantities of clean, sustainable energy to the Earth’s surface. Matter represents the 
only space resource which is not yet being exploited. The limiting factors for such 
an endeavor are the capability of finding and extracting the suitable matter as well 
as its transportation trough space in addition to the economical aspects. The 
movement of mass trough space is expensive at current technological levels. 

The purpose of the present chapter is to give an overview of the state of the art 
regarding human missions to NEOs, the fundamental challenges that such mis-
sions would face and what would the benefits be. Furthermore, the authors pro-
pose a flexible architecture aimed at serving both as a human NEO study platform 
and as an industrial NEO utilization/exploitation platform. 
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7.1.1   Asteroids. Threats and Opportunities 

Asteroids and comets are present in very large numbers in our Solar System. Most 
asteroids find themselves in the asteroid belt between the orbits of Mars and Jupi-
ter. The belt contains more than 200 asteroids larger than 100 km in diameter and 
it is estimated that there are more than 750,000 asteroids in the belt with diameters 
larger than 1 km (NASA JPL 2013). Among all the asteroids and comets, Near 
Earth Asteroids are those asteroids having a perihelion lower than 1.3 Astronomi-
cal Units (AUs) or a Minimum Orbit Intersection Distance (MOID) lower than 0.3 
AUs.  

 

Fig. 7.1 Known NEA's 1980-2012 (NASA JPL 2013) 

At current, approximately 9,000 NEAs have been discovered and due to recent 
improvements in detection capabilities and larger number of studies our rate of 
discovery is constantly increasing with up to 500 new objects per year (NASA 
JPL 2013), see Fig. 7.1. 

7.1.1.1   The Threat: Potentially Hazardous Asteroids 

Potentially Hazardous Asteroids (PHAs) are those asteroids having a potentially 
threatening close approach to the Earth. Specifically, all asteroids with an Earth 
MOID lower than or equal to 0.05 AU and an absolute magnitude of 22.0 or less 
are considered to be PHAs. The asteroid-hunting portion of the NASA WISE  
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mission, called NEOWISE studied PHAs with particular scrutiny. Its findings 
indicate that there would be roughly between 3,000 and 5,000 PHAs with diame-
ters larger than 100 meters (Barbee 2011). At this point, only an estimated 20 to 
30 percent of these objects have been detected. We must as well consider that an 
asteroid's orbit can be altered by various gravitational and non-gravitational 
mechanisms and that these mechanisms have the potential of transforming a non-
threatening asteroid into a threatening one and vice-versa. This can be seen as a 
reflection of the dynamic character of the Solar System. For example, Asteroid 
1999 RQ36 has a one-in-1,000 chance of hitting the Earth before the year 2200. 
An analysis of its orbit has predicted that it is most likely to hit us on September 
24, 2182 but scientists want to collect a sample of the rock to help forecast its 
trajectory more accurately. In the eventuality that a mission would be launched, a 
spacecraft would launch in the year 2106 to map out and collect rock samples 
from the asteroid (Barbee 2011). 

7.1.1.2   The Opportunity: Asteroid Mining 

Asteroids seem to be the most affordable extraterrestrial source of industrial  
elements, due to their relative vicinity and weak gravitational fields. Practically 
asteroids could represent enormous orbiting repositories of industrial metals. It is 
sufficient to say that some asteroid impact craters such as the Sudbury basin in 
Canada, which was created by a 10 km wide asteroid impact approximately 2 
billion years ago, represent commercially viable nickel mines on Earth. Metals 
such as those belonging to the Palladium Group Metals (PGMs) represent critical 
industrial metals such as rare catalysts with increasing application in the near fu-
ture (e.g. automotive catalytic converters, which are required by law worldwide). 
PGM supplies are present in limited quantities and worldwide depletion is possi-
ble within the next few decades. Rare Earth Metals form another group of  
critical resources subjected to increasing demand due to their use in electronic 
equipment. 

NEO resources could incrementally expand our planet’s economy if space 
agencies and companies alike make asteroid mining a possibility, and demonstrate 
if and how it can be accomplished.  

7.1.2   Exploration Scenario Timeline 

Human Exploration of Near Earth Objects requires a high degree or preparation 
and many steps must be achieved before this goal can be reached. As of yet, few 
low ΔV reachable targets have been identified and more importantly, few aster-
oids having similar orbits with that of Earths have been discovered (Barbee 2011). 
However, the early steps into the exploration of NEOs have already been taken. 
Missions such as NASA’s DAWN and ESA’s ROSETTA have already performed 
asteroid flybys collecting very important data and JAXA’s Hayabusa mission as 
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well as NASA’s Stardust mission have managed to safely return asteroid and 
comet material back to Earth for study, proving that returning material from 
NEO’s is possible by automated means. Capitalizing on the success of private 
companies becoming increasingly dominant in the space launch industry, several 
companies have stated their interest in constructing and executing missions with 
the specific aim of prospecting NEOs for their material values and future  
mining missions to relevant asteroids (i.e. Planetary Resources and Deep Space 
Industries). 

A tentative NEO exploitation timeline is being proposed in the Fig. 7.2. 

 

Fig. 7.2 Proposed Asteroid Exploitation Timeline 

7.2   Mission Definition 

The presented scenario proposes an architecture of human craft and highly auton-
omous robotic elements able to constantly return valuable resources from various 
NEOs to Earth and composed of a set of missions with the goal of both sustaining 
Earth’s technological development and future missions beyond Low Earth Orbit 
by exploiting the NEOs mineral resources. This complex space program will be 
generically called NEOUSE. 

A proposed scenario is that of sending out tens of relatively inexpensive, “hard-
landing”, mineralogical probes to examine the most economically attractive 
NEOs. Subsequently, having gained a solid grasp in terms of asteroid geology and 
composition, it would be possible to confidently identify the most promising sites 
for profitable extensive exploitation. Human craft will subsequently be sent to the 
most attractive asteroids of the initial lot to construct the outpost and the necessary 
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infrastructure (e.g. telecommunication and navigation assets or power units). This 
stage would represent the shift from purely scientific goals to commercial exploi-
tation. Finally, “low-cost” sample-return spacecraft will ferry materials collected 
by other robotic elements and/or astronauts. 

Mark Sonter proposes logic relations that link together aspects that once assessed 
and solved would define one or more mission concepts (Sonter 2011) (Fig. 7.3). 

 

Fig. 7.3 Mission definition, spider scheme (Sonter 2011) 

In the frame of this study, it has been preferred to adopt a simpler and more 
system engineering oriented approach. As such, a list describing the defining ele-
ments of the mission has been compiled and is presented below: 

1. Definition of the NEOUSE mission objectives. 
2. Functional analysis and definition of high level requirements (e.g. contamina-

tion issues) and external interfaces. 
3. Identification of suitable NEOs and their characteristics (i.e. the most promis-

ing sites for profitable material “mining”). 
4. Preliminary mission analysis and trade-offs at system of systems level and 

definition of alternatives. 
5. Definition of one or more mission architectures and the correlation among the 

different missions and elements. 
6. Identification of the main elements and assets. 
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7. Determination of key-features of the human rated missions conceived. 
8. Risk assessment and identification of critical points, and definition of devel-

opment plans for associated critical, transversal and enabling technologies not 
yet available. 

9. An economic analysis comparing the estimated missions costs and value of 
the extraterrestrial materials recovered for the different scenarios. 

10. Estimation of a possible development plan for the NEOUSE program. 
 
These points can be logically schematized and arranged such as in Fig. 7.4. 

7.2.1   Mission Statement  

The mission statement of the NEOUSE program was defined considering its two 
constituent segments, which are the Robotic and Human respectively. The mission 
statement of the robotic segment of the program is: 

• To continuously transport to Earth high quantities of valuable asteroid materi-
als in the most affordable way possible. 

While considering the human segment of the program, the statement is: 

• To safely transport and return a human crew to a Near Earth Object with the 
purpose of enabling the scientific study, sample return and set up of autono-
mous mining machinery. 

7.2.2   Mission Objectives 

The NEOUSE objectives are summarized in: 

• Short term: 

1. To develop technologies critical to the discovery and study of NEOs 
2. To develop critical technologies for NEAs exploitation. 

• Medium term: 

1. To bring back to Earth a significant amount of industrially-valuable asteroid 
materials  

2. To prove and test capabilities to prevent NEO impacts on Earth 
3. To initialize the market and commercialization of goods from space 
4. To develop elements, technologies and heritage for human Mars and deep 

space exploration  

• Long term: 

1. To sustain the Earth technological development regularly supplying the ter-
restrial industries with critical extraterrestrial resources. 
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Fig. 7.4 Proposed logic scheme to define an NEOUSE program 

7.2.3   Top Level Requirements 

A complex system such as a human operated spacecraft able to perform flexible 
long duration missions to Near Earth Objects must be able to satisfy a very com-
plex set of requirements. The purpose of this section is to present both common as 
well as specific mission segment top level requirements. 

7.2.3.1   General Top Level Requirements 

R-1 The system shall withstand the Earth – NEO and return transfers 
A necessity of any space system is that of having a high probability of success, 

i.e. surviving possible environments from manufacturing, transportation and 
launch to orbital injection, transit, time on target, return trip and in the case of 
sample/cargo return and human missions the re-entry into Earth’s atmosphere and 
landing. 
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R-2 The system shall be able to safely approach the NEO and perform 
stationkeeping 
R-3 The system shall be able to perform scientific and exploration operations 
R-4 The system shall be flexible 

A complex system such as the one represented by the collection of elements 
tasked with prospecting and/or mining asteroids must be designed to interface and 
communicate with a wide variety of systems. 
R-5 The system shall be modular and reconfigurable 

7.2.3.2   Robotic Segment Top Level Requirements 

RR-1 The system shall be fully autonomous 
RR-2 The system shall allow for remote human control 

7.2.3.3   Human Segment Top Level Requirements 

HR-1 The system shall provide a habitable environment for 4 crew members for 
the entire period of the mission (nutrition, breathable atmosphere, water and 
thermal control) 
HR-2 The system shall provide for safe re-entry into Earth’s atmosphere 
HR-3 The system shall allow for IVA and EVA operations 

7.3   Challenges and Criticalities 

A human mission to an asteroid poses a series of technological, biological, psy-
chological and financial barriers. These challenges have been shortly described in 
the following section. 

7.3.1   Deep Space Mission Operations 

7.3.1.1   Ground Segment 

By “ground segment” we intend a complex Earth based system used for space 
mission control, data management, processing and storage (if needed). The com-
plexity of such a system is prominently increased when coping with deep space 
operations because of the large delay in signal transmission-reception (with an  
order of magnitude of hundreds of minutes). Furthermore, due to mission design 
issues, the available power is lower than the one used for LEO or NEO missions. 
An additional difficulty is coming from the need to reduce costs while maintaining 
on ground personnel 24/7. 

In order to overcome transmission problem, mainly due to low power and long 
distances, the employment of big diameter antennas (15-35 m and in some cases 
even larger i.e. 72m) is mandatory. For example one of the ESTRACK ground 
stations or DSN (NASA Deep Space Network) could be a suitable candidate. 
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7.3.1.2   Guidance System and Maneuver 

Due to the large distances and subsequent communication delays, maneuvering 
automation and high crew “ground-independence” is mandatory. 

Relative guidance technologies encompass algorithms that determine the  
desired trajectories to be followed between vehicles performing rendezvous, prox-
imity operations, and/or docking and capture or debris/asteroids avoidance  
maneuver. These algorithms must anticipate applicable environmental effects, the 
nature of the trajectory change/attitude control effectors in use, and the inertial and 
relative navigation state data available to the guidance algorithms. This kind of 
technology is currently available (2013) at TRL 3. The existing technologies of 
interest provide real-time, onboard algorithmic functionality that can compute and 
manage spacecraft maneuvers to achieve specific trajectory change objectives. 
Relative guidance aligns well with aforementioned needs because it impacts 
crewed deep-space exploration, sample return, servicing, and orbital debris  
mitigation.  

7.3.1.3   Safety and Reliability 

A topic covering an overwhelming importance is represented by related and over-
lapping topics of integrated systems health management (ISHM), fault detection 
and isolation and recovery (FDIR), and vehicle systems management (VSM), 
which together provide the crucial capability for an autonomous spacecraft to 
operate safely and reliably. ISHM/FDIR/VSM will improve the reliability of fu-
ture missions by providing a diagnostic capability that helps ground or crew fail-
ure assessment and an automated capability to fix/overcome faults; increase robot-
ic mission flexibility in response to failures; and increase crew safety in the event 
of a detected need for crew escape and abort. This technology is highly aligned to 
exploration needs because it will impact many missions, such as deep-space ex-
ploration, robotic science missions, planetary landers, and rovers. 

7.3.2   Deep Space (Ionizing) Radiation 

Acute and long-term crew physiological effects from radiation (Solar Particle 
Events -SPE- and Galactic Cosmic Rays -GCR-) and crew behavioral health are 
critical considerations for long-duration missions. 

Deep space travels bring astronauts out from the protection of the Van Allen 
belts. During the Apollo era, the exposure was fortunately limed due the short 
overall duration of the missions, however a NEO mission as well as a Mars mis-
sion would require a much longer travel period (e.g. 6 months), neglecting the in-
situ operational phase. This is a constraint for any deep space exploration beyond 
the Moon and radiation protection is a critical factor in safely transporting humans 
to a NEO. Prolonged exposure to space radiation is lethal to humans and in the 
case of Solar Particle Events death can be immediate. 
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Traditional protections based on hard shields might jeopardize the feasibility of 
deep space human missions due to mass constraints; new innovative solutions, 
also at system level, must be identified and verified to sustain human exploration. 

The state of the art concepts are: 

• Traditional shields with innovative materials (i.e. high hydrogen content). 
This case considers the physical architecture where water or propellant stor-
ages are distributed around the crews “safe haven”. 

• Genetic selection of astronauts naturally less affected by radiations. 
• Active shielding by using induced electromagnetic fields, even if complexity 

and energy budgets would be significantly affected. 
• Accurate and timely SPE alerts. 
• Anti-radiation drugs since they are already used with good results in medicine 

for several scopes (e.g. treat life-threatening injuries, reduce symptoms, and 
manage pain, cancer treatment and so on), 

• Active radiation shielding available at TRL 3-4. 

Shorter mission times are to be recommended in all NEO missions as they are at 
the moment the best available method in limiting the total radiation dose. 

7.3.3   Asteroid Environment 

Depending on the orbit, asteroids experience impacts of many sizes, from dust 
grains whose cumulative effect is significant surface erosion to catastrophic colli-
sions that disrupt objects and dissipate debris throughout the asteroid belt, and the 
solar system.  

After billions of years of impacts, the surface of a NEO is expected to be cov-
ered by craters and ejecta of numerous impacts, having a powdery or gravelly 
texture. This layer of broken-up rock is called regolith. Below this layer of inco-
herent material, there might be a solid rock bed.  

The amount of ejecta retained by a body depends mainly on its gravity pull (i.e. 
different escape velocity), therefore the regolith granularity and the layer thickness 
are expected to differ on objects of different mass. 

Not all the Asteroids are a unique block of rocks, but sometimes it can happen 
that they are composed of boulders. Best example is Itokawa, which is an uncon-
solidated rubble pile composed of smaller re-accumulated fragments with no over-
all structure. 

High-energy ultraviolet light and x-rays, beside from the direct effects on  
humans and spacecrafts, they can cause electric charge in the regolith particles 
producing electrostatic levitation, which has been already observed on the Moon. 

Expected temperature and heat fluxes should be similar to those encountered 
during the Apollo missions, where the rock under sunlit behaves like heaters. 
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7.3.4   Approach and Station Keeping 

Gravitational field, celestial body shape, surface topography, tumbling and/or 
spinning velocity are all very important for proximity operations. Any spacecraft 
maneuvers should be carefully designed considering these aspects; especially the 
object rotation affects the feasibility of surface approaching and touching concepts 
and strategies. For example a standard solution based on propulsion would require 
a complex control and propellant consumptions. Assuming to choose for any rea-
son a high-velocity spinning target, the preferable condition might be a polar land-
ing, where the relative surface velocity is lower as possible. 

Rotation also affects the gravitational filed, which is neither spatially regular. 
The effect is a low gravitational field locally variable in space and in time and a 
very challenging orbital control (e.g. station keeping or orbital docking)  

7.3.5   Mining 

Mining on an asteroid with very low gravity attraction is principally like on Earth:  
to tear off or to cut pieces/particles and then collect them together. On an asteroid 
what is trivial on earth becomes tricky. Any single low force exercised on a body 
will push you back unless you are solidly clung to something stable. But many 
asteroids are just a clump of regolith and disconnected rocks. 

Material can be gathered form the surface or the mining system might work as 
a worm digging tunnels but any mining system shall be design accordingly to the 
specific gravity and terrain morphology expected.  

7.3.6   Contamination Issues from NEAs 

When a physical interaction with a celestial body and man craft are foreseen or 
even just probable under a risk probability, the potential contamination between 
the two objects has to be considered. The contamination issue in exploring celes-
tial bodies concerns two aspects: 

• The problems of spreading Earth-origin biological materials to other planets 
and space objects in general. Although the existence of life elsewhere in the so-
lar system may be unlikely, the conduct of scientific investigations of possible 
extraterrestrial life forms, precursors, and remnants must not be jeopardized.  

• The threats of bringing to Earth dangerous and unknown extraterrestrial materi-
als or substances; the Earth must be protected from the potential hazard posed 
by extraterrestrial matter carried by a spacecraft returning from another planet. 

On these international agreement is being sought through The Committee on 
Space Research (COSPAR 2013). Five categories for target body/mission type 
combinations and their respective suggested ranges of requirements are identified 
(Table 7.1).  
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Table 7.1 Planetary protection target/mission classification and requirements (COSPAR 
2013) 

Category Target/Mission Protection Level 

I  

Includes any mission to a tar-
get body which is not of direct
interest for understanding the
process of chemical evolution
or the origin of life. 

No protection of such bodies is warranted 
and no planetary protection requirements are 
imposed by this policy. 

II 

Missions to those target bodies
where there is significant in-
terest relative to the process of
chemical evolution and the
origin of life, but where there
is only a remote chance that
contamination carried by a
spacecraft could jeopardize
future exploration. 

The requirements are for simple documenta-
tion only: preparation of a short planetary 
protection plan is required primarily to out-
line intended or potential impact targets, 
brief Pre- and Post-launch analyses detailing 
impact strategies, and a Post-encounter and 
End-of-Mission Report which will provide 
the location of impact if such an event oc-
curs. 

III 

Missions (mostly flyby and
orbiter) to a target body of
chemical evolution and/or
origin of life interest or for
which scientific opinion pro-
vides a significant chance of
contamination which could
jeopardize a future biological
experiment. 

Requirements will consist of documentation 
(more involved than Category II) and some 
implementing procedures, including trajecto-
ry biasing, the use of cleanrooms during 
spacecraft assembly and testing, and possi-
bly bioburden reduction. Although no im-
pact is intended for Category III missions, an 
inventory of bulk constituent organics is re-
quired if the probability of impact is signifi-
cant. 

IV 

Missions (mostly probe and
lander) to a target body of
chemical evolution and/or
origin of life interest or for
which scientific opinion pro-
vides a significant chance of
contamination which could
jeopardize future biological ex-
periments. 

Requirements imposed include rather de-
tailed documentation (more involved than 
Category III), including a bioassay to enu-
merate the bioburden, a probability of con-
tamination analysis, an inventory of the bulk 
constituent organics and an increased 
number of implementing procedures. The 
implementing procedures required may in-
clude trajectory biasing, cleanrooms, bioload 
reduction, possible partial sterilization of the 
direct contact hardware and a bioshield for 
that hardware. Generally, the requirements 
and compliance are similar to Viking, with 
the exception of complete lander/probe 
sterilization. 
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Table 7.1 (continued) 

Un 
restricted 
 V 

Unrestricted Earth-return Mis-
sions from solar system bodies 
deemed by scientific opinion 
to have no indigenous life 
forms. 

Planetary protection requirements on the 
outbound phase only, corresponding to the 
category of that phase (typically Category I 
or II). 

Restricted 
V 

Missions comprise all 
Earth-return missions.  

The highest degree of concern is expressed
by the absolute prohibition of destructive 
impact upon return, the need for containment 
throughout the return phase of all returned 
hardware which directly contacted the target 
body or unsterilized material from the body, 
and the need for containment of any unsteri-
lized sample collected and returned to Earth. 
Post-mission, there is a need to conduct 
timely analyses of any unsterilized sample 
collected and returned to Earth, under strict 
containment, and using the most sensitive 
techniques.  If any sign of the existence of a 
non-terrestrial replicating entity is found, the 
returned sample must remain contained un-
less treated by an effective sterilizing proce-
dure.  Category V concerns are reflected in 
requirements that encompass those of Cate-
gory IV plus a continuing monitoring of pro-
ject activities, studies and research (i.e., in 
sterilization procedures and containment 
techniques). 

 
 
COSPAR agrees that all samples returned or human exploration (missions of 

Category V) from planetary satellites and small solar system bodies that must be 
contained should be treated as potentially hazardous until proven otherwise. Thus 
the first approach toward the NEAs should prove the absence of any dangerous 
contamination.  

Sample return provisions for contained samples are the same as for Mars. Gen-
erally no sample containment and handling is warranted beyond what is needed 
for scientific purposes. Recently there has been considerable progress in designing 
sample containment devices to prevent contamination of the asteroid by terrestrial 
organisms, the transfer of organisms to Earth or the contamination of one asteroid 
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sample with another. Although well-developed, these procedures require cost and 
complexity for the mission design, therefore they will be implemented only in the 
first phases of the NEOUSE project. Then when/if the targets are proven to be safe 
with respect to contamination, the following missions could be considered of  
Category Unrestricted V. It should be noted that COSPAR Planetary Protection 
Standards stem from the need to control scientific missions and that new planetary 
protection rules should be considered in the frame of continuous material return 
missions. 

7.4   Asteroids Selection 

7.4.1   Suitable Asteroids 

M-type asteroids are composed of crystalline iron-nickel alloy, not in oxidized 
form, therefore they do not need to be smelted, but just mechanically separated to 
purify the desired metal. They also contain some cobalt, gold, silver, platinum, the 
rest of the platinum group metals (PGMs), and other industrial metals. PGMs 
should be particularly abundant in certain types of NEAs, which are 
mineralogically similar to “observed fall” meteorites. Highest metal concentra-
tions (i.e. PGM-5 of around 90 ppm) may be found, if we can identify and target 
an asteroid that is compatible to a group IVB iron meteorite, thought to be the 
“fractional crystallization of a molten, magmatic, body of metal, presumably an 
ancient asteroidal core” (Hutchison 2004), even if the evolution of IVB parent-
bodies remains cloudy (Walker et al. 2008). In these sources, it may be possible to 
extract up to 187 parts per million (ppm) of precious metals, which includes Au, 
the PGM, Re, and Ge. More than 1000 ppm of other metals (Mg, Al, Ti, V, Cr, 
Mn, Cu, Mo, Pb), semiconductors, and non-metals such as Ag, In, Co, Ga, and As. 
IVBs have the most extreme compositions in a number of aspects, including the 
lowest abundances of the volatile elements Ga and Ge and, on average, the highest 
abundances of refractory siderophile elements such as PGM (Ross 2001). Com-
paring to Earth sources, profitable terrestrial mines present instead a PGM-5 con-
centration of only 3-6 ppm, thus more than 10 times lower. 

These meteorite types seem the plausible best-case return values for asteroid 
mining ventures. But this, from a business perspective, is only the beginning. 

7.4.2   Identification of the NEA Targets 

Moon and Mars missions require more on-orbit mass for landing and liftoff. Mars 
could offer an atmosphere, valuable for radiation protection, but for the moment, 
we do not possess the technology necessary to accomplish human exploration to 
such distances. Asteroids could represent a “profitable” the first step ahead in 
preparation of a human Mars exploration and settlement. 
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The most promising sites for “profitable” exploitation have to be identified in 
terms of: 

a. Energy required for repetitive round-trips; 
b. Asteroid rotation and orientation of spin axis; 
c. Travels duration; 
d. Asteroid size; 
e. Expected mineralogical and geological composition; 
f. Surface morphologies. 

7.4.2.1   Accessibility and Travels Duration 

The mission Delta-V (∆V) [Velocity Variation, cumulative index of energy neces-
sary for the orbital maneuvers conceived] required to reach selected low-∆V target 
NEAs is not much greater than that needed one to acquire a geosynchronous orbit. 
Instead the ∆V required to come back to Earth from these targets is much less, and 
can be imparted gradually, over several weeks, thus very substantially reducing 
the demands on the propulsion system. Some NEAs are relatively easy to reach, 
and some 200 of them require a ∆V lower than 6.5 km/s (to Moon landing is 6.3 
km/s). It is however relatively simple to inject a spacecraft into an Earth Transfer 
Orbit with only 1 km/s of ∆V, with the possibility of using just electric propulsion 
(low thrust but very high specific impulse) due to the very low escape velocity. 
Scientific missions like Hayabusa have already proved this. 

Figure 7.5 shows the NEAs accessibility in terms of ∆V with respect to their 
aphelion. 

 

Fig. 7.5 NEA accessibility with respect to aphelion distance (Barucci and Yoshikawa 2007) 
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The low-eccentricity and low-inclination Apollos and Atens as the regions of 
interest (Fig. 7.6), for reason of the low ∆V's required for outbound and return 
trajectories. Among those, low-eccentricity targets may be preferred allowing use 
continuous-thrusting propulsion (not Hohmann transfer), and extended mining 
seasons. When designing the orbit there is always a compromise between energy 
required and travel duration. For example slow spiral return implies longer mining 
season, and hence less demanding specifications on mining, processing, and pro-
pulsion equipment, and on solar collector. Note that spiral return trajectories can 
be designed to deliver the payload at very small return hyperbolic velocity (Vhyp), 
because the spacecraft trajectory can be made tangent to the Earth's orbit. Such 
low Vhyp implies easy capture into Highly Elliptical Earth Orbit (HEEO) by lunar 
flyby. 

A pareto comparison has been performed to assess the major parameters of  
a typical NEO mission. NASA considers the total ∆V including the maneuver  
required to depart a notional 400 km altitude circular Earth parking orbit, the ∆V 
required to match the NEA's velocity at arrival, the ∆V required to depart the 
NEA, and the ∆V (if any) required to control atmospheric entry speed at Earth  
return. Figure 7.7 collects and compares the data of the most accessible NEAs 
taken from the NASA JPL database (NASA JPL 2013). 
 

 

Fig. 7.6 NEO distribution with respect to orbit eccentricity and semi-major axis. (DLR 
2011). 
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It can be seen that the scenario with mission duration of 354 days and a ∆-V of 
6 km/s should cope with the all the most easily accessible NEAs known and still  
unknown. 

Other important aspects to be considered are (Friedensen 2011): 

• To provide multiple consecutive launch windows to shorten on-orbit dwell 
time 

• Ensuring equivalent mission durations (to ease logistics and margins) 
• Enabling similar mission ‘portfolios’ (scientific and pragmatic goals would be 

similar for each primary/secondary destination identified); 
 

 

Fig. 7.7 NEA accessibly assessment, mission duration versus ∆-V. Data from 
http://neo.jpl.nasa.gov/nhats/ (NASA 2010). 

7.4.2.2   Asteroid Rotation 

Rotation state is a key driver for an asteroid mission design. If the spin occurs on a 
time scale comparable with that one of the mission, the orientation of the rotation 
axis and the modalities at which it changes are critical since, as for the period and 
rotation velocity, they strongly affect also the power and the thermal systems. The 
derived centrifugal force of 60% of the asteroids is on the order of 10-3 m/s2. This 
acceleration has to be compared with the gravitational pull. 

Usually the pole is the preferred site for the absence of rotation, but a phenom-
enon to be taken into consideration in determining the axial orientation of an as-
teroid is the precession that is a gravity-induced, slow and continuous change in 
the orientation of an astronomical body's rotational axis.  
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7.4.2.3   Asteroid Size 

Size implies different gravity pulls and therefore different close-operation propel-
lant consumption (different orbital maneuvering strategies) and anchoring/mining 
concepts. 

Of course in addition the size is directly proportional to the total amount of  
gatherable material, bigger is the asteroid and higher will be the amount of re-
sources obtainable. 

7.4.2.4   Mineralogical and Geological Composition 

Suitable asteroids should have a high concentration of valuable material. A part 
from this, these materials should be easily harvestable in terms of: 

• Extraction/gathering 
• Material process 

7.4.2.5   Surface Morphologies 

Surface operations shall be compatible with the asteroid superficial morphologies 
in terms of craters beds and rims, regolith average size, regolith layer thickness. 

7.5   System Work 

7.5.1   Mission Scenario Assumptions and Constraints 

Before the definition of a space program such complex and far ahead in time like 
the NEO-use program, some boundary conditions has to be settled. Careful con-
siderations and/or assumptions should involve: transportation capabilities (availa-
bility of heavy lift launchers); political and economic conditions, the technologies 
maturity and scientist expectations. 

7.5.2   Identification of Assets 

The architecture elements and how they will work together has to be identified. 
Hereafter an exemplificative list of elements that might be included in a system of 
systems (Table 7.2). 
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Table 7.2 Possible NEOUSE assets 

Possible ground segment elements: 
Launchers and space ports 

The necessary number, distribution and 
capability have to be determined and com-
pared with the actual availability. 

Control stations 
Deep-space navigation antennas 
Landing sites and logistics 
Material processing and distribution 
centres (ISRU) 
Habitation modules 
  
Possible space segment elements: 
Eventual scout probes These are a fleet of probes that go to poten-

tially interesting NEAs and ping them with 
all kinds of sensors for understanding their 
chemical, physical, orbital, rotational and 
gravitational properties.  
They are miniaturized as far as possible.  
Scouts just observe with remote sensing 
Prospectors send back samples, or do on-
site analysis 
Both are built with exchangeable modules 
put together in various ways to fulfill the 
mission.  
They are launched from LEO, and may 
have the capacity to navigate to more than 
one NEA.  

Asteroids Orbiters for Nav/Com  
services 

Satellites orbiting/flying around or next to 
the asteroid to provide Nav/Com services 
among Earth ground segment, the elements 
on the asteroid surface and the other orbital 
elements. 

Asteroids miners/catchers Unit down/on the surface of the asteroid, 
that digs in and breaks the material up 
enough for transport to the eventual proces-
sor unit. 

Row material processors Unit that takes in raw asteroidal material 
delivered by the diggers and separates it out 
into: Iron, nickel, cobalt, PGMs, volatiles 
and rocky slag. All of them leave the pro-
cessor. 
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Table 7.2 (continued) 
 

Space Tugs Multipurpose transportation elements able 
to carry and interface with other elements 
and material among different orbits. Each 
Tug will remain in orbit several years per-
forming multiple missions. 

Propellant and material containers Volatiles are tanked, and these tanks also 
stacked on the outside of the processor for 
easy pickup by docking tugs. 

Earth Entry Capsules Capsules to be provided by Earth or pro-
duced in space by means of asteroid re-
sources, used to re-enter on Earth the col-
lected materials. 

Reusable LEO carriers (Space Shut-
tle-like vehicles) 

There can be reusable elements used for 
transportation purposes between Earth 
surface and LEO. 

LEO  infrastructure for refuelling and 
maintenance 

A sort of infrastructure similar to the actual 
International Space Station. It could be 
located in LEO or in a lagrangian point. 

 
These or other elements could be picked up to figure out the mission architec-

ture. The selection process should follow a systematic approach from objectives, 
to functions and requirements, tradeoffs and analysis.  

7.5.3   High Level Trade-Offs 

Depending on the assumed scenario rationale choices to be performed might be: 

• To bring back asteroidal material or whole asteroids 
• To bring back raw asteroidal material, or process it on-site to bring back only 

processed materials, and eventually produce propellant for the return trip. 
• Possibility about stopping or mitigate the rotation of the asteroid. 
• Asteroid anchoring concept 
• Material harvesting/collection concept 
• Earth entry strategy: direct, aerocapture, lunar assisted capture, propulsive 

braking. 
• Earth entry, descent and landing strategy: Inflatable Re-entry Descent Tech-

nologies (IRDT), lifting body, controlled or passive, parachutes, skip re-entry. 
• Propulsion: electrical, chemical, hybrid. 

All these choices shall be rationally faced comparing their implications at system 
level and the ratio between cost and benefits. 
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7.5.3.1   Bring Back Asteroidal Material or Whole Asteroids 

Instead of mining an asteroid far from Earth, it could be thought to bring back to 
Earth the whole asteroid, and then to mine it in Earth orbit or if it is small to safely 
re-enter it to the Earth surface, the materials could be extracted much more easily 
after landing. Safety is the concern of this scenario due to the risk of falling coarse 
material. Operations have to be carefully programmed. 

7.5.3.2   Bring Back Raw Asteroidal Material, or Process It On-Site 

Assuming available a sufficient amount of power (e.g. nuclear reactor), processing 
on site the material will increase the percentage of valuable resources within the 
returning mass. In first approximation a longer mining/processing period could 
raise the payback mass ratio. A simple economic analysis could suggest which 
choice should be the better. 

Thus, material processing can enhance the mission performance by: 

• mineral processing to increase the net percentage of valuable mass. 
• propellant production or material exploitation for propulsion purpose; using 

part of the retrieved non-terrestrial mass as reaction mass, such as asteroid-
derived volatiles, or in-situ-produced propellant. It becomes possible to return 
to Earth orbit much more mass. 

• A simple Earth re-entry capsules manufactured at the M-type asteroids, 
moulded in one or two pieces of Inconel metal. 

7.5.3.3   Possibility about Stopping or Mitigate the Rotation of the Asteroid 

Stopping the rotation of the asteroid, if small, might obtain some benefits such as 
an almost constant sun vector direction, to easily point the solar-powered pro-
cessing equipment or other thermal equipment, and easier landing/departing op-
erations. 

A solution would probably be to use a yoyo-like gadget commonly used to de-
sign satellites without using any fuel propellant. Others more exotic concepts are 
possible, but for bigger asteroids, or for a low-budget operation on a small aster-
oid, it is probably better to let the asteroid keep spinning and just attach the indus-
try to the pole of rotation using a rotary joint. 

7.5.3.4   Asteroid Anchoring Concept 

Since gravity cannot assist to keep the rig in place, the mining machinery must 
always be anchored to the asteroid surface or subsurface in order for forces to be 
exerted onto the asteroid. The released material must then be efficiently contained 
and recovered. Containment is important, because the escape velocity for small 
asteroids may be of the order of 20 cm/s.  

Anchoring may be difficult due to the loose rubble structure of many asteroids. 
Securing the elements is easy on solid consolidate objects but it is likely to be very 
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difficult with low strength or unconsolidated material, such as loose regolith or the 
hypothesized loose dusty covering of a dormant or extinct comet. The reaction 
forces created by such mining operations as drilling or scraping may in that case 
require the operation to be spread over a very wide footprint, if the regolith 
strength is low, and because of the very low gravity. This may need very wide 
anchoring area, including the approach of totally surrounding the target body, by 
wrapping it with a net or membrane. 

Possibilities for securing spacecraft to an asteroid would be: 

• Assuming a loose substrate 

o to tie the spacecraft down with a rope or a net passing around the entire 
NEA; 

o to screw in large area augers or screw-plates (assumes that there is a re-
golith and it is loose enough and compressible enough for a screw to 
penetrate); 

o to weld tie-downs into massive clasts of metal, ice, or solid silicate rock; 
o to use large area fluked anchors; 
o to burrow completely into the regolith (e.g., using contra-rotating 

screws). 

• Assuming a mechanically competent substrate 

o to glue or adhere to the surface; 
o to clamp against opposing surfaces. 
o to drive in pitons; 
o to fire in harpoons or penetrators which resist extraction. 

The most promising concepts should be investigated and tested during the tech-
nology development phase. 

7.5.3.5   Material Harvesting/Collection Concept 

The mining method will depend on the material being sought. If regolith, the  
method will clearly be very different from that chosen if recovering solid metal; 
different again, if the ore is high in volatiles and ices. Mining approaches will 
depend on the material: 

• Loose material can be scooped, scraped, or shoveled. 
• Friable but bound material will have to be broken or cut, or somehow dis-

aggregated, before collection. 
• Hard rock will require drilling, cutting, or blasting. The force required can be 

exerted against the rock surface, either by impact or by pressurization or by 
static loading. (e.g. drills, hammers, tunnel borers). 

• Silicates and ices or hydrocarbons (frozen volatiles) can be melted or vapor-
ized in addition to the other solutions (cut or mechanically mined). 
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• Extensive metal can be cut/machined, melted at high temperature or reacted at 
a lower one, e.g., using the carbonyl vapor-metallurgical process. 

In very-low-gravity it is necessary to: 

• ensure the scraper or shovel is held against the surface; and to 
• ensure that collected material is effectively retained within the collecting 

mechanism, and does not float away. Thus, mining on low gravity bodies will 
require an approach that encloses the regolith being collected. 

For these motivations there may be good reasons to use underground mining tech-
niques when mining on asteroids: 

• it is easier to generate reaction forces for cutting, drilling, or digging (i.e., it 
uses standard terrestrial mining technologies); 

• the surface layer may be depleted in the desired material (e.g., volatiles may 
only lay at depth under a lag deposit in a dormant comet); 

• it may be easier to contain the material; 
• the resulting volume may itself be useful, e.g., for storage, habitat, or plant. 

An underground mining technology should not require a large normal reaction 
force, and should have minimal impact on ground that is suspected to be weak and 
friable (Gertsch and Gertsch 1997). During tunneling the miner holds itself steady 
by the walls of the tunnel pushing against the walls or cutting into them. Tunnel-
ing prevents consumption of the entire asteroid, but desirable ore veins or cracks 
can be followed. 

Another concept is to have a stationary canopy. In this case a dust kicker goes 
down to the asteroid and just kicks up the ore. When there is enough material in 
the canopy, it could be sealed off and moved to the eventual processing site. 

7.5.3.6   Earth Entry, Descent and Landing Strategy 

There are various possibilities for reducing velocity from hyperbolic to a bound 
orbit upon Earth return (Gertsch and Gertsch 1997): 

• Propulsive braking. This method is the simplest in terms of orbital operations, 
but may be undesirable, as it reduces the quantity of retrievable material that 
is available for sale. 

• Aerobraking. It takes advantage of the highest layers of Earth atmosphere to 
reduce the spacecraft velocity by means of aerodynamic drag enhanced by 
large surfaces (e.g. solar arrays or IRDT) orthogonal to the velocity direction. 

• Lunar assisted capture. It uses a lunar flyby to remove the Earth hyperbolic 
velocity. A velocity reduction in the order of 1.5 km/s is achievable for a sin-
gle lunar flyby but severe navigation and timing constraints must be met, to 
ensure the requisite low altitude pass over the Moon at the proper time in its 
orbit to provide maximum velocity loss. 
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• Direct reentry. No reduction of velocity is foreseen. This is absolutely the 
simplest approach even if the reentry mechanical and thermal loads are the 
highest. Past missions demonstrated it is feasible a direct entry trajectory with 
no manoeuvring system on the entry vehicle. Genesis demonstrated that a soft 
landing system is not required at all [http://genesismission.jpl.nasa.gov/]. A 
traditional aeroshell entered Earth’s atmosphere and crashed into the desert 
floor. Although the capsule broke on impact, scientists recovered the sample. 
Asteroid material bullion delivered by capsule would be bent, dented, and 
twisted by impact, but would be melted down anyway at the refinery so it 
does not matter. Genesis has been a resounding successful demonstration of 
recovery of asteroid material. 

The Star Dust capsule re-entry velocity was 12.9 km/s, which has been the fastest 
ever re-entry speed into Earth's atmosphere ever achieved by a man-made object 
[http://stardust.jpl.nasa.gov/home/ index.html]. 

Many solutions are also possible to control the aerodynamic coefficient of drag 
and lift during reentry and therefore acquire the capabilities of trajectory control 
which implies to perform a certain level of precision landing and to regulate the 
mechanical and thermal loads during reentry (Table 7.3). Even Skip reentry is 
often an interesting choice depending on the mission requirements. 

Table 7.3 Solutions to control the aerodynamic coefficient of drag and lift 

 Passive Active 

Capsule 
Stable geometrical configuration 
(aeroshell shape and center of 
gravity) 

 Active aerodynamic surfaces 
 Controllable center of gravity 
 Reaction control system 
Active aerodynamic surfaces Lifting body - 

 
Even the last phase before surface touching conceives many different solutions 

for descent and landing. The common possibilities are hereafter listed: 

• Descent technologies: 
o Parachutes 
o Paragliding 
o Retrorockets 
o IRDT (Inflatable Reentry and Descent Technologies) 

• Landing technologies: 
o Ground Landing / Splashdown 
o IRDT 
o Airbags 
o Crushable structures 
o Retrorockets 



7   Human Missions to NEO's – A System Perspective 193 

 

7.5.3.7   Propulsion 

The decision about what propulsion technology is the most suitable to be adopted 
is strictly related to the mission analysis. Table 7.4 reassumes the propulsive tech-
nologies available. 

Table 7.4 Propulsion options for transportation elements 

Propulsion 
philosophy

Technology 
Mission analysis 
constraints 

Characteristics 

Electrical 

Power source 

They depend upon 
the selected power 
generation technolo-
gy (e.g. attitude wrt 
the sun) 

Higher is the power availa-
ble and higher are the pro-
pulsive performance 

Thrust generator 
device 

Low thrust, as with 
ion-engines, and 
contour navigation 
along gravitational 
“contours”.  
Very promising is 
the VASIMIR engine 
technology. 

Very high specific impulse 

Chemical 

Solid No versatility 
Simple, high TRL, low 
specific impulse. 

Liquid (cryogen-
ic/storable, 
bi/mono propel-
lant) or Hybrid 

- High TRL 

Mixed pro-
pulsion 

Combination of 
electrical and 
chemical propul-
sive systems. 

- 

Chemical for escaping 
LEO, then ion-engines for 
transfer and insertion into 
NEA orbit, then again 
chemical for local 
micronavigation at the 
NEA, ion-engines on the 
way back to Earth, and 
chemical again for rounding 
out the aero-braked orbit.  

Solar sails 

Wide reflecting 
films Mini Magne-
to Sphere Plasma 
Propulsion 
(M2P2a) 

It implies very com-
plex low-thrust tra-
jectory design. 

It uses the solar wind to 
push the spacecraft. Low 
thrust, low TRL, no propel-
lant required. 

(a) http://www.ess.washington.edu/Space/M2P2/ 
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For now it seems that the mixed propulsion option for a transportation element 
could offer the greatest benefits. 

For the propulsion system of the NEOUSE program, the VASIMR is also advisa-
ble (Variable Specific Impulse Magnetoplasma Rocket) [http://www.adastrarocket. 
com/aarc/VASIMR]. It consists of three linked magnetic cells. Plasma ions are in-
jected from the forward cell, and then accelerated through an ion cyclotron. After the 
ions have gained enough energy, they are shot out the aft cell to produce thrust. A 
major reason for choosing the VASIMR system is its ability to use constant power 
throttling. This enables the fastest possible round trip time for a given amount of 
propellant. Using the VASIMR, NEOUSE transport elements would be able to make 
the round trip from the asteroid to low Earth orbit and back to the asteroid, again, in 
about one year. This makes VASIMR the ideal choice of a propulsion system for 
this mission. 

7.5.4   Identification of Critical and Enabling Technologies 

A program such as NEO-use foresees a high number of very complex missions 
also different among them. The individual and overall risk must be carefully ana-
lyzed since the very beginning of the design. 

Table 7.5 Critical and enabling technologies list 

Technology Description 
High efficiency propul-
sion 

Electrical propulsion or new other propulsive means, even 
if travelling time is a constraint 

Material processing In situ resources processing to: 
increase the payback mass 
manufacture re-entry capsules 
recover propellant in loco 

Electrical power gener-
ation 

Solar arrays, nuclear reactor, fuel cells, Solar Power Satel-
lite (SPS), etc. 

Asteroid anchoring 
technology 

Devices to fix/retain the asteroid surface elements next to 
the surface.  

Radiation protection Active or passive system providing long term human pro-
tection against high energy radiation, particles and solar 
events. 

NEA guidance and 
navigation 

Guidance and control systems for  maneuvering  and navi-
gating around a NEA proximity. 

 
An important early step is to identify of critical, transversal and enabling tech-

nologies in order to concentrate the efforts in research and the investments of re-
sources on Earth. A clear development roadmap shall be established. 

In particular is has to be highlighted that NEA mining technologies are largely al-
so the same enabling technologies for a future PHA deflection mission (Table 7.5). 
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7.5.5   Cargo Return Vehicle 

During the NEO-use campaign, the huge quantity of material which will be gath-
ered should be processed to be enriched on the asteroid by in-situ robotic ele-
ments. Then, a resulting much smaller and most valuable amount shall be brought 
to Earth by means of a fleet of Cargo Return Vehicles (CRV)(Fig. 7.8). Neglecting 
all the other assets (services satellites, mining systems, etc.), this section aims to 
provide a closer look on what on what would be a solution to the gathered material 
transportation to Earth. The CRV details presented are taken from the study work 
of the SEEDS Master course (SEEDS 2009, 2010). 

 
Fig. 7.8 CRV concept 

The CRV conceived is a complex system, which is itself composed by three 
major elements described in Fig. 7.9. 

 

Fig. 7.9 Cargo Return Vehicle element decomposition 

CRVs shall be able to reach and touch ground autonomously on the asteroid 
nearby the local infrastructures, and then the extracted material will be loaded by 
robotic elements in the CRV, which will bring them safely to Earth. Once in Earth 
proximity, the CRV will release and inject a Cargo Re-entry Capsule (CRC) with 
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the material into a precise reentry trajectory. Such CRC will land close to Earth 
asteroid material and retrieval processing facilities, guaranteeing material protec-
tion and containment until its recovery. 

The CRC is suitable to withstand the thermal and mechanical loads present in a 
hypersonic atmospheric entry; it would have a loading capacity of 240 kg, with an 
external diameter of about 2 m. 

• A landing error of 50 km would be achievable also with a very simple passive 
ballistic reentry. 

• The descent system will be only made of main parachutes and pilot chutes 
achieving a maximum ground impact velocity of less than 10 m/s. 

• To minimize the mass of the descent system, it has been conceived to release 
the heat shield in flight.  

 

Fig. 7.10 CRV attitude and orbital control system architecture 
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The transferring module (SRM) has instead to perform different functions, par-
ticularly the propulsive one during orbital flights. The control method proposed is 
3-axes stabilization, zero momentum with only thrusters; Figure 7.10 summarizes 
the attitude and orbital control system (AOCS) architecture. 

The navigation sensors selected are a star tracker with three optical heads, sun 
Sensors are a redundant system solar array sun-pointing, two inertial measurement 
units (IMUs) in cold redundancy and a GPS-like receiver. The GPS system will 
not be used until the navigation satellites are in line sight and range. It might pro-
vide high accuracy position for important maneuvers in Earth proximity like the 
insertion, the capsule release and the CRM disposal.  

The CRV engine shall be able to restart, with thrust vector control capability 
and throttability. Mono-Methyl-Hydrazine (MMH) as fuel and Nitrogen Tetroxide 
(NTO) as oxidizer is the selected propellant/oxidizer combination of a Gas Gen-
erator (GG) cycle. High pressure Helium is utilized to pressurize MMH and NTO 
tanks. This combination probably ensures the best performance in terms reliabil-
ity, storability (years in specific conditions) and specific impulse. MMH/NTO can 
also be quite easily reignited and throttled. 

The driving factor in the size of the vehicle is represented by the fuel tanks and 
the engine respectively (Fig. 7.11). Because of the main driving elements being 
linked to the propulsion system, the evolution of the design would heavily relied 
on the evolution of the propulsion system. Since more than the 60 % of the CRV 
mass is propellant, some improving design solutions could be: 

- staging strategy and/or orbital nodes  
- to increase the Isp using different propulsion technologies (e.g. VASIMR). 

 

 
Fig. 7.11 CRV main propulsion system 
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The system presented has been designed based on a transport capability of 240 
kg of payload material. It would be possible for it to be scaled accordingly to dif-
ferent quantities of material. The barrier is given by the performance of propulsive 
technology adopted. Over that, simply, multiple missions may however guarantee 
to transport all the mass required and overcome the technological threshold of the 
single craft. 

7.5.6   Human Missions 

Although humans are more versatile than robots are, it is difficult to justify the 
cost and the risk of performing manned missions to NEO if not necessary. Very 
realistically first precursor missions will be robotic, after which human crews will 
settle the first outposts and infrastructures. After these phases it is imaginable that 
only autonomous robotic elements can perform with the NEO mining and material 
transportation to Earth. 

These intermediate human tended missions have to be carefully conceived tak-
ing into consideration the peculiar constraints of a crew. As already discussed, 
with current radiation protection technology, a typical human can only endure 
~180 days of deep space before reaching what NASA defines a maximum ac-
ceptable risk from radiation: 3% fatal cancer risk at a 95% confidence level. As 
example of how it would look like, in Fig. 7.12 is reported a manned vehicle for a 
NEO mission from a Caltech Space Challenge study (Caltech Space Challenge 
2011). 

 

Fig. 7.12 Example of a manned vehicle, for a NEO mission. (Caltech Space Challenge 
2011). 

Careful selection of the crew size and composition, as well as of the habitable 
volume and of the activities and sources of entertainment for the astronauts.  
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It is generally agreed that the optimal number of crew members should be be-
tween four and six as a compromise between the resourced needed to sustain the 
crew life and wellness and the activity that can be performed. On the NEO surface 
a minimum team of two astronauts will perform each Extra Vehicular Activity 
(EVA), and will be monitored by the Intra-Vehicle Activity (IVA) crew. A con-
cept proposed was to have a grid of cables anchored to the NEO to which the as-
tronauts could attach themselves and translate to the various locations around the 
NEO (NASA Exploration Systems Mission Directorate). 

A possible configuration of the manned craft may include:  

• a crew module - including environmental controls and life support systems 
(ECLSS), power, logistics storage, medical facilities. Possibly an additional 
module with additional living space might be required. 

• An Excursion Vehicles (defined as a two-people, free-flying vehicle for close 
operations with the NEO and EVAs. 

• Propulsion stages for in-space transportation to and from the NEO. 
• Earth return vehicles (atmosphere re-entry capability). 

Acknowledgments. The authors kindly thank Francesco Marziani (ALTEC, Torino, Italy) 
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Chapter 8  
Designing Robots for Gravity-Independent 
Locomotion 

Marco Chacin 

Singularity University, California, USA  

8.1   Introduction 

In recent years, the scientific community has had an increased interest in exploring 
the asteroids of the solar system (APL 1996, JAXA/ISAS 2003, NASA/JPL 2007). 
Technological advances have enabled mankind for the first time to take a closer 
look at these small solar system objects through sensors and instruments of robotic 
deep space probes. The in-situ study of asteroids can lead to important scientific 
findings in the effort to map the main asteroid belt. Mapping the belt by spectral 
classes and knowledge about which region on Earth the meteorites have landed 
can provide key clues about the origin and evolution of our solar system, even 
including the geological history of our planet Earth (Fujiwara et al. 2006). How-
ever, little attention has been given to locomotion on their surfaces with a mobile  
robotic system, due to the challenging gravity conditions found in these small  
solar system bodies. 

In small bodies like asteroids, the gravitational fields are substantially weaker 
than those of Earth or Mars, therefore the likelihood of a robot's unintentional 
collision with the surface while attempting a movement is substantially higher. In 
spite of these difficulties in order to maximize the scientific return from any given 
mission on an asteroid's surface, future missions must have the ability to conduct 
stable mobility and accurate positioning on the rough terrain. 

In this chapter, the focus is on gravity-independent locomotion approaches, 
technologies and challenges of robotic mobility on asteroids that have the possibil-
ity to provoke minimum reactions on the surface that could push the probe with 
sufficient force to reach escape velocity and drift into space. Recommendations 
and methods to perform compliant motions during operations by a surface robot 
under microgravity conditions are presented taking into account the contact dy-
namics, the natural features of the environment, the friction of the surface and its 
reaction force. 

8.2   Mobility in Microgravity 

Asteroids' physical characteristics provide a very hostile environment distin-
guished by the absence of (almost any) gravity. The effects of the microgravity 
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environment can be approximated for convenience as those on order of 10-6 g 
(Scheeres 2004) (where g is the acceleration due to gravity on Earth). In such an 
environment, objects basically do not fall, but remain orbiting unless they reach 
the low escape velocity of the asteroid on order of 20 cm/s (Scheeres 2004), as in 
the case of the asteroid 25143. To attain stable mobility on these bodies, it is criti-
cal to consider the interaction forces between a robot and the asteroid's surface in 
such microgravity environments. 

Relatively little attention from planetary scientists and planetary robotics engi-
neers has been focused on surface mobility on asteroids. As a result, there exists 
some risk that premature conclusions about the feasibility of stable mobility on 
asteroid surfaces may be drawn without thorough consideration of all possible 
alternatives. However, it is clear that in order to increase any scientific return from 
a mission operating on an asteroid, movement on the surface would require a clos-
er look at stability control against the forces interacting between bodies in a mi-
crogravity environment. 

Recent developments in robotics which may pose the most feasible solutions to 
mobility in weak gravity domains of asteroids are discussed below. 

8.2.1   Rolling and Hopping Locomotion 

Although wheels are not an obvious solution for asteroid surface mobility, at least 
one study has suggested wheels to be viable in certain cases for rovers with mass 
less than one kilogram. Baumgartner et al. (1998) reported that the analysis of 
whether adequate tractive forces can be achieved for rolling mobility depends on 
the wheel-terrain interaction model employed. Traction sufficient for a small rover 
to traverse at a rate of 1 cm/sec was shown to be feasible via dynamic simulations 
revealing traction losses at the beginning of traverses.  

Computer-based dynamic simulation studies of hopping and wheeled vehicles 
have concluded that both types have limited use for asteroid mobility (Behar 
1997). Hopping robots were deemed to be of limited utility due to complexity of 
both thruster control for accurate maneuvers and robot pose estimation. Wheeled 
robot utility was viewed as limited due to difficulty maintaining wheels on the 
surface when undesired surface reactions led to long periods of ballistic floating 
before touching down. Another variation on rolling locomotion for asteroid mobil-
ity was proposed by Hokamoto and Ochi (2001) based on a vehicle with a dode-
cahedron shape and 12 individually actuated prismatic leg joints oriented radially 
around the body to provide intermittent walking and rolling. 

When complexities associated with accurate maneuvers are avoided and re-
placed by simpler propulsion mechanisms, ballistic hopping is perhaps the sim-
plest means of mobility for reaching discrete patches of asteroid terrain. The 
aforementioned MINERVA vehicle was the only asteroid hopping rover fully 
developed for a space flight mission thus far. It was a ~600 g vehicle designed for 
several asteroid days of autonomous operation involving ballistic hopping with 
variable hop speed and some control of hop direction depending on its attitude on 
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the surface (Yoshimitsu et al. 2001). Other designs are in development or have 
been proposed as viable concepts. A 1.3 kg wheeled rover, at one time considered 
a payload for the Hayabusa mission on which MINERVA flew (Wilcox et al. 
2000, Kawaguchi et al. 2003), was proposed with a novel mobility mechanism 
that also enables ballistic hopping. It further offered a capability to self-right in 
response to inevitable tumbling during landing from a hop or while traversing the 
surface at 1.5 mm/sec in low gravity (Tunstel 1999). 

Another hopping vehicle intended for asteroids is the Asteroid Surface Probe 
(Cottingham et al. 2009), an 8 kg battery-powered (100 hours) spherical body of 
30 cm diameter that uses thrusters to hop. When stationary, the sphere opens up 
using 3 petals to expose a science instrument payload and provide the means to 
self-right the probe (Ebbets et al. 2007). Similar, in principle, is a 12 kg thruster-
propelled ballistic free-flyer concept designed by the German Aerospace Center 
(DLR) as part of a European Space Agency study (Ritcher 1998). Other hopping 
robots proposed for asteroid exploration include a pyramid-shaped, 533 g proto-
type with four single degree-of freedom (DOF) flippers at its base to enable hop-
ping plus a lever arm for self-righting (Yoshida 1999), and a spherical 1 kg robot 
with internal iron ball actuated by electro-magnets to induce hopping (Nakamura 
et al. 2000).  

A recent study concluded that wheeled and hopping locomotion modes in low 
gravity are comparable in locomotion speed (Kubota et al. 2009). The study con-
sidered ideal conditions (e.g., flat terrain and no loss of contact between wheels 
and terrain). A similar conclusion regarding energy consumption was reached in a 
comparative study of wheeled and hopping rovers for Mars gravity (Schell et al. 
2001). 

8.2.2   Locomotion by Crawling and Climbing 

Nature offers many existence proofs, in the form of animals and insects, for solu-
tions capable of traversing rough terrain against forces of gravity. Limbed locomo-
tion has received limited consideration in the past for reasons of lower efficiency 
as compared to wheeled systems, but it is a common alternative that could enable 
crawling or climbing to achieve viable mobility solutions for planetary rovers.  

Related arguments are less persuasive when dealing with the microgravity envi-
ronment encountered on asteroids. On asteroids, a means to cling to the surface 
(Yoshida et al. 2002) would offer a critical capability for controlled motion and 
fine positioning. Limbs can also be beneficial as an active suspension that damps 
and prevents “bouncing” during traverse or upon landing after a hop. Crawl-
ing/climbing locomotion approaches without the use of limbs may also have merit 
for the asteroid domain. Such “limbless” approaches are briefly discussed below 
followed by promising technologies and concepts for clinging and gripping to  
surfaces. 
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8.2.3   Limbless Crawling 

A significant volume of engineering literature exists on research advances for 
snake-like or serpentine robots. A recent survey is provided in (Transeth et al. 
2009). Robots have been developed to execute a variety of locomotion gaits in-
spired by snakes that could be best suited for effective locomotion under low sur-
face friction conditions (Dalilsafaei 2007) and especially effective for traversal of 
loose or slippery terrain (Hatto and Choset 2010). Other technologies such as dry 
adhesion are advancing for robotics applications in combination with mechanisms 
for climbing. Discussed next are adhesive means of achieving secure surface con-
tact while crawling or climbing based on examples of technology proposed for 
space and planetary rovers. 

8.2.4   Enabling Adhesion Technologies 

Dry adhesive and electrostatic adhesion approaches that permit walking or climb-
ing robotic systems to stick to natural surfaces hold promise for gravity-
independent locomotion. An example is the Automated Walking Inspection and 
Maintenance Robot (AWIMR), a concept intended for operation on the exterior of 
crewed space vehicles or structures in space rather than on planet or asteroid sur-
faces (Wagner and Lane 2007). The AWIMR engineers established the feasibility 
of walking on such surfaces with the aid of prototype sticky feet, inspired by 
gecko feet, using dry adhesive polydimethylsiloxane for adhesion. The robot's 
sticky feet could walk on any clean, non-fragile surface (of the types found on 
space vehicle exteriors) and required a certain pull-off force. The AWIMR project 
also tested electrostatic means of sticking to surfaces, finding that greater shear 
forces were possible and that 2-3 kV was suitable for locomotion in this case 
(Wagner and Lane 2007). 

Bombardelli et al. (2007) proposed artificial dry adhesives inspired by geckos 
and spiders for securing ballistically delivered microprobes to asteroid surfaces 
upon landing. The concept is motivated by the successful fabrication of several 
engineering prototypes of artificial reusable gecko adhesives. It is reported that the 
strongest such dry adhesive was recently fabricated using bundles of carbon nano-
tubes exhibiting four times the stickiness of natural gecko foot hairs (Bombardelli 
et al. 2007, Ge et al. 2007). 

Among the desirable characteristics of synthetic, gecko-like dry adhesion for 
enabling asteroid traversal by rovers is its effectiveness on many surface types (as 
its functional basis is Van der Waals forces), its effectiveness in the vacuum of 
space, the fact that no additional energy is required to maintain an established grip 
on a surface, and their potential for mimicking the self-cleaning or dust resistant 
property of natural gecko footpads (Menon et al. 2007, Silva et al. 2008). The 
applicability of this technology for space and planetary robotic vehicles that would 
walk or climb on in-space structures and terrestrial surfaces is highlighted in (Me-
non et al. 2007). What could be considered early phases of suitable asteroid robot 
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designs are briefly described in that work. We next discuss examples of technolo-
gies that offer mechanical means for gripping with robot limbs or momentarily 
anchoring robot limbs to natural surfaces. 

8.2.5   Limbs with Gripping End-Effectors 

Limbed approaches employing gripping end-effectors (Fig. 8.1) as feet/hands can 
enable walking/climbing locomotion while maintaining contact with asteroid  
surfaces. The ability to grapple onto surfaces is key to gravity-independent loco-
motion allowing mobility in any orientation including steeply sloped natural ter-
rain and upside down. Such “grapple-motion” capability enables natural surface 
traversal by clawing into regolith or forming grasping configurations against 
rough, hard surfaces of high friction.  

 

Fig. 8.1 Prototype gripper  

During the past decade, prototypes of such limbed systems have been under de-
velopment for planetary mobility and more recently focused on the problem of 
climbing steep terrain on Mars. A representative example of the state of the art for 
such applications is an 8 kg four-limbed planetary rover, LEMUR IIb, for which 
several types of climbing end-effectors have been investigated (Kennedy et al. 
2005). The locomotion functionality for the LEMUR-class of robots evolved (ki-
nematically) from 6-limbed robots for walking on space structures in orbit to  
4-limbed free-climbing on steep terrain. Technologies addressed during the devel-
opment of free-climbing capabilities for LEMUR IIb (e.g., gripping end-effectors, 
force control, and stability-based motion planning) should be useful for gravity-
independent locomotion on asteroids as well. 

Recent work at Tohoku University spearheaded limbed locomotion solutions 
and prototypes that are more specific to asteroid surface mobility and explored the 
feasibility of statically stable grapple-motion in microgravity (Chacin and Yoshida 
2005). The work is motivated by a desire to achieve finer and more deterministic 
control of robot motion and position. Motion control complexities are handled 
using a behavior-based control approach in addition to bio-inspired central pattern 
generators for rhythmic motion and sensor-driven reflexes. Dynamic simulation 
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results showed that static locomotion is feasible when grasping forces on the sur-
face can be achieved (Chacin and Yoshida 2005). A 2.5 kg prototype of the Toho-
ku asteroid rover (Fig. 8.2) was built using a piercing spike at the tip of each limb 
to serve as momentary anchors in soft regolith or as contact points of a static grip 
on hard surfaces when used in combination (Chacin et al. 2006). Crawling gaits 
feasible for locomotion in microgravity environments using this system are ana-
lyzed in (Chacin and Yoshida 2006) for stability (in the sense that they hold the 
rover to the asteroid surface).  

 

 

Fig. 8.2 Tohoku University’s robot during development (top) and simulated model (bottom) 

The next section focuses on this robotic system as an example of an asteroid 
mobility solution and control approach. It considers issues related to the micro-
gravity environment and its effect on dynamics of robotic systems on asteroids. 

8.3   General Assumptions 

In a future asteroid exploration mission (Chacin and Yoshida 2005, Chacin et al. 
2006, Yoshida et al. 2002), it is expected to have a smart design of a robotic sys-
tem that would allow scientists to benefit from more accurate instrument position-
ing capability on the asteroid's surface in microgravity. However, the engineering 
complexity of this task makes the design of an effective robot with stable locomo-
tion difficult. A feasible robotic design for such a mission would be a small 
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limbed robot deployed over the asteroid to crawl on its rough surface (Chacin and 
Tunstel 2012).  

During regular operations the robot is intended to use the natural features of the 
environment and the friction of the surface for omni-directional walking having 
multiple contacts between the limbs and the environment. In a microgravity envi-
ronment, a planning algorithm can exploit this property by generating motions in 
contact, or more formally compliant motions (Borenstein 1995). During the execu-
tion of a compliant motion, the trajectory of the end tip is reflected according to 
the sensed forces derived from the contacts. 

In this context, the problem of specifying a compliant motion command is simi-
lar to the problem of planning using pure position control to orient the end tip. The 
compliant motion control (Klein and Briggs 1980) allows specification of the 
forces and velocities to be maintained in the motion frame until the meeting of a 
set of termination conditions is detected. 

Throughout the following analysis, to simplify the discussion, it is assumed 
that: 

1. The object is a rigid body in contact with a rigid link of the robot; 
2. Accurate models of the limbs and object are given; 
3. Interference between limbs is ignored; 
4. Each limb has only one frictional contact point at a fixed location; 
5. The z direction of the contact point is always inward of the surface normal; 
6. Contact points are known and the mass of each link of the robot is negligible; 
7. Dynamic and static frictional coefficients are not distinguished between each 

other; 
8. The motion is quasi-static to suppress any dynamic effect. 

Assuming just one frictional point allows us to consider only forces at the contact 
points. In this way, while executing a compliant command, the robot controller 
can interpret the sensed forces to automatically generate the corrective actions 
needed to comply with the task while preserving contact during motion. 

Static friction occurs when the relative tangential velocity at a contact point is 
zero; otherwise, the friction is called dynamic friction. Assumptions 7 and 8 allow 
considering a “first-order” (or quasi-static) world where forces and velocities are 
related and also have static friction but no dynamic friction.  

8.3.1   Dynamic Model 

The model of the robot (Chacin and Yoshida 2005) consists of a central body with 
a hexagonal shape and six identical limbs (Inoue et al. 2002, Inoue et al. 2001) 
symmetrically distributed around it. This type of surface mobile robots have the 
same structure in terms of dynamics equations as free flying or floating robots 
which do not have a fixed point but have interaction with the ground. 

The dynamic motion of the free-flying multi-body system with the presence of 
the external forces Fex is described as (Yoshida 1997): 
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where H is the inertia matrix of the robot, xb - position/orientation of the base;  
φ - articulated joint angles; cb, cm - velocity/gravity dependent non-linear terms;  
Fb - forces/moments directly applied on the base; τ - joint articulated torque; 
JT -Jacobian matrix. 

In this model, any configuration of the robot can be defined by a set of parame-
ters, the coordinates and orientation of the body, and the joint angles of each limb. 
The limbs have three links and three actuated revolute joints. Two of these joints 
are located in the junction of the leg/limb with the central body. The third joint is 
located at the knee connecting the upper and lower link, which results in each limb 
having three DOF.  

The kinematic relationship around the end points is expressed as follows: 

bbmex xJφJx  +=  

bbbbmmex xJxJφJφJx  +++=  

(8.2,3)

where Jb and Jm denote the Jacobian of the base (main) body and the Jacobian of a 
given manipulator (limb) respectively. 

8.3.2   Contact Dynamics 

In commonly used contact models (Brach 1991, Keller 1986), the relationship of 
momentum exchange and force-time product assumes infinitesimal impact. How-
ever, the infinitesimal impact between two single rigid bodies is a much idealized 
case. When modeling the ground (natural terrain), it is usually observed that as the 
stiffness coefficient is lowered, greater penetration in the ground occurs. The low-
er the damping constants, the longer the vibrations occur. However, a very high 
increment in stiffness or in damping constants in the limbs' model produces insta-
bilities in simulations due to numerical issues that can be avoided by using a rigid 
limb, thus reducing the model order. The following discussion looks at how to 
determine the contact force Fex (Der Stappen 1999). 

Where there is friction at a contact point, the friction force at a point acts tan-
gential to the contact surface. We will denote the magnitude of the friction force at 
the i-th contact as fi, a magnitude of the normal force as fn. To specify the tangen-
tial acceleration and friction force completely in a three-dimensional system, we 
would also need to specify the direction of the acceleration and friction force in 
the tangent plane (Gilardi and Shraf 2002, Yoshida 1999). 
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Fig. 8.3 Contact model 

In order to assume a purely elastic contact at the end tips (Chacin and Yoshida 
2008) (normal (z) direction), the impact phase can be divided into two stages: 
compression and restitution. During the compression stage, the elastic energy is 
absorbed by the deformation of the contact surfaces of the impacting bodies. In the 
restitution stage the elastic energy stored in the compression stage is released back 
to the bodies making the relative velocity greater than zero. Then, the robot can be 
modeled as a mass-spring system (Fig. 8.3) and as a result, the following relation 
between the mass, the velocity and the force should hold: 

FΔΔmv =2  (8.4) 

Now, considering the time of contact as a function of the mass of the system m 
and the stiffness coefficient of the limbs K, we have: 

K

m
t π=Δ  (8.5) 

From Eqs. (8.4) and (8.5), 

( )vmK
π

Fcontact

2=  


=

=
N

i
icontact fF

1

 

(8.6,7)

where N is the number of limbs in contact at landing. 
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Fig. 8.4 Decomposition of the contact forces  

Considering the Coulomb friction in the tangential directions, we have the fol-
lowing general expressions from Fig. 8.4: 

θcoscitgci ff =−  

θsincinormalci ff =−  
(8.8,9)

where θ is the angle of the surface normal. Next, the coefficient of friction can be 
denoted as: 

θ
θμ

sin
cos

ci

ci

normalci

ci

f

f

f

f >=
−

 

θμ tancif>  

(8.10,11)

Considering Fcontact = fci in Eq. (8.11) and using Eq. (8.4) we have, 

θμ tan
2

t

mv

Δ
>  (8.12)

And substituting Eq. (8.5), 
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Equation (8.13) shows that the considered contact stability will strictly depend on 
the approach velocity of the robot. 

Quasi-static stability is a more general stability criterion than that used in the 
previous discussion. Under this condition, inertia forces are included but limb 
dynamics are not separately considered; the masses of the limbs are considered 
with that of the body. In the previous argument, quasi-static stability is partly as-
sumed, provided all the normal components of the contact points' f forces are posi-
tive. Since the contact point cannot support a negative normal force (as shown in 
Fig. 8.4), the appearance of a negative force indicates that the given limb will lift 
and, since it cannot provide the required movement about the center of mass, the 
robot will jump in a microgravity environment like MINERVA (Yoshimitsu et al. 
2001). 

8.3.3   Motion Control 

If a robot is to successfully achieve walking with static stability, the control sys-
tem must ensure that the behavior of the robot does not deviate from the following 
stable condition: 

00
1

=+
=

gmf
m

i
i  

0
1

=×
=

m

i
ii fp  

(8.14,15)

To remain balanced, the robot must be able to apply forces with its end tips on the 
terrain that compensate for gravity without slipping. A necessary condition is that 
the robot's center of mass lies above the support polygon. But on an irregular sur-
face, the support polygon does not always correspond to the base of the contact 
points. To compute the support polygon the contact interface (all contact points) is 
modeled as shown in (Chacin 2007), with 

0≥nf  

nt ff μ≤  
(8.16,17)

The body attitude also needs to be controlled in order for the robot to maintain 
static balance. Assuming that the robot is well balanced in the lateral plane, the 
body attitude at any given moment is an important determinant of the acceleration 
experienced by the center of mass (COM) in the sagittal plane. If the desired value 
of the acceleration output is known at all times throughout the gait cycle, then a 
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corrective action can be generated which will maintain the robot in a stable state. 
If the body attitude needs to be increased or decreased depending upon the error 
signal, and assuming that we can determine the desired acceleration in the sagittal 
plane for all times throughout the gait cycle, we can implement a continuous con-
trol system. 

8.3.4   Zero Moment Point and Momentum of the System 

In the walking robotics community, Zero Moment Point (ZMP), which was first 
introduced by (Vukobratovic et al. 1970), is a key concept to discuss the tip-over 
stability and gait control of a robot.  

ω v
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r

o

pn
exF

 

Fig. 8.5 A schematic force/moment model for an articulated surface robot  

Figure 8.5 is a schematic drawing to explain ZMP. Point O is the center of 
gravity (COG) of the entire robot. Let vector r be a position vector from an arbi-
trary point on the ground P to the point O, and vector li be a position vector from 
the point P to each ground contact point of the limbs. For this model, the follow-
ing dynamic equilibria hold true 

 += MgfP exip
  

( ) ×+×+= exiippp flPrnL   
(8.18,19)

where Pp and Lp are linear and angular momentum around point P, and M is the 
total mass of the robot. The ZMP is a position P at which the component of mo-
ment np around the horizontal axes, npx and npy, becomes zero. The robot is stable,  
otherwise if the ZMP stays inside a polygon formed by ground contact points of 
the limbs. Otherwise the robot starts tipping over. 
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Gait generation and motion control algorithms for walking robots have been 
developed based on this concept. In addition, an advanced planning and control 
algorithm with a special attention to the kinetic momentum has been proposed 
recently (Kajita et al. 2003). 

For a surface limbed robot, the gravity forces exerted on it can be neglected; the 
non-linear term in Eq. (8.1) then becomes 

Integrating its upper set with respect to time, we obtain the total momentum of 
the system as: 

φ bmbbex
T
b HxHdtFJL +==   (8.20) 

Going back to Eq. (8.2), and eliminating φ , we can obtain the following  

equation: 

( ) exsmbsmb xJHxJHHL  11 −− +−=  (8.21) 

In this way, if the system does depart from static stability, then the control system 
can identify this condition and bring the robot back to the statically stable  
condition. 

8.4   A Generalized Control Algorithm  

Since walking is a continuous and cyclic process, we can consider two main  
types of control systems, a closed-loop control system. A general closed-loop  
control system for controlling the continuous process of the walking gait can be  
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Fig. 8.6 Gait planner detail 
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considered. However, since the positioning of the end tip itself can be modeled as 
a discrete process, we use an event driven control system to identify the existence 
of such states and modify the closed-loop control depending upon the current state 
of the system. 

Given a motion command (a vector X ), the motion planning and control algo-
rithm to move in the commanded direction and magnitude is carried out in the  
following way (Fig. 8.6): 

1. Use the gait planner presented in (Chacin and Yoshida 2006) to plan the com-
plete set of limb motions to move in the desired direction. 

2. At time t, compute link positions and velocities, recursively from link 0 to n. 

3. Set accelerations bx  and φ , and external forces Fb and Fex to zero, then com-

pute the inertial forces recursively from link n to 0. The resultant forces on the 
coordinates xb and φ are equal to the non-linear forces cb and cm, respectively. 

4. Plan the end point trajectory of each limb xexi using the kinematics of the ZMP 
so that it satisfies the stability condition. Then obtain the end point velocity 

exx  along the trajectory.  

5. Considering the friction cone estimation (Chacin 2007) and the contact stability 

conditions shown by Eq. (8.13), determine the robot base motion bx  by 
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 (8.22) 

6. Calculate the joint velocity of the limbs φ  by Eq. (8.2), using bx  and exx  

while considering Eq. (8.17); change the state of the control system. If neces-
sary, adjust x  to maintain the force vectors bounded within the friction cones. 

7. Adopt the new contact configuration to release the support contacts and apply a 
permissible contact force at the new contact points. Dynamic exploration can 
be applied to reduce the surface position/orientation uncertainties. Change the 
state of the control system. 

8. Control the joints along with the solution from step 6 to move the body. Verify 
if the goal position X  has been reached; if it has not, then repeat. 

One difference of this algorithm with respect to conventional ones is the consider-
ation of momentum of the robot in step 3. Without this step, the obtained joint  
motion may have errors from the originally planned end point trajectory, thus may 
not satisfy the stability condition. Conventionally, a feedback control may be em-
ployed to correct these errors. But using Eq. (8.21) in step 3, the error can be  
compensated in advance. 



8   Designing Robots for Gravity-Independent Locomotion 215 

8.5   Challenges 

A rich set of challenges are encountered during development and evaluation of 
prospective solutions for gravity-independent locomotion on asteroids. The expe-
riments reported here are indicative of a few, but several additional key challenges 
deserve early attention by researchers. One of them is the mechanics of controlled 
ballistic hopping on rotating asteroids and in non-uniform gravity fields due to 
their irregularly shaped bodies. Bellerose et al. (2008) and Bellerose and Scheeres 
(2008) modeled the dynamics of hopping vehicles to enable hops covering desig-
nated distances by computing and controlling initial hop velocity. The model ac-
counts for distance covered by residual bounces as the vehicle comes to rest  
(considering surface friction coefficient and restitution). A particularly challeng-
ing aspect to consider is that some asteroid shapes may have surface locations 
where a vehicle could stay in equilibrium, thus affecting vehicle dynamics on the 
surface. Conceivably, a hopping rover could be perturbed away from predicted 
ballistic trajectories by such equilibria. This can affect exploration objectives by 
constraining the total area that a rover can safely or reliably traverse to on an aste-
roid surface when stable and unstable equilibrium locations happen to coincide 
with surface regions of scientific interest. Purely hopping vehicles that operate 
primarily at the mercy of small body physics can have limited accessibility of such 
surface regions. Bellerose's model also provides insight into the effects of non-
uniform gravity fields and how centripetal and Coriolis forces due to asteroid  
rotation may assist or hinder hop performance (Bellerose and Scheeres 2008).  

Another key challenge is achieving the ability to land after hopping in such a 
way as to avoid rebound. Control and robotics techniques can be used to address 
this challenge. One robot concept employs a spring and linear actuators with hori-
zontal velocity control to achieve this (Shimoda et al. 2003), while other research 
is experimenting with active grappling of the surface upon landing (Chacin 2007, 
2008, 2009). The related challenge, central to gravity-independent locomotion, is 
maintaining grip or temporary anchoring while controlling force for closure and 
compliance. The work presented herein and in (Chacin and Yoshida 2009) ex-
amines the motion/force control and dynamic modeling germane to the problem of 
stable crawling and force closure needed to maintain contact/grip with an asteroid 
surface under microgravity conditions. Experiments reveal the utility of force 
feedback for maintaining contact during execution of compliant motion. Kennedy 
et al. (2005) address active force control to achieve anchoring associated with  
stable free-climbing motion control. Tactile sensing and related motion planning 
algorithms (Bretl et al. 2003) have been implemented on the LEMUR IIb robot. 

The low gravity environment and its effect on surface vehicles present a key 
challenge for rover localization whether hopping, crawling, or climbing. Deter-
mining, updating and maintaining knowledge of rover position and orientation on 
an asteroid surface can be important for recording spatial context for surface 
science measurements and for certain mission concepts of operation. Localization 
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approaches for hopping robots have been proposed with some reliance on range 
measurements to an orbiting or station-keeping mother spacecraft (Yoshimitsu et 
al. 2001) and via use of more general approaches such as particle filters (Martinez-
Cantin 2004), landmark geo-referencing (Fiorini 2005), and visual odometry while 
tumbling (So et al. 2008, 2009).  

Finally, a key challenge is the testing and verification of gravity-independent 
locomotion systems to ensure confidence in their technology readiness for asteroid 
missions. This is always a challenge for space systems and particularly those in-
tended for operation in microgravity domains. The testbed described in (Chacin 
and Yoshida 2008) and its means of emulating reduced gravity are representative 
solutions for addressing the challenge using relatively affordable technology. Oth-
er testbed approaches to emulating reduced gravity in the laboratory include the 
use of overhead gantry systems with frictionless air-bearing pulleys from which to 
suspend prototype rovers, and the use of prototype rovers on flat air-tables or 
mounted on a mobile base with integrated air bearings. Beyond the fundamental 
feasibility of controlled surface mobility in low gravity fields of asteroids, addi-
tional challenges of high relevance and importance remain to be addressed by  
advanced research and technology development. 

8.6   Summary 

In this chapter, various approaches to gravity-independent locomotion on weak 
gravity surfaces of asteroids are discussed along with related technologies. Chal-
lenges are also described that affect planning and control of surface exploration 
robots that use hopping and rolling mechanisms and/or articulated limbs for the 
ground contact.  

Given the focus on gravity-independent locomotion approaches, technologies, 
and challenges of robotic mobility on asteroids, an in-depth representative exam-
ple of an asteroid mobility solution and control approach is provided. The control 
approach considers reaction and friction forces with the asteroid surface and is 
demonstrated using a prototype robot and laboratory testbed that emulates micro-
gravity. This example considered issues that most solutions must address related 
to the microgravity environment and its effect on dynamics of robotic systems on 
asteroids. It works by reacting to the current locations of contact points and esti-
mating the force-closure condition for stable motion. Such a mechanism is central 
in the control structure. 

The control methods proposed are useful to improve the operational perfor-
mance and efficiency for robots capable of position-based controlled motion on an 
asteroid. They demonstrated that proper knowledge of the force cone interaction 
with the surface plays a significant role in the development of proper control pro-
cedures that can allow next-generation surface robots to gain proper mobility in a 
microgravity environment. 
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9.1   Introduction 

Landing on asteroids and extraterrestrial bodies is a critical stage for future explo-
ration missions. Safe and soft landing on asteroids will be required even though 
the task is way harder than on the Earth due to the small size, irregular shape and 
variable surface properties of asteroids, as well as the low gravity and negligible 
drag experienced by the spacecraft. Optical guidance and navigation for autono-
mous landing on small celestial bodies have been studied in the past years with a  
focus on the closed-loop guidance, navigation, and control (GNC) systems  
(De Lafontaine1992, Kawaguchi et al. 1999). 

The complexity of the task is dramatically increased by the lack of atmosphere 
since absence of drag precludes the deployment of parachutes, in contrast with the 
situation on Mars (Braun and Manning 2006) and other planets. 

Added to this are the lack of reliable terrain and obstacle data bases and the 
lack of conventional sensing systems such as Global Positioning Systems (GPS) 
as well. On top of that, prohibitive latency in communication between the Earth 
and the extraterrestrial body obviously forces the landing to be made autonomous-
ly while requiring robust, reliable and powerless sensors. Precise GNC systems 
are indeed needed for safe and accurate landing in unprepared landing zones. 
Tough requirements in terms of embedded mass led us to design a very light-
weight biologically inspired non-emissive optical sensor that is able to measure 
the optic flow (OF), that is, the angular velocity (in º/s) of the visual image sweep-
ing backwards across the visual field. 

Visual cues seem to be a promising way towards autonomous landing. Recent-
ly, several studies have shown various optical techniques such as LIDAR (Light 
Detection And Ranging) techniques (Parkes and Silva 2002, Parkes 2003) or vi-
sion based navigation systems to estimate spacecraft position and velocity parame-
ters (Roumeliotis et al. 2002, Frapard et al. 2002, Cheng and Ansar 2005, 
Janschek et al. 2006, Trawny et al. 2007, Flandin et al. 2009, Mourikis et al. 2009, 
Shang and Palmer 2009), to avoid obstacle (Strandmoe et al. 1999) or to control 
unmanned spacecraft (Valette et al. 2010, Izzo et al. 2011, Izzo and de Croon 
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2011). In (Valette et al. 2010), the OF regulation principle (Ruffier and 
Franceschini 2005) was applied to autonomous lunar landing problems using a 
feedback loop aimed at maintaining the ventral optic flow constant. The approach 
was tested in simulation experiments using the PANGU software (Planet and As-
teroid Natural scene Generation Utility) developed for ESA (European Space 
Agency) by the University of Dundee (see Parkes et al. 2004; Dubois-Matra et al. 
2009; for more information), which is a tool used to simulate visual environment 
of planetary surfaces. In Izzo et al. (2011), based on numerical simulations, opti-
mal trajectories were calculated in terms of the duration of the landing phase or 
the fuel consumption while keeping the OF constant. In Mahony et al. (2008), a 
fully OF-based visual servo control system was developed, in which a large visual 
field was combined with a centroid in order to estimate the direction of the speed 
vector in the case of simulated small aerial robotic vehicles. In the extended 
Kalman filter (EKF) method described in Mourikis et al. (2009), both of the above 
visual approaches were combined with an inertial measurement unit, and accurate 
estimates of the lander's terrain-relative position, attitude, and velocity were ob-
tained. In the approach presented here, we focus on OF based means to derive 
useful information such as the orientation of the spacecraft velocity vector. 

Finding means of sensing the OF onboard unmanned aerial and terrestrial vehi-
cles has been a key research topic during the last few decades. Several flight  
control systems based on OF cues have been constructed so far for performing 
hazardous tasks such as hovering and landing on a moving platform (Herisse et al. 
2012), avoiding obstacles (Barrows and Neely 2000, Griffiths et al. 2006, Beyeler 
et al. 2009), following terrain (Netter and Franceschini 2002, Ruffier and 
Franceschini 2003, 2004, 2005; Garratt and Chahl 2008) and tracking a moving 
target (Viollet and Franceschini 1999, Kendoul et al. 2009, Kerhuel et al. 2012). 
Some of the studies quoted above were inspired by insects, the impressive flight 
behavior of which relies on the built-in abilities they have developed and im-
proved over several hundred millions of years, despite their small size and limited 
neural resources. 

Flies, in particular, are agile seeing creatures that navigate swiftly through 
''unprepared'' environments, avoiding obstacles with little conventional avionics. 
Equipped with ''only'' about one million neurons and ''only'' 3000 pixels in each 
eye, the common housefly, for example, achieves 3D navigation, terrain and ob-
stacle avoidance at an impressive 700 body-lengths per second. All this is 
achieved, surprisingly, without any connections of the animal to a super-computer 
and an external power supply. The impressive lightness of the processing system 
at work onboard a fly or a bee makes any roboticist turn pale once he/she realizes 
that these creatures actually display many of the behaviors that have been sought 
for in the field of autonomous robotics for the last 50 years: dynamic stabilization, 
3D collision avoidance, tracking, docking, autonomous landing in uncharted  
landing zones, etc. 
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Fig. 9.1 Left: Head of the blowfly Calliphora erythrocephala (male) showing the two pano-
ramic compound eyes with their facetted cornea. Right: Each ommatidium contains seven 
micrometer-sized photoreceptors in the focal plane of each facet-lens, as observed in vivo 
here (natural autofluorescence colors). Six outer receptors (R1-6) mediate motion vision 
and drive optic flow sensor neurons, while the two central cells (R7, prolonged by an R8 
receptor not seen here) are in charge of color vision. Figure from Franceschini et al. (2010). 

The front end of the fly visual system consists of a mosaic of facet lenslets  
(see left hand side in Fig. 9.1) each of which focuses light on a small group of 
photorececeptor cells (see right hand part in Fig. 9.1). Flies possess one of the 
most complex and best organized retinae in the animal kingdom. Each of their 
photoreceptor cells is more sensitive and reliable than any photomultiplier ever 
built, and the two central cells (R7 and R8) display up to four different spectral 
sensitivities, from near UV to red (Franceschini 1985). 

In the mid 1980's, we started designing a fly-inspired robot to demonstrate how 
an agent could possibly navigate in a complex environment on the basis of OF 
(Blanes 1986, Pichon et al. 1989). The Robot-Fly (Fig. 9.2A) was equipped with a 
widefield curved compound eye embedding an array of 114 fly-inspired Local 
Motion Sensors (LMS) (Franceschini et al. 1991, 1992, 1997). 

The robot was equipped with a planar compound eye and a fly-inspired Ele-
mentary Motion Detector neuron's array (Pichon et al. 1989). 

The sensor array was used to sense the OF generated during the robot's own lo-
comotion among stationary objects. The 50-cm high ''robot-mouche'' (Robot-Fly, 
in English) that we constructed in 1991 (see Fig. 9.2A) was the first OF-based, 
completely autonomous robot able to avoid contrasting obstacles encountered on 
its way, while traveling to its target at a relatively high speed (50 cm/s) (Blanes 
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Based on the results of electrophysiological findings on fly motion detecting 
neurons obtained at our Laboratory (Franceschini 1985, Franceschini et al. 1989), 
we developed a 2-pixel Local Motion Sensor (LMS) and proposed several ver-
sions of it over the years (Franceschini et al. 1992, Franceschini 1999, Ruffier et 
al. 2003, Ruffier 2004, Franceschini et al. 2007, Expert et al. 2011). The pro-
cessing scheme at work in this sensor was introduced in (Blanes 1986, Pichon et 
al. 1989), and later called the ''facilitate-and-sample scheme'' (Indiveri et al. 1996) 
or the ”time-of-travel scheme” (Moeckel and Liu 2007). Other vision-based sys-
tems have been used to measure the OF onboard UAVs (Unmanned Aerial Vehi-
cles) (Green et al. 2004, Hrabar et al. 2005, Beyeler et al. 2009, Conroy et al. 
2009) and in particular in the range experienced during lunar landing (Griffiths et 
al. 2006, Kendoul et al. 2009, Watanabe et al. 2009).  

Most of these visual systems were quite demanding in terms of their computa-
tional requirements and/or their weight or were not very well characterized, except 
for the optical mouse sensors (Beyeler et al. 2009), with which a standard error of 
approximately ±5º/s around 25º was obtained in a 280º /s overall range. 

More recently we developed at the laboratory the concept of Visual Motion 
Sensor (VMS) by fusing the local measurement from several 2-pixel LMS to 
measure the 1-D OF more accurately and more frequently (Expert et al. 2012, 
Roubieu et al., 2011,2012, Ruffier and Expert 2012). 

Few studies have been published so far, to our knowledge, in which OF sys-
tems were implemented and tested outdoors onboard an unmanned aircraft subject 
to vibrations, where the illuminance cannot be easily controlled (see Barrows and 
Neely (2000)) in the case of linear 1-D motion sensors and see (Griffiths et al. 
2006, Tchernykh et al. 2006, Garratt and Chahl 2008, Kendoul et al. 2009) in that 
of 2-D OF sensors). 

It therefore seemed to be worth testing the reliability of the present 1-D OF-
based visual sensor on a platform that would experience conditions similar to 
those of a spacecraft in landing approach in terms of vibration dynamics and OF 
measurement range. To that aim, the sensor was embedded onboard a free-flying, 
unmanned helicopter and tested in terms of its resolution, accuracy and sensitivity. 
Particular efforts were made to adapt the sensor's measurement range [1.5°/s to 
25°/s] to the one a spacecraft would experience during a lunar landing approach 
(in the order of [2°/s - 6°/s]). 

The intended control strategy, the reference descent trajectory and the basic  
equations of the spacecraft dynamics are described in Sect. 9.2 with particular  
reference to lunar landing approaches. Neuromorphic principles are applied to 
monitoring and processing the OF during an autonomous vision-based extraterres-
trial landing scenario. OF measurements allowing the estimation of the orientation 
of the velocity vector are underlined. Section 9.3 gives a brief description of the 
new 1-D visual motion device, outlines the processing algorithm and the imple-
mented electro-optical assembly. Results of the tests performed on the airborne 
visual sensor during the helicopter outdoor free flight experiments are presented. 
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Designing an optimal control strategy for lunar landing also requires considering 
the propellant consumption. 

 

Fig. 9.4 Scheme of the closed loop system based on OF and pitch control. ωmeas the meas-
ured OF, upitch and uth are the pitch angle and the main thruster control signal respectively. 
Concerning the measurements, the IMU assess the pitch angle θpitch and lander's accelera-
tions both horizontal (aldrx) and vertical (alrdz). The mass mldr is estimated from the suffi-
ciently well known initial mass. Figure modified from Valette et al. (2010) 

The main challenge is that the entire state vector is not available from the 
measurement as can be seen on Fig. 9.4. For instance, velocities and position are 
neither measured nor estimated, only accelerations, angular position, mass and OF 
are measured and thus available to feed the controllers. To land safely on the 
moon the autopilot should be able to reduce the velocity vector magnitude and this 
is achieved by acting jointly on the lander's pitch and the lander's main thrust, the 
two available control signals. 

9.2.2   Lander's Dynamic Modeling and Optic Flow Equations 

The autopilot under consideration consists mainly of an OF-based control system 
operating in the vertical plane (x, z), and controlling the spacecraft's mean thruster 
force and pitch angle. To stabilize the lander, it is necessary to cope with non-
linearities and the inherent instability. 

Since there is no atmosphere on the Moon, the lander experiences neither wind 
nor drag. In the present model, heave and surge dynamics are coupled via the 
lander's pitch (see Fig. 9.5). It is worth noting that it is inappropriate to measure 
ω45º to determine the direction of the velocity vector, as the value 45º remains 
close to the focus of expansion where the motion is always null (see Fig. 9.5).  
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 (9.3)

where mldr(t0)=103 kg is the lander's mass at high gate level. 
Since the initial mass is known and the lander's mass depends linearly on the 

integral of the lander's thruster control signal, the mass can be computed and as-
sessed at any time during the simulated descent. 

The inner pitch control system is modeled as follows: 

 (9.4) 

upitch is the control input signal giving the spacecraft's pitch and θ is measured via 
an Inertial Measurement Unit, I the moment of inertia of the lander and R its  
radius.  

Once the dynamic model of the spacecraft is defined, one needs to state the OF 
equations to find what information can be deduced from this visual cue. 

The ground-truth OF ωgrd-trh can be described as the sum of the two distinct 
components defined by Koenderink and van Doorn (1987), i.e. the translational 
and rotational OF:  

 (9.5) 

The translational OF ωT depends on the linear velocity V expressed in the inertial 
frame, the distance from the ground D in the gaze direction and the elevation an-
gle Φ (i.e., the angle between the gaze direction and the heading direction): 

 (9.6) 

The rotational OF ωR depends only on the vehicle's angular Ωj expressed in the 
body fixed frame, where j denotes the axis of rotation, and on the elevation angle 
λ between the gaze direction and the axis of rotation: 

 (9.7) 

Finally the general equation of the OF in the vertical plane is as follows: 

 (9.8) 

Under the assumption that the sensors are embedded on a gimbaled system one 
can derive the expression of the OF measured in the vertical direction considering 
a pure translational motion (Ωj=0). From Eq. (9.8), under the assumption of a 
practically flat ground (i.e. D = h / cos(π/2 - Φ+ Ψ), Φ-Ψ denotes the angle  
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between the gaze direction and the local horizontal), and gimballed mounted  
sensors the ventral optic flow is defined as follows: 

 (9.9) 

where V=Vx/cos(Ψ). 

9.2.3   Optic Flow-Based Regulator for Spacecraft Landing 

From Eq.(9.1) and modeling the thruster's dynamics by a first order transfer func-
tion with τthruster = 100 ms such that 

  

the Laplace transform of the heave dynamics Z(s) can be written as follows: 

 (9.10)

where U(s) is the Laplace transform of the control input signal u(t).  
The transfer function for the surge dynamics Gx(s) can be written as follows:  

 (9.11) 

For the lander model, if  is the vertical thruster's acceleration, we choose the 
following state vector  

= ℎ
 

and the defined control input signal u. According to Eqs. (9.10) and (9.11), one 
can write: = 1 −  = −  

 

(9.12)

One can deduce from the Eq. (9.12), the state space representation: 

 (9.13)
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Fig. 9.6 The present autopilot makes use of a nonlinear observer to provide the feedback 
control scheme with the state estimates. The observer was nonlinear since the ventral OF ω 
is by definition an inverse function of the controlled variable h. The state estimate of the  
OF  in rad/s was computed in terms of the ratio between a constant (the ground speed at 

a given working point) and the estimated height of the lander . The OF was then ob-
tained via a look-up table. The measured acceleration of the lander  served only to 

improve the state estimation. The estimated acceleration  was obtained by sub-
tracting the approximate gravity on the Moon gMoon from the estimated acceleration induced 
by the thruster  Figure from Valette et al. (2010). 

The present spacecraft was modeled taking into account the thruster dynamics 
and a pure double integration between the acceleration and the altitude, using the 
state-space approach. The autopilot, which operated on the basis of a single OF 
measurement (that of the ventral OF), consisted of a visuomotor feedback loop 
driving the main thruster force. Since the vertical lift and the forward thrust are 
coupled, the loop controls both the heave and surge axes. The pitch angle θ was 
controlled by an external system which made the lander gradually pitch backwards 
from -60º to -30º throughout the landing approach. The autopilot presented in Fig. 
9.6 was composed of (i) a precompensation gain, (ii) a nonlinear state observer, 
and (iii) a state feedback gain. The nonlinear state observer estimated the state  
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vector X on the basis of the ventral measured OF ωmeas, the lander acceleration, 
, and the lander pitch, θ. The complete regulator combined the estimated 

states with the full state feedback control loop. 

9.2.3.1   State Feedback Control Law Design 

The autopilot kept the ventral OF of the simulated spacecraft at the set point ωset. 

This set point was compared with the product of the estimated state vector  (see 
Fig. 9.6) and the state feedback gain Lsf to generate the thruster command. The 
state feedback gain was calculated using the minimization criterion in the Linear 
Quadratic Regulator (LQR) method, using the following matrix: Asf=Ap, Bsf=Bp 
and Csf= [Klin 0 0] and the state-cost matrix  

 

 

and Rc= [1]. To compute the Csf matrix, we linearized the expression for the OF 
near a set point. Here the set point was hlin=200 m,  = 50 m/s, and ω=14.3º/s. 
The OF was defined as an inverse function of h. We therefore used the slope of 
the tangent to linearize the expression as follows: = . ℎ 1ℎ = −ℎ  (9.15)

9.2.3.2   Nonlinear State Observer Design 

Since the system is observable, a state observer for  can be formulated as  
follows: = + + ( − )= +  (9.16) 

where A0=Asf, B0=Bsf and  

 
 

D0=[0] and K0 (gain of the observer) was also computed with LQR method, using 
A0 and C0 matrices. As shown in Fig. 9.6, the observer requires the value of the 
lander's acceleration . 
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To achieve an integral control, the augmented state vector Xe was thus defined:  

 

where d stands for the disturbance. The new state matrices could therefore be writ-
ten as follows: 

 (9.17)

The state feedback gain Lsfe was equal to Lsfe =[Lsf 1]. The observer gain was com-
puted in the case of the extended state using the same method, with the new state 
matrix (A0e and C0e). The acceleration of the lander  was estimated by sub-
tracting the lunar gravity gMoon from the estimated engine thrust  as shown on 
Fig. 9.6. 

The observer is initialized using a rough estimation of the initial height and ver-
tical speed at high gate. The observer tolerates an uncertainty of about 20% in the 
estimation of the height and vertical speed. 

9.2.3.3   Autonomous Landing Simulation Using the PANGU Software  
Program 

To ensure a soft landing, the lander had to reach a distance of approximately 10 
meters from the ground (i.e., the low gate) at a residual velocity of one meter per 
second in both the horizontal and vertical directions. In Valette et al. (2010), 
thanks to the biomimetic autopilot, the lander reached the low gate with greatly 
reduced horizontal and vertical speeds approximately equal to the required values 
as shown in Fig. 9.7. The lunar surface perceived by the lander consisted of gray-
scale images generated by PANGU. In the presented simulation, an initial altitude 
h0 = 500 m, an initial ground speed Vx0 = 150 m/s and an initial vertical speed Vz0 = 
-50 m/s were adopted. The pitch angle θ was made to decrease exponentially from 
-60º to -30º. As a consequence, the forward speed decreased quasi-exponentially 
as well (see Fig. 9.7C), and so did the vertical speed (see Fig. 9.7C) since its inte-
gral h was reduced quasi-exponentially to hold the measured OF ωmeas = Vx/h 
around the OF set point value ωset (see Fig. 9.7D). 

The spacecraft's simulated approach took 58.4 s, which corresponds to the time 
required to reach the low gate. The lander reached the low gate at a final ground 
speed  =5 m/s and a final vertical speed  = -4 m/s; the distance traveled by 
the lander during the landing was 2660 meters. The final horizontal and vertical 
speeds are slightly higher than required to strictly satisfy the speeds' criterion at 
low gate (1m/s). 
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In Izzo et al. (2011) and Valette et al. (2010), the authors have shown the sub-
stance of the pitch control law in the design to achieve optimal performances since 
the system is underactuated. 

In the ongoing work, the main idea is to design an autopilot that keeps the main 
thrust antiparallel to the velocity vector orientation, in order to reduce the lander's 
fuel consumption as much as possible. 

This principle defines pitch angle reference θref which is fed into the pitch  
controller: 

 (9.18)

where Ψ denotes the angle between the orientation of the speed vector and the 
local horizontal. 

That strategy implies that in order to be able to strongly reduce the lander's 
speed during the approach phase, one needs to measure or estimate the velocity 
vector orientation Ψ which is not an easy tasks considering the lack of appropriate 
sensors onboard the lander. The main question is how to fuse different visual  
angular speed measurements, to obtain useful information about unavailable 
measurement of the state vector. It is straightforward to note that the OF cue is 
related to the orientation of the velocity vector. One can derive the orientation 
angle Ψ from OF sensors positioned in different directions by fusing ω90=Vx/h 
(Eq. (9.9)) and ω135:  

 (9.19)

Finally one can obtain: 

 (9.20)

It is worth noting that both the horizontal and vertical dynamics are expressed 
within tan(Ψ) with tan(Ψ) =Vz/Vx. 

Thanks to Eq. (9.20) featuring only visual information, a pitch controller based 
on OF and pitch measurement θ provided by the IMU could be designed through 
Eq. (9.4) in order to ensure the colinearity between the lander's main thruster force 
and its velocity vector orientation. 

The low speed visual motion sensors are thus the cornerstones of this autono-
mous lunar landing strategy. Since both the OF controller and the pitch controller 
are based on the output signals of OF sensors, it seemed to be worth testing the 
reliability of such sensors in real-life conditions. This is the aim of the following 
section. 
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9.3   VMS-Based OF Measurements Obtained Onboard ReSSAC 

The low speed visual motion sensors used to measure the OF are strongly linked 
to the control signals of the dynamic system. This is why we developed and tested 
a new VMS dedicated to low angular speed measurements. 

9.3.1   Bio-inspired Optic Flow Processing 

A mandatory step in the maturation of a technology is to design and embed the 
previously simulated device on a real-life complex system. In order to validate the 
feasibility of the theoretical work using the low speed VMS an experimental ap-
proach is presented.  

A low resolution visual motion sensor based on a 6-pixels array and dedicated 
to a low speed range has been developed to demonstrate on Earth the feasibility of 
measuring the 1-D local angular speed on a lunar landing like scenario. We tested 
the sensor onboard an unmanned helicopter to validate the bio-inspired algorithm 
at relatively low ground speeds and relatively high ground heights and in the pres-
ence of strong natural disturbances (i.e. craft vibrations, uncontrolled illuminance, 
rough terrain, etc.). 

This sensor is an updated version of the 2-pixel Local Motion Sensors designed 
by the biorobotic team on the basis of neurophysiological findings in flies 
(Franceschini et al. 1989). 

9.3.2   Presentation of the Low-Speed Visual Motion Sensor 

The new low-speed visual motion sensor (VMS) consists mainly of a low-cost 
plastic lens (CAX183 from Thorlabs, focal length 18.33mm, f-number 4.07) 
placed in front of an off-the-shelf photodiode array LSC from iC-Haus. The latter 
features six photodiodes, each of which has a large sensitive area (300 x 1600 μm) 
and an integrated preamplifier. The LSC conveys the six photodiode signals to a 
hybrid analog/digital processing algorithm which computes the OF value ωmeas. A 
custom-made protective case was added to protect the low-weight sensor and the 
optical assembly from unfavorable weather conditions. 

The new visual motion sensor and its custom-made protective case weighed 
29.4 g.  

Many of the parameters of the original visual motion detecting scheme present-
ed in Blanes (1986), Pichon et al. (1989) have been updated, especially in terms of 
interreceptor angles and cut-off frequencies of the temporal filters. 

The six optical axes formed by the photodiodes are separated by an angle called 
the interreceptor angle Δφ. By defocusing the lens (i.e., by adjusting the distance 
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between the lens and the photosensors), we obtained a Gaussian angular sensitivi-
ty functions for each photoreceptor with a correlation coefficient greater than  
99 % ( > 0.990). These features were assessed by slowly rotating the lens in 
front of a point light source placed at a distance of 85 cm. The local 1-D angular 
speed ωmeas measured by the sensor was defined as the ratio between the 
interreceptor angle Δφ and the time elapsing Δt between the moments when two 
adjacent photodiode signals reached the threshold. Δt represents the ''time of 
travel'' of a any given contrast feature passing from the optical axis of one photo-
diode to the optical axis of the neighboring one: 

 (9.21)

In (Expert et al. 2011), the measurement range of the sensor covered a large  
range of high speeds from 50º/s to 300º/s, whereas the present study focused on 
low velocities giving a range of 1.5º/s to 25º/s, which is more than tenfold  
slower. In order to stay in the same range of Δt, whose accuracy of measurement 
depends on the microcontroller's sampling frequency, we therefore had to narrow 
Δφ. 

 The large 18.33mm focal length increases the defocalizing effects of the lens, 

giving a suitably small mean interreceptor angle of . The second ad-

vantage of the defocusing process is that it adds a blurring effect giving each pixel 
a Gaussian-shaped angular sensitivity function with a half width of similar size 
Δρ=1.4º. The resolution attained here is very similar to that measured in the com-
mon housefly compound eye (Kirschfeld and Franceschini 1968): 

 (9.22)

The acceptance angle, defined by Δρ, acts as an optical low pass spatial filter. 
Achieving Δρ/Δφ ratio of 1 made it possible for the OF sensor to respond to con-
trasting features of high spatial frequency. With Δρ = Δφ = 1.4º, the overall FOV 
of the VMS was 10.28º. 

The general processing algorithm underlaying the VMS consists of two  
parts: an analog processing part that converts the six photodiode signals into  
electrical signals with a high signal-to-noise ratio, and a digital processing part 
that simultaneously computes five OF values plus the OF median value (see  
Fig. 9.8). The analog processing part begins with a programmable gain connected 
to the microcontroller via a SPI communication bus (Ruffier and Expert 2012).  
A bandpass filter then differentiates the visual signal and acts as an anti-aliasing 
filter. 
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Therefore, a second order fixed-point low pass filter was used to enhance the 
signal-to-noise ratio by removing the noise remaining at frequencies higher than 
10 Hz. 

The OF algorithm (''Time of travel scheme'') implemented here consists mainly 
of a hysteresis thresholding process with separate ON and OFF pathways (Blanes 
1986, Pichon et al. 1989, Viollet and Franceschini 1999b, Ruffier et al. 2003, 
Roubieu et al. 2011) followed by the Δt computation, the result of which is fed 
into a correspondance lookup table. Lastly, the five simultaneously computed OFs 

are fused by a median operator to increase the refresh rate robustness of the 

output (Roubieu et al. 2011). 
The microcontroller used for this purpose (dsPIC33FJ128GP802) operates at a 

sampling frequency of 2 kHz, except for the digital filters, which are sampled at a 
rate of 500 Hz. Special efforts were made to optimize the algorithm, and a compu-
tational load of only 17 % was eventually obtained. 

9.3.3   Characterization of the Visual Motion Sensor (VMS) 

The characteristics of the present visual motion sensor (VMS) were assessed by 
performing OF measurements under controlled motion conditions (orientation and 
velocity) outdoors. Pure rotational motion was applied to the sensor at angular 
speeds ranging from 1º/s to 20º/s using a previously described outdoor set-up  
(Expert et al. 2011). The triangular response pattern obtained corresponds closely 
to the reference angular speed (see Fig. 9.9).  

It can therefore be said that this new tiny sensor is able to accurately compute 
the 1-D visual angular speed during a rotational motion within its operating range. 
The refresh rate is defined as the ratio between the total number of measurements 
occurring within the acceptable range [1.5º/s-25º/s] and the time elapsing. The 
mean refresh rate achieved during the dynamic performances evaluation was 
frefresh= 6.6 Hz: this value depends on the richness of the visual environment, as 
well as on the actual angular speed. 

9.3.4   Free-Flying Results with the Airborne Visual Motion 
Sensor 

The VMS dynamic performance was then studied on a six-DOF UAV during free 
flight over fields. A Yamaha Rmax helicopter was used in the framework of the 
ONERA's ReSSAC project. The helicopter characteristics in terms of mass bal-
ance have been described in (Watanabe et al. 2010). Its mass (80kg), its flight 
envelope and the vibration dynamics due to the main rotor's rotational speed pre-
sented us with quite a challenging ground-truth OF profile. The flight was per-
formed in South-western France, mid-July at about 5pm on a bright sunny day: the 
mean illuminance was approximately 10000 lx. 

m
iω
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Fig. 9.9 Dynamic outdoor response of the low-speed VMS (blue), as compared with the 
ground-truth OF (red). The visual motion sensor was rotated by means of a conveyor belt 
driven by a stepping motor (103H5208-0440 from Sanyo-Denki) (Expert et al. 2011). Rota-
tions from 1º/s to 20º/s were applied to the sensor, which is designed to operate in the 1.5º/s 
to 25º/s range. The OF measured closely matched the reference signal, with a refresh rate of 
6.64 Hz. Since no synchronization signal was available, the ground-truth OF has been 
roughly synchronized here. 

Onboard the ReSSAC helicopter, the 1-D local OF measured is subject to sev-
eral variations as follows. Since the roll and pitch angles remain small throughout 
flight, the distance to the ground in the gaze direction D can be approximated as D 
≈ h/[cos(ϕ)cos(θ)] where ϕ denotes the roll angle, θ the pitch angle and h the local 
ground height. 

In our case, Φ=-θ+Ψ+π/2 (with the sensor oriented downward, Ψ < 0, θ<0), λ 
= π/2 and Ωj= Ω2, where Ω2 is the pitch angular velocity defined in the body fixed 
reference frame, the ground-truth OF (see Eq. (9.8)) is therefore computed as fol-
lows: = ℎ ( ) ( ) + Ψ + 2 + Ω  (9.24)

During the experiment described below, the ground-truth OF ωgrd-trh was computed 
using data from the IMU, the GPS (OEM4 G2 from NovAtel) and the data 
grabbed by a LIDAR (Sick LDMRS 400001) during previous GPS assisted flights 
over the same fields. 

The low speed visual motion sensor was embedded in the front part of ReSSAC 
helicopter and pointed vertically downwards with a clear FOV. 
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Figure 9.10b, giving the local ground height shows how well the sensor re-
sponded to its visual environment. Once again, the low-speed VMS accurately 
sensed these height variations and yielded similar values to the ground-truth value.  

The robust and accurate performances observed during this experiment show 
that the low-speed visual motion sensor is highly suitable for use in many high-
scaled robotic applications. 

9.4   Conclusion 

In this chapter, we gathered several core technologies to achieve an autonomous 
landing approach based on low-speed optic flow (OF) sensors. 

We presented preliminary results concerning the control scheme, along with the 
intended control strategy primarily based on the OF regulation scheme.We distin-
guish two parallel control loops, the one acting on the main thruster, the second 
one acting on the lander's pitch angle. 

The aim is to control the lander's dynamics by exploiting OF measurements and 
keeping the main thruster force collinear to the velocity vector at all times. The 
challenge is to provide the lander with a near optimal descent trajectory in terms 
of its fuel consumption. The main benefit of this biologically inspired approach is 
that it avoids the estimation process of both height and velocity. 

We showed that a sensor assembly based on two OF sensors oriented down-
wards in different directions (90º and 135º from the local horizontal) yields a di-
rect estimate of the orientation Ψ of the velocity vector. The latter can then be 
used as a reference signal for the pitch angle controller. The next step will be  
to develop full simulations featuring the control loops to attain at low gate (hf = 10 
m) the final velocity conditions stated in the reference scenario (  =1 m/s,  = 
-1 m/s). The loop controlling the main thruster will be designed using OF cue. 
Secondly the gimballed setup used in simulations needs to be addressed. Since one 
of the main benefits of using OF cues is mass saving and simplicity, a gimballed 
system is not suited for this purpose. Increasing the number of VMS and thus 
enlarging the sensory FOV is a potential way to achieve such challenge. 

After introducing the specific lunar landing approach, we presented a new 
lightweight visual motion sensor able to compute accurately the OF in the range 
experienced during the approach phase of a lunar landing. This new VMS has 
been developed, and then tested both on the ground and in flight onboard an  
unmanned helicopter flying over an unknown complex outdoor environment and 
under real-life dynamic and vibratory conditions. Encouraging results of this ex-
periment showed that this sensor is perfectly suited for aeronautics or aerospace  
applications since it sensed accurately the local 1-D angular speed ranging from 
1.5º/s to 25º/s with a quite frequently refreshed measurement.  
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10.1   Introduction 

Exploration and exploitation of asteroids is a technological and economical chal-
lenge envisioned and pursued by public and private organizations across the 
world. Space exploration is driven by science, space exploitation is in the end  
driven by commercial - maybe strategic - considerations. While the goals of ex-
ploration and exploitation may thus be different, the technological challenges and 
approaches are often very similar. 

One of the primary technological challenges in designing mission elements for 
surface operations on asteroids is power system design. A safe and in terms of 
available energy and output power sufficiently dimensioned power system is  
essential to fulfill the goals of each system and sub-system applied in such an 
endeavor. This is, of course, true for all different types of mission elements and  
includes stationary elements, such as a processing centre for extracting certain 
metals out of minerals, mobile systems, such as robotic miners and transportation 
systems, or portable systems, such as power tools.  

The ambient conditions present on the surface of asteroids are a very challeng-
ing and sometimes even prohibitive environment for many of the proven and  
innovative power system elements currently being considered and developed for 
future power generation and/or energy storage applications in space exploration 
and exploitation missions.  

Spacecraft power system design for asteroid surface exploitation applications, 
where terms such as revenue and profitability – hardly ever considered with the 
same relevance in previous and current space exploration programs of public 
space agencies – are suddenly in the primary focus of mission design, therefore 
requires a very careful evaluation of the possibilities and limitations of each indi-
vidual power system element. The goal is to find a single power system technolo-
gy, respectively a hybrid system consisting of more than one individual power 
system technology, providing the energy storage capacity and the electric output 
power profile required in a specific application in the best possible way.  

In comparison to space exploration missions, where gravimetric and volumetric 
figures as well as operational safety (no maintenance is possible), performance 
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degradation, and compatibility with operating conditions are of central impor-
tance, does power system design for asteroid exploitation also have to consider 
investment and profitability of the system over the designated operational lifetime. 

The sum of all this provides a very challenging environment for power system 
engineering. As no underlying mission profile or detailed application specifica-
tions are available as of today, it is the purpose of this chapter to provide a high-
level discussion about the most relevant power system options for mobile and  
robotic miners designed to collect rubble on the surface of asteroids. 

10.2   Environmental Considerations  

The term asteroid traditionally refers to small solar system bodies orbiting around 
the Sun. Starting from this very basic definition, the term ‘asteroids’ has evolved 
to only refer to minor planets, or planetoids, present in the inner solar system. In 
terms of resource exploitation of particular relevance is not the majority of astero-
ids present in the asteroid belt between Mars und Jupiter, but the so-called Near-
Earth Objects (NEOs). As of June 2012, a cumulative figure of 8,971 NEOs have 
been discovered (NASA NEO Discovery Statistics 2012). This figure is expected 
to increase significantly with time as more and more NEOs are discovered and  
documented. 

NEOs can be classified by their orbital parameters, most importantly by their 
peri- and aphelion distance. The perihelion distance (q) is the point in the orbit of 
an object where it is nearest to the Sun. The aphelion distance (Q) is the point in 
the orbit of an object where it is furthest to the Sun. The semi-major axis (a) is one 
half of the major axis of the elliptic orbit. The orbital period (P) is the time an 
object requires to complete one full orbit around the Sun.  

In terms of orbital elements, NEOs are asteroids and comets with a perihelion 
distance of less than 1.3 astronomical units (1 AU equals 149.6×109 m); Near-
Earth Comets (NECs) are further restricted to include only short-period comets 
with orbital periods of less than 200 years (NASA NEO Groups 2012). The vast 
majority of NEOs are asteroids, and are referred to as Near-Earth Asteroids 
(NEAs). NEAs are further divided into three different groups (Atens, Apollo, 
Amor) according to their perihelion and aphelion distances as well as their semi-
major axes.  

A brief categorization of NEOs in terms of groups and definitions based on or-
bital parameters extracted from the NASA NEO Discovery Statistics (NASA NEO 
Groups 2012) is given in Table 10.1. 

What makes NEOs interesting is not only their vicinity to the Earth orbit, but 
also the fact that they contain many resources required in terrestrial industry as 
well as in future space exploration. Due to these resources, NEOs are not only in 
the focus of scientific investigations, but are also considered very relevant in terms 
of exploitation (Nelson et al. 1993; Lewis and Hutson 1993; Ross 2001; Gerlach 
2005; Landis et al. 2009; Matloff and Wilga 2011; Sanchez and McInnes 2012).  
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Table 10.1 Categorization of Near-Earth Objects (NASA NEO Groups 2012) 

Group Description Definition 

NECs  Near-Earth Comets 
q<1.3 AU 

P<200 years 
NEAs Near-Earth Asteroids q<1.3 AU 

Atiras 
NEAs whose orbits are contained entirely 
within the orbit of the Earth 

a<1.0 AU 

Q<0.983 AU 

Atens 
Earth-crossing NEAs with semi-major axes 
smaller than the Earth's 

a<1.0 AU 

Q>0.983 AU 

Apollos 
Earth-crossing NEAs with semi-major axes 
larger than the Earth's 

a>1.0 AU 

q<1.017 AU 

Amors 
Earth-approaching NEAs with orbits exte-
rior to Earth's but interior to Mars' 

a>1.0 AU 

1.017<q<1.3 AU 

The composition of NEOs can be inferred from spectral reflectivity studies. 
Based on this information, three categories of NEOs can been distinguished (Ross 
2001): 

• C-Type: water-bearing with very high contents of opaque, carbonaceous 
material (‘C’ stands for carbonaceous) 

• S-Type: anhydrous rocky material, consisting of silicates, sulphides and met-
als (‘S’ stands for stony) 

• M-Type: high radar reflectivity characteristics of metals (‘M’ stands for me-
tallic) 

Carbonaceous C-type NEOs are very interesting for life support systems and in-
situ propellant production due to their water content and potential for hydrocarbon 
production. S- and M-type NEOs, on the other hand, are very interesting with  
respect to metallic iron-nickel alloys, ferrous sulphide minerals and olivine, for  
instance. Trace amounts of rare metals, such as Platinum group metals (PGM - 
ruthenium, rhodium, palladium, osmium, iridium, and platinum) as well as  
non-metals such as arsenic, selenium and germanium, for instance, can also be 
found (Ross 2001).  

With these resources in mind, NEOs could play a very important role in the fu-
ture of space exploration by providing metals for building space structures and by 
providing water, hydrogen and oxygen for life support systems as well as propel-
lants for interplanetary spacecraft.  
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Sanchez and McInnez developed a resource map providing estimates about the 
mass of material resources in near Earth space as a function of energy investment. 
According to their results, a considerable mass of resources is available and can be 
exploited at relatively low levels of energy (Sanchez and McInnes 2012). This 
makes resource exploitation a both feasible and interesting scenario. 

An overview of key facts to be considered in the evaluation of power system 
options for surface operation on NEOs is compiled in Table 10.2.  

Table 10.2 NEO fact sheet 

Property Comment 

Surface temperature 

The surface temperature of the Moon is >100K 
and <400K; the surface temperature of NEOs is 
in the order of the Moon’s, and can even exceed 
the lunar temperature range  

Atmosphere 

No atmosphere present, vacuum conditions 
(volatile materials available within comets can  
vaporize and stream out of the nucleus when 
comets approach the inner solar system; this 
stream of material leaving the nucleus may also 
carry dust away from the surface) 

Surface gravity 
Less than 1‰ of the Earth’s gravity field of 
9.81 m/s² (lunar gravity: 1.62 m/s²) 

Rotation rate 
Depends on the specific NEO, but can be much 
faster or slower than the Earth’s rotation rate 

Many of these conditions are also faced in lunar surface exploration. Synergies 
in technological approaches are thus present.  

NEOs vary greatly in size. Some are 10s of kilometers in diameter, most meas-
ure less than 1 kilometer in diameter. Most NEO’s are irregularly-shaped and the 
surface of larger objects shows craters documenting the impact of smaller objects.  

An image of asteroid 243 Ida and its moon Dactyl is shown in Fig. 10.1 (NASA 
Photojournal 1996). This image was taken on August 28, 1993, during a fly-by of 
the Galileo spacecraft. Ida is an irregularly-shaped asteroid having a length of 
approximately 52 km and is classified as an S-class ‘stony’ asteroid. Ida is a main-
belt asteroid and its orbit therefore lies between Mars and Jupiter. Due to the  
orbital parameters, Ida is therefore not considered as primary candidate for  
resource exploitation. 
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Fig. 10.1 View of the asteroid 243 Ida and moon Dactyl acquired by the Galileo spacecraft 
on August 28, 1993 (Image Credit: NASA/JPL) 

10.3   An Overview of Relevant Power System Elements 

A power system is a combination of different elements designed to provide an 
output power profile matching the required load profile in the best possible way. 
Leaving aspects such as power conditioning, management and distribution aside, 
the key question with a spacecraft – or in this case a robotic miner – is how to 
assure that the required output power levels can be provided when they are re-
quired; only then, the robotic miner will be able to perform as desired.  

Within this section, relevant power system elements are briefly presented and 
discussed with respect to their possibilities and limitations in the investigated ap-
plication in robotic miners operated on the surface of asteroids, more specifically 
NEOs.  

An overview of major categories of power system technologies is presented in 
Table 10.3. Each power system technology is briefly presented and discussed in 
the following. 

Table 10.3 An overview of power system technologies  

Power System Technology Examples 

Solar energy utilization  
○ Photovoltaic power systems 
○ Solar thermal power systems 

Nuclear power system  
technologies 

○ Radioisotope generators 
○ Fission reactors 
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Table 10.3 (continued) 

(Electro)chemical power system 
technologies 

○ Supercapacitors 
○ Primary batteries 
○ Secondary batteries 
○ Fuel cells 
○ Flow batteries 
○ Combustion power systems 

Physical power system  
technologies 

○ Flywheel energy storage systems 
○ Superconducting magnetic energy  
    storage systems 

In-situ propellant production ○ Regenerative H2/O2 fuel cells 

10.3.1   Solar Energy Utilization 

The solar irradiance received by an object orbiting the Sun is determined by the 
distance between the object and the Sun, and whether or not an atmosphere and/or 
any solid particles or objects absorbing and/or reflecting sunlight are present be-
fore the sunlight reaches the surface of the object.  

The irradiance available at a certain distance from the Sun (more precisely: 
from the center of the Sun) is proportional to the square of the distance between 
the object and the Sun. The average air mass zero (AM0) irradiance, IAM0, is the 
mean irradiance received outside the Earth’s atmosphere and has a value of 
1,367.6 W/m² (NASA Earth Fact Sheet 2010). This value is, for instance, applied 
in predicting the output power of solar cells installed aboard satellites orbiting the 
Earth.  

Considering that the solar spectrum received on the surface of an asteroid is not 
changed by absorption or reflection within an atmosphere, the irradiance received 
on the surface of an asteroid (Iasteroid) is therefore either higher or lower than IAM0, 
depending on the distance from the Sun.  

The mean irradiance received on an asteroid is shown in Fig. 10.2 as a function 
of the mean asteroid/Sun distance. 

NEOs are therefore exposed to a level of irradiance similar to that available in 
Earth orbit; this would not be the case if main belt asteroids were considered, 
where the irradiance is significantly lower at mean asteroid/Sun distances in 
excess of two or even three AUs. The utilization of solar energy is therefore an 
interesting and relevant option considering that the vast majority of satellites oper-
ating in Earth orbit is powered by photovoltaics and a backup system of secondary 
batteries.  

The lack of an atmosphere is also advantageous in terms of solar energy utiliza-
tion on NEOs, particularly with stony and metallic asteroids. Volatile materials 
vaporizing and streaming out of the nucleus and possibly carrying dust particles 
have to be considered with surface operations on comets; this phenomenon would 
also have to be considered with solar energy utilization. 
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Fig. 10.2 Mean irradiance received on an asteroid as a function of the mean asteroid/Sun 
distance 

Solar energy utilization is far less attractive with asteroids located in the main 
asteroid belt, with the majority of these objects being located between 2 and 
slightly over 3 AU.  

Solar power generation is briefly discussed with photovoltaic and solar thermal 
power systems in the following. 
 
Photovoltaic Power Systems 
Photovoltaic panels utilize the photovoltaic effect to directly create a voltage and 
an electric current in semiconductor material exposed to light. Photovoltaic panels 
are static systems without any moving parts, which makes them perfectly suited 
for applications in space. Photovoltaic cells are either mounted onto rigid or flexi-
ble arrays to allow for optimal sun-pointing.  

Rigid planar arrays consist of photovoltaic cells mounted onto a rigid substrate; 
individual panels can be hinged together. Panels providing an area-specific mass 
density of 1.3 kg/m² have been considered for GEO and LEO applications (Reddy 
2003).  

Flexible planar arrays, on the other hand, are lightweight thin film composite 
structures. The solar panel substrate consists of a graphite fibre reinforced plastic 
composite enveloped with sheets of Kapton. Such flexible solar panels provide an 
area-specific mass in the order of 0.65 kg/m² (Reddy 2003).  

Concentrator and fold-out arrays have also been developed. The former applies 
lenses or mirrors to concentrate the incoming irradiance onto small strips or pieces 
of solar cells with the aim of providing an economical utilization of costly high-
performance cells. The latter reduces the space during launch, transfer and landing 
and also protects the photovoltaic cells.  
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Different types of solar cells are available. An overview of relevant single  
crystalline and thin film cells is compiled in Table 10.4. The major disadvantage 
of solar cells applied in terrestrial applications, which is the low efficiency in util-
izing solar energy in comparison to solar thermal systems, is significantly reduced 
with the availability of both efficient and expensive multi-junction solar cells  
offering solar-to-electric conversion efficiencies in excess of 25%, up to 30% at 
Beginning of Lifetime (BoL) 

Table 10.4 Overview of solar cell types (Reddy 2003)  

Type of solar cell Efficiency at BoL 

Single crystalline solar cells 
Si cells (silicon wafer with back surface reflector) 13.2 % 
GaAs/Ge single junction cells 18.5% 
GaInP2/GaAs/Ge triple junction cells 27% 

Thin film cells 
Amorphous silicon cells 10% 
Copper Indium Gallium Diselenide (CIGS) cells 12.6% 

 
 
Solar Thermal Power Systems 
Solar thermal power systems do not directly convert light into electric energy, but 
rather convert light into thermal energy, and subsequently convert the thermal 
energy into electrical energy via a thermal-to-electric conversion system (Mason 
1999). In solar thermal power system applications, solar energy is normally bun-
dled onto a receiver element utilising a system of mirrors and lenses. Solar thermal 
power systems can also be considered with non-concentrating solar absorbers, as 
for instance studied by Badescu and co-workers, where low-temperature heat is 
utilised to drive a heat engine in a small Mars surface application (Badescu et al. 
1999, 2000).  

Depending on the level of concentration, very high temperatures can be 
achieved in solar thermal systems. The thermal energy thus available can be con-
verted into mechanical energy by applying Stirling, Rankine or Brayton cycle heat 
engines. This basically resembles what happens in large-scale terrestrial power 
generation. In addition, a number of static heat-to-electric conversion technologies 
are either already applied or currently considered for future applications in space 
power generation. These static technologies include thermoelectric converters, 
space-proven in radioisotope thermoelectric generators for decades, as well as  
innovative alkali-metal thermal to electric converters (AMTECs), thermophoto-
voltaic converters and thermionic converters.  

Potential advantages of solar thermal power systems are the high solar-to-
electric conversion efficiency, small degradation effects and lower capital invest-
ment compared to photovoltaic systems. Disadvantages are that most solar thermal 
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power systems have to be aligned with the Sun as they apply concentrating ele-
ments, and – particularly the dynamic thermal-to-electric power systems – also 
apply moving parts in their conversion process, with all the problems potentially 
associated with a non-static system operated in a remote space application.  

In summary, photovoltaic systems have a long history in space applications, 
which solar thermal power systems do not yet have. Solar thermal power systems 
do have potential advantages in performance and/or costs; these potential advan-
tages will have to outweigh the increased complexity of machinery and system in 
order to make solar thermal power systems an option for future power generation 
applications in space exploration and exploitation missions. Up to date, however, 
these potential advantages have not yet led to the application of solar thermal 
power systems, neither in space exploration applications, nor in the commercial 
satellite market. 

10.3.2   Nuclear Power System Technologies 

Historically, the use of nuclear fission and radioactive decay for spacecraft power 
generation has been extensively investigated. A considerable number of systems 
has actually been built and launched; radioisotope systems are also currently ap-
plied, e.g. in the Curiosity rover landed on Mars on August 6, 2012 (NASA Mars 
Science Laboratory Curiosity Rover 2012).  

Power sources based on nuclear fission and radioactive decay are currently also 
actively developed for future applications in space exploration missions at a wide 
range of different output power levels.   

Synergies are present with the application of RHUs, radioactive heating units 
(e.g. applied in the Mars rovers Sojourner and the twin Mars Exploration Rovers), 
where radioisotope heating units are applied without a thermal-to-electric conver-
sion system as well as with next-generation nuclear space propulsion systems.  

The application of nuclear fusion might be an option in the distant future, but is 
of no practical relevance for space power generation applications at this moment. 
Radioisotope generators and nuclear fission reactors are therefore briefly  
discussed as relevant options for near-future asteroid mining operations in the  
following. 
 
Radioisotope Generators 
Radioisotope Thermoelectric Generators (RTGs) use the heat released by the  
decay of a suitable radioactive material to generate electricity. The radioactive 
material is normally applied in the form of one or more pellets of plutonium-238. 
Other isotopes could also be used, but for space applications only those with low 
levels of penetrating radiation are relevant to avoid heavy shielding for protection 
of sensitive equipment on board. Noteably, the European Space Agency is pursu-
ing americium-241 as a potential isotope for European space power systems 
(Summerer and Stephenson 2011).  
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The radioactive material releases high energy radiation, which in a first step has 
to be converted into thermal energy by enclosing the radioisotopes in an appropri-
ate container. Shielding has to be applied to keep radiation in. This aspect is not 
only of relevance in manned missions, but also to prevent the interference with 
scientific instrumentation.  

The radioactive decay of the isotope thus provides a certain level of heat, which 
in turn can either be directly converted into electrical energy utilizing a thermoe-
lectric conversion system, or via an intermediate conversion into mechanical  
energy utilizing Stirling engines, for instance. The former provides a very robust 
system with no moving parts or engine wear, the latter provides higher heat-to-
electric conversion efficiencies and thus the possibility to either increase the elec-
tric output power for a given quantity of radioisotope material, or to reduce  
the amount of radioisotope material required for a given output power, but again at 
the cost of increasing the overall system complexity.  

RTGs have been successfully used over decades in terrestrial and space appli-
cations. Terrestrial systems have been primarily applied in remote power genera-
tion applications where a regular supply of fuel for a generator was impractical. 
RTGs have also been successfully applied in a wide range of space applications, 
particularly in missions to the outer solar system, where the irradiance is weak and 
photovoltaic systems are therefore limited. RTGs have also been applied in the 
supply of relatively low-power mobile systems such as surface rovers, where 
photovoltaic panels are impractical due to their size. 

Radioactive decay is not constant with time, but has a certain half life which 
has to be considered in power system design. Output power levels can, however, 
be very accurately predicted as a function of isotope mission time, as presented in 
Table 10.5. 

Table 10.5 Data of relevant isotopes (extracted from Blanke et al. 1960) 

Isotope Half-life (years) Thermal output  

Strontium-90 29.1 years (EPA 2012) 0.935 W/g 

Polonium-210 138 days 143 W/g 

Plutonium-238 89.6 years 0.545 W/g 

Americium-241 433 years 0.115 W/g 

Curium-242  162.5 days 120 W/g 

Curium-244 18.4 years 2.73 W/g 

 
Current RTGs provide system efficiencies of less than 10% at specific power 

rates of about 5 W/kg (with respect to the whole RTG and not with respect to the 
isotope mass). Applying advanced thermal-to-electric conversion technologies, 
such as Stirling engines, the efficiency of future radioisotope power systems is to 
be increased to about 30% and the specific power is to be increased to about 10 
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W/kg (Surampudi 2011). This will equally reduce the isotope mass and the heat 
rejection area of the power systems considerably, and also make radioisotope 
power systems more attractive for higher electrical output power levels. 

Radioisotope power systems can thus be considered as primary candidates for 
robotic or unmaintained systems requiring a few hundred watts (electric) or less 
over long operating periods when batteries and fuel cells are not competitive due 
to mass and volume constraints anymore, and when photovoltaic panels are not 
practical due to size limitations.  

Advanced radioisotope power systems applying more efficient heat-to-electric 
conversion technologies are therefore certainly an option to be considered for 
robotic systems operated on the surface of asteroids.  
 
Nuclear Fission Reactors 
RTGs are proven and reliable sources of electric power with output levels of a few 
hundred watts and below. At the moment it is not considered to develop radioiso-
tope power systems providing 10s or evens 100s of kilowatts of electric output 
power. Nuclear fission reactors, on the other hand, have been considered for pro-
viding such output power levels in the past, and are currently also considered and 
actively developed for future applications in space exploration. 

Small fission reactors have been developed since the late 1950s within the US 
nuclear rocket program, pursuing the development of a Nuclear Engine for Rocket 
Vehicle Applications (NERVA). At the time, the US space reactor program devel-
oped the SP-100 reactor. This system was a 2 MWt (thermal output power) reactor 
unit with a thermoelectric heat-to-electric conversion system delivering up to 100 
kWe (electric output power) (Nuclear Association 2012). 

The Soviet space program also developed small fission reactors with thermoe-
lectric conversion systems, and later the Topaz nuclear fission power source with 
thermionic conversion system (World Nuclear Association 2012).  

The "Vision for Space Exploration" presented by President Bush in 2004 has 
renewed the interest in human exploration of Moon and Mars. The vision pro-
posed lunar surface missions in the 2020s, and Mars surface missions in the 
2030s. Power requirements for human bases are expected to be in the range from 
25 to 100 kWe during the early build-up phases, and up to 1 MW when the base 
becomes fully operational. Nuclear fission systems are considered as the most 
mass-efficient means of providing high power for surface missions (NASA fission 
surface power 2010). 

In general, nuclear fuel provides an energy density far superior to any chemical 
fuel or electrochemical energy storage technology. The comparison of the energy 
content available in fusion and fission fuels compared to a chemical fuel (hydro-
gen/oxygen to be used for power generation in a heat engine or fuel cell) and an 
electrochemical energy storage technology presented in Table 10.6 clearly shows 
that the different options are separated by many magnitudes of order. Efficiency in 
terms of the heat-to-electric conversion rate is not considered in this table. The 
mass of the auxiliary systems (heat-to-electric conversion system, shielding, etc.), 
which will be drastically different for a fission system compared to a secondary 
battery system, for instance, is also not considered.  
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Table 10.6 Theoretical fuel energy density of fusion and fission fuels versus chemical fuel 
(hydrogen/oxygen) and electrochemical energy storage technology (Houts et al. 2001) 

Fuel Energy density 

Fission 8.2 x 1013 J/kg 
D-D fusion 8.8 x 1013 J/kg 
D-T fusion 3.4 x 1014 J/kg 
D-He3 fusion 3.5 x 1014 J/kg 
H2/O2 (HHV)1 1.6 x 107 J/kg 
Secondary battery2 7.2 x 105 J/kg 

1Higher heating value (HHV) of hydrogen: 141.80 MJ/kg; 7.94 kg of oxygen re-
quired for stoichiometric combustion of 1 kg of hydrogen 
2Energy density of a secondary battery assumed to be 200 Wh/kg; based on Li-Ion 
technology, the theoretical energy density of the Lithium anode alone would be  
11 kWh/kg 

NASA has recently implemented a project to develop a small nuclear fission 
system within the so-called Fission Surface Power (FSP) technology program. 
Current FSP plans apply uranium dioxide (UO2) fuel pins, a sodium or a sodium-
potassium heat transport system and Stirling or Brayton cycle heat engines for 
thermal-to-electric conversion (NASA FSP Handout 2010). 

 

 

Fig. 10.3 Artist's concept of a Fission Surface Power System (Image Credit: NASA) 

A single FSP unit could provide a net electrical output power of 40 kW with a 
design life of 8 years. An artist's concept of a Fission Surface Power System em-
bedded in lunar regolith and with folded as well as unfolded radiators is shown in 
Fig. 10.3 (NASA Science News 2009). 
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10.3.3   (Electro)Chemical Power System Technologies 

Supercapacitors 
Supercapacitors, also referred to as electric or electrochemical double-layer  
capacitors, store electrical energy in the electrical double layer at the interface 
between carbon electrodes and an electrolyte. Single supercapacitors, although 
being operated at low voltages only, reach energy contents of a few Wh, and even 
a few kWh can be achieved by combining a number of individual supercapacitors 
in a module.  

Supercapacitors can accept very high input and output power levels, with su-
percapacitor modules reaching some 100 kW currently under development. Life-
time and charge/discharge efficiency are also very favourable. Superacapacitors 
are thus an option for intermediate energy storage and peak power applications, 
but not for large energy storage applications where a high specific energy content 
in terms of Wh/kg is required. 

 
Primary Batteries 
Primary batteries are non-rechargeable electrochemical cells designed for single-
use only. They provide superior specific energy and power as well as energy and 
power densities compared to rechargeable batteries, but usually at lower power 
rates. Due to the fact that they cannot be recharged, their practical use is limited to 
applications where a simple and robust power source with medium- or long-term 
energy storage capacity is required at output power levels far less than provided 
by a supercapacitor. Practical applications are thus normally also limited to small 
applications; primary batteries are hardly ever used in multi-kWh applications.  

 
Secondary Batteries 
Secondary batteries can be recharged; the specific energy of the electrochemical 
cell is thus not only available for a single discharge cycle, as in case of a primary 
battery, but can be accessed multiple times.  

Secondary batteries are well-developed and can be considered as the standard 
electrical energy storage option in terrestrial and space applications. A number of 
different cell chemistries and battery module sizes are space-qualified. Large bat-
tery module development benefits from terrestrial efforts aiming at electric and 
hybrid electric vehicle applications. This increases the understanding of cell per-
formance and degradation, and provides engineering solutions for thermal man-
agement of large battery modules. 

The reader is referred to Moon: Prospective Energy and Material Resources 
(Fraser 2012) for a discussion about performance figures of advanced secondary 
battery modules relative to the performance of fuel cell systems. Based on devel-
opment goals for terrestrial electric vehicle development, the useable specific  
energy content of advanced secondary battery modules with large energy storage 
capacity (>10 kWh) was derived as 144 Wh/kg in the cited article, and the energy 
density was derived as 216 Wh/liter. These figures are derived from the nameplate 
capacity of terrestrial electric vehicle battery development goals after considering 
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that the battery can only be discharged to a certain minimum depth of discharge to 
assure a sufficiently long lifetime, and furthermore considering a limited discharge 
efficiency due to resistive losses and internal overvoltages. Satellites in low earth 
orbits have, due to the number of cycles (5,000/year), a significantly lower depth 
of discharge (DoD) in the order of 20% compared to geo-stationary satellites with 
1,350 cycles covering a life span of 15 years in orbit at a DoD of up to 80%. 

Considering current and predicted performance figures, secondary batteries will 
remain one of the most important elements in the power system element portfolio 
for space applications, and will certainly also be applied in future resource extrac-
tion applications on asteroids. The only question is if they will be the primary  
energy storage system and applied in multi-kWh modules, or if they will only be 
applied for backup and in smaller applications (e.g. in portable systems such as 
power tools). 

 
Fuel Cells 
Fuel cells are electrochemical energy conversion systems that are capable of di-
rectly and continuously converting fuels and oxidants into electrical output power.  

The major difference between fuel cells and batteries is that a fuel cell (i.e.: the 
electrode and electrolyte assembly) is not a closed system with educts and prod-
ucts permanently contained within a closed package like in batteries, but the  
system is split into an energy conversion subsystem where the electrochemical 
reactions take place, referred to as the fuel cell stack, and separate tanks for fuel 
and oxidant supply as well as reaction product(s). A significant number of periph-
erals is required as well for reactant, water and thermal management. The size of 
the fuel cell stack (= the active electrode area) essentially determines the maxi-
mum electrical output power and the corresponding conversion efficiency. The 
size of the fuel and oxidant tanks determines how much energy can be drawn from 
the system before it has to be refuelled or recharged; the latter can only be done if 
a regenerative fuel cell system is considered.  

A small fuel cell stack in combination with large fuel and oxidant tanks pro-
vides a power system with a specific energy and an energy density far superior to 
secondary batteries, considering that the lower heating value (LHV) of hydrogen 
is 33.33 kWh/kg. When considering mass and volume of the oxidant required in 
the electrochemical reaction, as well as the tanks required for educt storage and 
the fuel cell stack itself, this difference is significantly reduced but still remains 
substantial as long as the ratio of stored energy versus output power is large 
enough (Fraser 2009, 2012). 

In reality, energy densities of >1 kWh/kg have been demonstrated, e.g on the 
US space shuttle orbiter, versus the nameplate capacity of a secondary lithium 
battery being in the order of some 300 Wh/kg at the very beginning of life. 

The major difference between fuel cells and heat engines (e.g. internal combus-
tion engines or Stirling engines) is that the energy conversion process from the 
chemical energy of the fuel into electrical energy does not proceed via the inter-
mediate step into thermal and mechanical energy but directly, and thus in a very 
efficient way and not limited by the Carnot cycle.  
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Basically, three different types of fuel cell systems can be distinguished: 

• Primary fuel cell systems: These fuel cell systems have to be refuelled from 
an external source, as suggested by the word primary borrowed from primary 
(i.e. non-rechargable) batteries as opposed to secondary (i.e. rechargable) sys-
tems 

• Regenerative (secondary) fuel cell systems: Secondary regenerative fuel 
cell systems can be recharged by operating the integrated electrolyser module, 
thus providing the possibility to store and at a later time release electrical 
energy  

• Unitised regenerative or reversible (secondary) fuel cell systems: these 
systems are a special case of a secondary fuel cell system where fuel cell and 
electrolyser are not operated in two separate electrochemical cells, but in the 
same cell. However, the roundtrip efficiency is lower with significant impact 
on reactant storage and thermal subsystem 

There are different types of fuel cells available, some of them operating at low 
(terrestrial near-ambient) temperatures, some of them operating at elevated tem-
peratures of 700°C and above.  

Fuel cell systems can also be operated with different types of fuels. Hydrogen 
is the primary fuel of choice; hydrocarbon fuels can be applied with external re-
forming systems and partial removal of carbon mono- or dioxide (in the case of 
low-temperature fuel cells) or directly with a synthesis gas (in the case of high-
temperature fuel cells). Special low-temperature fuel cells are even designed to be 
directly operated with liquid hydrocarbon fuels, primarily methanol, but in some 
cases also ethanol.  

Depending on the specific application considered, the best combination of fuel, 
oxidant, type of fuel cell and fuel cell system configuration can thus be chosen. 
The strong advantage of being able to, on the one hand, decouple energy storage 
and power generation, and on the other hand to utilize the advantageous possibili-
ties of storing energy in a gaseous and/or liquid/cryogenic fuel make fuel cells a 
very important option for many different power generation applications in future 
space exploration and exploitation. The renewed interest in terrestrial fuel cell 
systems since the 1990s furthermore provides synergies in terms of material 
science, diagnostics and engineering know how that can now also be successfully 
translated into next-generation and space-qualified fuel cell systems. 

 
REDOX Flow Batteries 
REDOX (reduction/oxidation) flow batteries are reversible fuel cells in which all 
electro-active components are dissolved in the electrolyte. As with hydro-
gen/oxygen fuel cells, output power and energy capacity are completely decoupled 
and are determined by the size of the electrochemical conversion system (= the 
active electrode area) for power and the volume of the tanks for energy. Examples 
of REDOX flow batteries are, for instance, vanadium and polysulfide bromide 
REDOX flow batteries. The polysulfide bromide REDOX flow battery has been 



262 S.D. Fraser 

extensively discussed for terrestrial applications and is utilised with the Regenesys 
system (Grant 2002).  

Major advantages of REDOX flow batteries are the aforementioned decoupling 
of power and energy, long cycle life, quick response times, and no need for  
equalising individual cells. Some types of REDOX flow batteries also offer easy 
state-of-charge determination, low maintenance and a high tolerance to over-
charge/overdischarge. Disadvantages of REDOX flow batteries are the increased 
complexity compared to conventional secondary battery technology, and the rather 
low energy density.  

Flow batteries are considered for large terrestrial energy storage application in 
the order of 1 kWh up to 10 MWh required e.g. for load leveling, intermediate 
energy storage from renewable sources, for discharging during periods of peak  
demand and as an uninterrupted supply.  

Up to date, REDOX flow battery technology has not yet been applied in space 
applications, and the author does not know any effort aiming at the development 
of a space-qualified system. As of today, high-performance secondary lithium 
batteries and primary and/or regenerative fuel cell systems are more promising in 
terms of future space applications than REDOX flow batteries. 

 
Hybrid Flow Batteries 
Hybrid flow batteries are similar in design to REDOX flow batteries, but one or 
more electro-active component is deposited as a solid within the system, whereas 
all electro-active components are dissolved in the electrolyte in a REDOX flow 
battery.  

Hybrid flow batteries therefore have one battery electrode and one fuel cell 
electrode. The term hybrid refers to this mix of fuel cell and battery characteris-
tics. The quantity of the electro-active components dissolved in the electrolyte will 
thus be determined as a function of the electro-active components deposited on the 
battery electrode, thus the battery electrode size. Power and energy are therefore 
not fully decoupled in hybrid flow batteries. Examples of hybrid flow batteries 
include the zinc-bromine, zinc-cerium and lead-acid flow batteries.  

Up to date, hybrid flow battery technology has not yet been applied in space 
applications, and the author does not know any effort aiming at the development 
of a space-qualified system. As of today, high-performance secondary lithium 
batteries and primary and/or regenerative fuel cell systems seem to be more prom-
ising in terms of future space applications than hybrid flow batteries. 

 
Combustion Power Systems 
Combustion is a process in which a fuel and an oxidant undergo exothermic chem-
ical reactions which produce heat and convert the educts into one or more reaction 
products. The combustion reaction can occur with a flame or flameless; the for-
mer, for instance, occurs in a conventional combustion engine; the latter can be 
achieved by applying catalytic combustion technology.  
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The heat released by the combustion reaction can be converted into electrical 
energy by applying one of the many different heat-to-electric conversion technol-
ogies available. The range of heat-to-electric conversion technologies includes 
electric generators coupled to internal and external combustion engines. Gasoline 
engines, diesel engines, wankel engines, and gas turbines are typical examples of 
internal combustion engines. Steam turbines and Stirling engines are well-known 
external combustion engines.  

Heat-to-electric conversion can, however, also be done without the intermediate 
step of first converting heat into mechanical energy of a shaft driving an electric 
generator. Thermoelectric generators, alkali-metal thermal to electric converters 
(AMTECs) (Tournier and El-Genk 1999; Schock et al. 2002), thermophotovol-
taics (Coutts 1999) and thermionic conversion systems can directly convert heat 
supplied to the system into electrical energy (Fraser 2001).  

Combustion power systems could utilize robust and proven heat-to-electric 
technologies in space applications. The availability of fuel cell systems for direct 
fuel-to-electric conversion, however, provides a space-proven and highly efficient 
energy conversion alternative avoiding a combustion process and rather going via 
an electrochemical conversion route. Advanced heat-to-electric energy conversion 
technologies for space applications are thus primarily developed for radioisotope 
systems and not for converting the heat of a combustion process into an electric 
output power.  

Synergies with solar thermal power generation as well as radioisotope power 
systems will soon provide mature and space-qualified heat-to-electric conversion 
technologies. As of today, however, the application of these technologies in con-
verting the heat of combustion of a fuel/oxidant combination into mechanical 
energy does not seem to be a preferred option in future space exploration and ex-
ploitation missions. This option may become more relevant in a scenario where in-
situ resource utilization becomes an issue, for instance with water being extracted 
from a C-class asteroid. In this case, however, a combustion-based conversion 
process would again have to offer advantages over fuel cell technology. This will 
most likely not be possible in terms of conversion efficiency, but rather in terms of 
robustness and safety only, considering a static heat-to-electric conversion system. 

10.3.4   Physical Power System Technologies 

Chemical and electrochemical energy storage technologies are currently consi-
dered as the method of choice in many terrestrial applications, with electrochemi-
cal technologies being the preferred option in space applications. There are,  
however, also physical energy storage technologies considered and investigated 
for space applications. Two of these technologies are briefly discussed in the  
following. 
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Flywheel Energy Storage Systems 
Flywheels can store energy as kinetic energy in the rotating mass of a rotor. The 
amount of energy stored increases with the square of the rotational speed; the 
rotation speed of the rotor is limited by the tensile strength of the material used.  
Rotors of advanced flywheel energy storage systems are designed to rotate at up to 
100,000 revolutions per minute, thus offering the possibility of storing considera-
ble amounts of energy in a mass- and volume-efficient way.  

Flywheel energy storage systems have thus also been investigated as energy 
storage option for the International Space Station. Prototype systems have been 
developed which offered some 25-30 Wh/kg of the theoretical limit of 2700 
Wh/kg energy storage capacity computed for systems with carbon nano fiber  
rotors (Lyons et al. 2010).  

As of today, however, the development of flywheel energy storage systems for 
space applications is not funded anymore (Lyons et al. 2010). 
 
Superconducting Magnetic Energy Storage Systems (SMES) 
SMES store energy in the magnetic field of a coil made from special alloys. By 
cooling the conducting wires down to cryogenic conditions, the electrical resis-
tance of the material is practically reduced to zero, making it possible to conduct 
very high currents without electrical losses, but at the cost of maintaining the sys-
tem at cryogenic temperature.  

SMES are very favorably in terms of energetic efficiency and provide very high 
input and output power levels. The energy storage capacity of current SMES is, 
however, very limited. This makes SMES only an option in niche applications at 
this time, despite having a comparably small temperature difference between 
cryogenic and ambient conditions present during nighttime conditions on NEOs, 
particularly when a relatively slow rotation rate is present. 

10.3.5   In-Situ Propellant Production 

The Earth launch mass is one of the decisive figures to be considered in the plan-
ning of every space mission. This is true for space explorations missions, and this 
is obviously to an even larger extent true for space exploitation missions, where 
the return on investment is not primarily considered in terms of scientific findings, 
but in a dominant economical dimension. Each option reducing the Earth launch 
mass and nevertheless fulfilling the mission profile without adding a large risk  
penalty is therefore welcome. 

Two concepts have been established in mission planning for the exploration of 
Moon and Mars: in-situ resource utilization (ISRU) and in-situ propellant produc-
tion (ISPP). ISRU and ISPP aim at reducing the total system mass that has to be 
transferred from the Earth onto the surface of Moon or Mars by utilizing resources 
that are readily available and easily accessible in-situ, thus directly at the landing 
site or in its vicinity. This could be surface regolith with Moon and Mars, and – in 
case of Mars – primarily the atmosphere containing more than 95% carbon  
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dioxide (Zubrin and Wagner 1996; Hoffman and Kaplan 1997, Pipoli et al. 2002, 
Fraser 2009).  

In case of C-type asteroids, an often very significant amount of water is availa-
ble. By decomposing this water into hydrogen and oxygen, propellants could be 
produced directly on the surface of the asteroid. This would reduce the amount of 
propellants that have to be launched from the Earth, as the propellants for the re-
turn flight could be produced directly in situ on the surface of the asteroid; this, of 
course, at the cost of launching a water extraction, decomposition and propellant 
storage system.  

Water could also be used as consumable in life support systems and, when con-
sidering power system options, could also be used as fuel and oxidant in power 
generation applications. Hydrogen and oxygen could thus be burned in internal 
combustion engines and gas turbines. Hydrogen and oxygen could also be pro-
duced and consumed in electrochemical cells, with the electrochemical cells  
producing hydrogen and oxygen being referred to as electrolyzers, and the electro-
chemical cells consuming hydrogen and oxygen being referred to as fuel cells. The 
former requires an input of electrical energy to decompose water, the latter gene-
rates electrical energy and produces water.  

The utilization of water available in situ is thus an option for intermediate  
storage of electrical energy, producing hydrogen and oxygen with an electrolyzer 
when excess power is available and consuming hydrogen and oxygen in a fuel cell 
for power generation when, for instance, the photovoltaic panels do not provide a 
sufficient output power level.   

10.4   Power System Options 

The ambient conditions present on the surface of asteroids are, as briefly discussed 
above, very challenging or even prohibitive for many of the proven and innovative 
power system elements considered for energy storage and/or power generation 
applications in future space exploration and exploitation missions.  

Spacecraft power system design for asteroid surface applications therefore  
requires a very careful evaluation of the possibilities and limitations of each indi-
vidual power system element in order to find a single element - or a hybrid system 
of multiple power system elements - satisfying the energy storage and power gen-
eration requirements of a specific asteroid surface exploration and/or exploitation 
system in the best possible way; and this not only with respect to gravimetric and 
volumetric figures, but also with respect to operational safety, performance degra-
dation, and compatibility with operating conditions. 

The best power system configuration can obviously only be determined on the 
basis of a specific mission profile, and the power system specification inferred 
from this mission profile. 
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10.4.1   Mission Profile and Operation of Robotic Miners 

Within this chapter, the term miner refers to a robotic system used to extract re-
sources, particularly minerals, from the ground of an asteroid. This could be done 
by scraping or digging rubble off the surface with or without the assistance of 
electromagnets to collect magnetic materials. Miners are considered to be mobile 
systems capable of relocating themselves if the mineral resources in vicinity of the 
extraction mechanism have been extracted. Due to the low gravity present, ma-
neuvering and excavating could not be done as easily (since gravity-assisted) as 
done on Earth, Moon and Mars, but would have to include some sort of a hold-
down mechanism either installed with the mobile system or the asteroid surface  
itself (Garrick-Bethell and Carr 2007). 

Miners are further considered to be operated in combination with a static instal-
lation referred to as the processing facility where the minerals are processed. This 
scenario could be considered as a kind of strip mining, where material is scraped 
off the surface and collected. Shaft mining, where material is extracted from sub-
surface resources utilising a system of shafts and cavities, would rather require a 
system of conveyor bands and not vehicle-like units.  

The stationary processing facility could also include a launch site where extracted 
resources could be launched to the Earth (e.g. in a scenario where precious PGM 
metals are extracted), to the Moon (e.g. in a scenario where water is collected for life 
support systems aboard a lunar habitat) or to a space station orbiting the Earth.  

The processing facility could furthermore also be connected to a stationary 
power station. This power station could provide electric energy to the processing 
facility; the power station could also be used to recharge or refuel mobile and 
portable systems such as robotic miners. Mobile and portable systems would thus 
not have to be self-sustainable in either carrying a sufficient supply of energy right 
from the start or generating sufficient energy during their operational phase. Mo-
bile and portable systems could thus be built lighter and more robust at the cost of 
requiring frequent visits to the stationary structure for recharging/refuelling.  

If these frequent visits were necessary to unload material to the stationary proc-
essing facility anyway, this would not necessarily be a burden or limiting factor in 
the operational performance of mobile and stationary systems. 

10.4.2   Commented Summary of Power System Options 

It is beyond the scope of this article to propose designs and specifications for ro-
botic miners operating on the surface or in subsurface shafts of asteroids. The goal 
of this chapter is to provide a general overview of relevant power system tech-
nologies, and to provide a brief and comparative summary about relevant power 
system technologies in the light of the application in a mobile and robotic miner.  

This comparative summary of power system technologies is provided in Table 
10.7. Each power system element discussed in Sect. 10.3 of this chapter is briefly 
summarized with a short comment and a personal assessment of the author 
whether or not the respective power system technology will be relevant in terms of 
an onboard power supply of a mobile and robotic miner. 



10   Electric Power System Options for Robotic Miners 267 

Table 10.7 Commented summary on power system elements  

Power System 
Element 

Summary 

Solar energy utilization 

Photovoltaic  
power systems 

Very relevant option for stationary power generation. 
Large surface area (>4 m²/kWp even for 25% TJ cells 
operated on NEOs) is a limiting factor for mobile 
applications. Intermediate energy storage during 
nighttime required, depending on rotation rate of 
asteroid 

Solar thermal  
power systems 

Currently not likely to be considered 

Nuclear power system technologies 

Radioisotope  
generators 

Very relevant option for small mobile systems. State-
of-the-art systems weigh 200 kg/kW, advanced sys-
tems having 100 kg/kW are planned. Major advan-
tage: provides continuous output power over years 

Fission reactors 

Currently being developed for stationary power gen-
eration applications in the 10s and 100s of kW output 
power range; impractical for mobile applications due 
to shielding requirements and large radiator area 

(Electro)chemical power system technologies 
Supercapacitors Relevant for high power and low energy storage 
Primary batteries Emergency power and single-use equipment 

Secondary  
batteries 

Primary option for energy storage, particularly in 
mobile systems. Useable specific energy and energy 
density considerably smaller than with H2/O2 sys-
tems; approx. 150 Wh/kg for battery system versus 
>1000 Wh/kg for H2/O2 fuel cells (Fraser 2012) 

Fuel cells 

Relevant option providing energy storage capacity 
(e.g. regenerative fuel cell for intermediate storage of 
photovoltaic power system) and as primary (not re-
chargeable) fuel cell in mobile applications 

Flow batteries Currently not likely to be considered 

Combustion  
power systems 

Internal combustion engines not likely to be chosen 
due to availability of fuel cell systems; synergies with 
external combustion engines (e.g. Stirling engines); 
mainly for propulsion 

Physical power system technologies 
Flywheel energy 
storage systems 

Currently not likely to be considered 

SMES Currently not likely to be considered 
In-situ propellant production 

Regenerative H2/O2 
fuel cells 

Perfect match for ISPP, as same fuel/oxidant can be 
used for power generator and rocket motor 
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Based on the power system requirements of a specific mobile mining unit, one 
or more of these individual power system technologies have to be appropriately 
dimensioned and implemented in order to provide the required output power pro-
file with the level of safety and redundancy demanded by the operator. 

10.5   Conclusions 

Primary and secondary batteries, photovoltaics and radioisotope thermoelectric 
generators have been the power system elements of choice with mission elements 
designed for lunar and Mars surface operation in the past. These power system 
technologies are also relevant with respect to future applications in asteroid  
exploitation. 

Fuel cells, already considered but not applied with the Apollo Lander Module, 
are an interesting option if power consumption and operational period are chal-
lenging, and if the comparably low specific energy of batteries makes the mass of 
the battery module a limiting factor. By including a fuel cell system operating on 
hydrogen and oxygen, the same propellants used with rocket motors and possibly 
also produced on the surface of a (C-class) asteroid using In-Situ Propellant Pro-
duction technology could also be used for power generation purposes. This would 
provide interesting synergies and also reduce the mass penalty of including a  
dedicated fuel/oxidant processing and refueling facility required if ISPP is not 
considered in the return flight. 

Nuclear fission reactors, having been considered and developed since the pio-
neering days of spaceflight in the 1960s, have already seen a strong increase of  
research funding in the recent years and are considered as central elements in  
current mission plans for human exploration of  Moon and Mars. The presence of 
a stationary nuclear fission reactor continuously providing a certain level of output 
power adds a degree of freedom in the power system design for mobile and  
portable systems.  

To summarize, power system engineers will be able to consider a greater varie-
ty of power system technologies for their specific applications in the future, than 
there was available in the past. Depending on average and peak electric output 
power requirements, mission profile and mission duration, a prudent combination 
of different power generation and energy storage technologies will provide power 
systems that are lightweight and compact, and at the same time safe and robust.  

Power system technology will therefore certainly be able to comply to the re-
quirements and challenges of the upcoming asteroid exploration and exploitation 
applications. As always in engineering, the key will be to investigate and optimize 
until the best possible solution is identified.  
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Chapter 11  
Rubble-Pile Near Earth Objects:  
Insights from Granular Physics 

Karen E. Daniels 

North Carolina State University, Raleigh, USA 

11.1   Introduction 

Most Near Earth Objects (NEOs) are composed of fractured rock, sometimes 
highly fractured and porous, and they have come to be known as rubble piles 
(Britt 2001; Fujiwara et al. 2006). The constituent particles, ranging from millime-
ters up to tens of meters, are weakly held together as an aggregate by a combina-
tion of both gravitational and van der Waals forces, which can be of comparable 
strength (Scheers et al. 2010). Future missions to these rubble NEOs, whether 
human or robotic, will need to operate in such a way that they can safely and suc-
cessfully probe a fragile object. Of key importance is the ability to predict and 
control the circumstances under which the NEO material will remain intact or 
become unstable during activities such as digging, sample-collection, anchoring, 
or lift-off. 

Rubble-like materials are members of a broader class of what have been named 
granular materials (Jaeger et al. 1996). These are commonly defined as a collec-
tion of macroscopic particles that interact through classical mechanics: force bal-
ance, collisions, friction, inelasticity, etc. Natural and industrial examples include 
sand/gravel, agricultural grains, and pharmaceutical powders; idealized particles 
such as glass spheres are also frequently considered as laboratory models. There 
are extensive laboratory experiments and computer simulations on these materials 
(both with and without gravity), all of which are leading towards an improved 
theoretical understanding of their dynamics. However, a comprehensive theory of 
granular materials remains elusive, and most techniques have a limited range  
of validity within a large parameter space. This chapter reviews the current state of 
knowledge of granular materials, and provides guidance about how to apply this 
knowledge to rubble-pile asteroids. 

On any mission to collect samples from a NEO, it will be necessary to design 
both reliable techniques for anchoring to the surface, and methods for collecting 
and retrieving samples. A sense of the challenges is given by the following repre-
sentative examples, which begin with the approach of the mission hardware. As a 
human or robotic explorer attempts to slow its approach to the surface of the NEO, 
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Fig. 11.1 Images of rubble pile asteroid 25143 Itokawa, observed by spacecraft Hayabusa, 
the first mission to return asteroid samples to Earth, illustrating size and granular texture at 
two different scales. Sources: Fujiwara et al. (2006) (left) and Miyamoto et al. (2007) 
(right). 

any firing of thrusters will disrupt the surface material. Without strong gravita-
tional forces to return the material to the NEO, the dislodged particles will remain 
in the vicinity of the explorer as a hazard. Even once the explorer is located at the 
surface, further movements can similarly dislodge particles. Furthermore, if the 
explorer needs to anchor to the fragile surface, any thrust into the surface will 
cause it to move in the opposite direction: away from the very surface that it is  
trying to probe. If the explorer requires digging (whether for the purposes of an-
choring or sample-collection), this will necessarily disrupt the surface material 
(Miyamoto et al. 2007; Tsuchiyama et al. 2011), again creating a population of 
dislodged, hazardous particles in the vicinity. 

The granular materials that comprise rubble NEOs have much in common with 
the geological granular materials studied in Earth's gravity, but with the key dis-
tinction that gravitational forces do not as easily return disturbed particles to the 
ground. For example, asteroid 25143 Itokawa (shown in Fig. 11.1), has a mass of 
3.5 × 1010 kg (Fujiwara et al. 2006). At a distance of 150 m from the center of 
mass, the gravitational acceleration is only 10-5g; this means that any dislodged 
particles that travel faster than 17 cm/s will escape the asteroid; this speed is 
known as the escape speed. 

No motion on or near the NEO surface will be simple, and although one mis-
sion has already been successful (Fujiwara et al. 2006), no established protocols 
yet exist for this new class of explorations. Ongoing studies of lunar and martian 
regolith (Rickman et al. 2012) and blast protocols (Metzger et al. 2009) will pro-
vide some guidance, but the much-lower gravitational forces are likely to limit 
their transfer of knowledge. In this chapter, we describe the current state of  
knowledge as it relates to the problem of digging and anchoring on rubble NEOs, 
drawing on studies performed both within Earth's gravity and in zero gravity.  
Finally, we close with some concrete recommendations for safe, successful explo-
ration and mining operations on NEOs. 
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11.2   Resisting Applied Forces: Force Chains 

Dry granular materials differ from conventional solids in that cohesion due to intera-
tomic and intermolecular forces plays little role in determining the bulk and shear 
response of the aggregate. Instead, the material resists deformation via the friction 
and elasticity at each interparticle contact, together with the impossibility of two 
particles passing through each other. The interparticle contacts have long been 
known to create a highly heterogeneous distribution of forces, first visualized in the 
1950s using the photoelastic (birefringent) properties of glass (Dantu 1957). Figure 
11.2 shows a modern implementation of the same effect, using 2,500 disks cut from 
Vishay PhotoStress supported by a plastic floor and subjected to biaxial stresses: 
either isotropic compression or pure shear. In both cases, chain-like structures carry 
the majority of the force in the system, but this force network is far more isotropic in 
the compressed sample than in the sheared sample. The sheared sample is strongly 
anisotropic and shows a clear signature of the principal stress axis. 

compression shear

⊗ g

 

Fig. 11.2 Images of a quasi-two-dimensional granular material composed of disk-shaped, 
birefringent particles arranged in a singular, horizontal layer and subject to (left) isotropic 
compression and (right) pure shear in a uniform gravitational potential. By viewing the 
particles with polarized light, particles subject to larger stresses are brighter and show more 
optical fringes. Figure adapted from Majmudar and Behringer (2005) 

The properties of this force chain network have been the subject of much recent 
research. Notably, the probability distribution function of individual forces within 
a static system can be highly non-Gaussian (Liu et al. 1955) and depends strongly 
on the type of loading (see Fig. 11.2 and Majmudar and Behringer (2005)). While 
circular/spherical particles have been the focus of much of the quantitative re-
search on force distributions, the existence of such heterogeneous networks is a 
robust feature that holds even for non-circular particles (Geng et al. 2001). Fur-
thermore, the weaker gravitational potential within asteroids will not destroy the 
effect: the images in Fig. 11.2 were obtained within a constant gravitational poten-
tial, resting upon a horizontal surface. Through the use of an air-table that gently 
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floats flat particles (Lechenault and Daniels 2010; Puckett and Daniels 2013), it 
would be possible to investigate dynamics within a two-dimensional version of a 
zero-gravity environment. When the load on a granular material is increased, for 
instance by a digging or anchoring process, the force and contact network will 
necessarily rearrange. As long as all particles maintain torque and force balance, 
the granular material can remain intact. However, even for small changes this 
typically cannot be accomplished through linear (elastic) processes alone, and 
particle and force rearrangements are necessarily present (Cates et al. 1998). If the 
disturbance is sufficiently large, as in the case of a high-energy impact, then the 
material can become “fluidized” and transiently exist in a collisional, flowing state 
(Asphaug et al. 1998; Daniels et al. 2004; Pica Ciamarra et al. 2004; Clark et al. 
2012). In each of these studies, whether laboratory or simulated, the propagation 
of stress or failure within the material is observed to have a branching structure 
reminiscent of the underlying force chain network. 

The degree to which a granular material is in a gas-like (collision-dominated) 
vs. liquid-like (sustained contacts) state can be described by the non-dimensional 

inertial number 5.0)/( −= ργ PdI  . Here, ˙ γ  is the imposed shear rate, d is the parti-

cle diameter, P is the confining pressure, and ρ is the mass-density of the particle 

material. This can be thought of as a competition between two time-scales: ˙ γ −1
 is 

the macroscopic timescale over which shear-deformation takes place (creating 

gaps), and  5.0)//( −ρPd is the microscopic timescale describing the time it takes 

for a particle to fall into a gap of size d (Campbell 2005; Forterre and Pouliquen 
2008). In the context of rubble-pile asteroids, the downward pressure on particles 
arises from gravitational acceleration (10-5g) and this microscopic timescale would 

instead be 5.0)/( −gd . For particles ranging in size from 10 cm to 10 m, this corre-

sponds to timescales of 30 sec to 5 min. Therefore, under all but the slowest of 
shear rates, I will tend to take large values, corresponding to the gas-like, rapid-
flow limit. Each of these situations (solid-like, liquid-like, gas-like), and the tran-
sitions between them, will be discussed in more detail below. 

11.3   Solid-to-Fluid Transition 

In order to explore a granular asteroid, it will be important to control its response: 
whether the surface material remains solid-like (good for anchoring, bad for dig-
ging), or transitions to a fluid-like state (good for digging, bad for anchoring). 
Several frameworks have been developed in recent years that address both the two 
regimes (solid-like, fluid-like) and the transition between them. Because flowing 
granular materials are always compressible, the term fluid-like will be used when 
both gas-like (collisional) and liquid-like (sustained contacts) materials are under 
discussion. Below, we review several key approaches and indicate which are ap-
plicable to NEOs in microgravity and which will require further research in order 
to be applicable. 
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One key descriptive variable underlying many of these studies is the extent to 
which the granular material fills the available space. In the physics literature, this 
is commonly referred to as the packing fraction or packing density φ, defined as 
the fraction of space occupied by particles. Within the geotechnical community, it 
is more common to report the inverse (1- φ), called the void fraction or porosity. 
Below, we will use the convention from the physics literature and refer to φ. Con-
ceptually, φ is important because a loose packing (low φ) has fewer inter-particle 
contacts to stabilize particles (Wyart 2005), and more possibilities for particles to 
rearrange than does a dense packing (high φ) (Edwards and Oakeshott 1989, Song 
et al. 2008). In a survey of 26 asteroids, Baer et al. (2011) found that for asteroids 
with effective diameters below 300 km, bulk porosities in the range of 50% to 
70% are quite common; this corresponds to φ = 0.3 to 0.5. As will be discussed 
below, these values fall below what is needed to constrain the motion of particles 
relative to each other. 

The connection between applied stress and changes in packing density dates 
back to a classic paper by Reynolds (1885). When a dense granular material is 
subjected to shear, the individual particles cannot pass through each other; instead, 
the material must be allowed to dilate in order to make space for the shear to oc-
cur. Conversely, a very loose granular material will collapse under shear, due to 
gravity. Within the geotechnical community, this relationship has been formalized 
as critical state soil mechanics. In particular, the point at which the internal fric-
tion between the particles can no longer support a load is referred to as the Mohr-
Coulomb criterion (Schofield and Wroth 1968, Nedderman 1992). There exist 
both continuum models that account for either dilation or compaction as averaged 
properties of a granular flow (Campbell 2005), and experiments that quantify the 
transition at a particle scale by using x-ray radiography and tomography (Kabla 
and Senden 2009, Métayer et al. 2011) in Earth's gravity. In a microgravity envi-
ronment, there will be no restoring force to drive compaction, so these behaviors 
may be significantly modified. 

A sheared NEO will likely not self-compact, and instead the constituent parti-
cles will only be slowed by dissipative effects (inelastic collisions, friction). Fur-
ther investigation using simulations (Baran and Kondic 2006) or experiments 
(Murdoch et al. 2013) are necessary to know what the dominant effects will be as 
gravity is reduced. Understanding the transition between unstable and stable con-
figurations has been a particular focus in recent years, a process that has come to 
be known as jamming (Liu and Nagel 1998). Two recent reviews (Liu and Nagel 
2010, Hecke 2010) provide details about this approach, which takes as its starting 
point studies of frictionless spheres in zero gravity, interacting only when in con-
tact. The central idea is that the average number of constraints (contacts) per parti-
cle, the natural vibrational modes of the aggregate, and the rigidity of the system 
are all fundamental manifestations the same physics. This has allowed for the 
understanding of such features as how the shear modulus of a jammed material 
changes as a function of its packing density. As a spherical material is packed 
denser than its critical (lowest stable) packing fraction φc, its shear modulus G  
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increases according to the function αφφ )( cG −∝ . The scaling exponent α is set 

by the exponent in the functional form of the contact force law between two parti-
cles, and 64.0≈cφ  for disordered, frictionless, spherical particles (Hern et al. 

2003). Similar scaling relations are known for other quantities such as the bulk 
modulus, pressure, and the mean number of particle contacts (Liu and Nagel 2010, 
Hecke 2010). 

More recently, the jamming approach has been extended to frictional (Somfai 
et al. 2007, Henkes et al. 2010) or elliptical (Mailman et al. 2009, Zeravcic et al. 
2009) particles, for which φc  takes a different value. Two important complica-
tions are the fact that friction always introduces history-dependence (the frictional 
force opposes the direction of motion), and non-spherical particles can have more 
complicated relationships between φ and the number of interparticle contacts. 
Therefore, the scaling relations between the bulk/shear modulus and the packing 
density are no longer the simple power laws known for the frictionless, spherical 
particle case. Promising new directions are studies that investigate when shear 
rigidity is either enhanced or degraded as a function of the preparation protocol or 
the choice of shear-direction (Bi et al. 2011; Dagois-Bohy et al. 2012). Ultimately, 
it may be possible to use the vibrational modes of the system as an empirical 
measure (Owens and Daniels 2013) of how near a granular system is to the point 
at which the material yields to external stresses and begins to flow. 

11.4   Granular Gases 

When sufficient energy is injected into a granular system that the individual parti-
cles have enough kinetic energy to overcome dissipative and attractive forces, they 
can exist in a gas-like state in which the behaviors are collision-dominated instead 
of contact-dominated. Such a situation can quite readily occur in and near NEOs 
during probing or capture, particularly as material becomes dislodged from the 
surface. For packing densities low enough that the material is collision-dominated, 
it is possible to understand the dynamics of the granular material using extensions 
of the kinetic theory of ordinary gases. A review article (Goldhirsch 2003) and 
book (Brilliantov and Pöschel 2004) detail the methods used to provide a quantita-
tive theory, although this has been most commonly considered without gravita-
tional attractions and between spherical particles. 

One predicted feature is that granular gases undergo a clustering instability as 
they ‘cool’ through collisions in free space (Goldhirsch and Zanetti 1993), each 
pair of particles losing kinetic energy during each collision. The mechanism for 
this instability is that particles located within any small density fluctuation will 
(due to the increased density) suffer more collisions than neighboring regions. 
This causes that region to lose energy at a greater rate than the neighboring re-
gions. Therefore, any initial density fluctuation will grow rather than decay; this 
effect has been observed in numerical simulations (Goldhirsch and Zanetti 1993). 
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Were it to also be present in real granular materials, it would predict a highly het-
erogeneous environment once any granular material was dislodged on a NEO. 

To date, there have been relatively few experimental studies of granular gases 
in zero- or micro-gravity, due to the difficulty and expense of obtaining high-
quality environments for long enough duration. While expensive, Earth-based 
experiments are possible through the use of parabolic flights, drop-towers, and 
sounding rockets. In studies of a dilute gas of steel spheres, Leconte et al. (2006) 
found significant differences with theoretical predictions from kinetic theory that 
remain unresolved. Murdoch et al. (2013) found that an important effect on Earth, 
the presence of convective-like flows in sheared granular materials, is strongly 
suppressed in microgravity, and Harth et al. (2013) made quantitative measure-
ments of the translational and rotational motions of particles in a dilute rod-like 
granular gas. Intriguingly, unlike what was predicted for spherical particles, no 
clustering effect was observed. Each of these experiments illustrates the limita-
tions of the current theoretical predictions. Further experiments probing the  
collisional dynamics of frictional, non-spherical particles in a microgravity envi-
ronment would provide new information about what to expect once an asteroid is 
fluidized by impacts or digging. 

11.5   Simulation Techniques 

While continuum models of granular materials (Goldhirsch 2003, Jop et al. 2006, 
Kamrin and Koval 2012) only span narrow regions of parameter space, discrete 
numerical simulations are able to span the full range of solid-like to gas-like be-
havior. The classic Cundall and Strack (1979) method established the discrete (or 
distinct) element method (DEM), which models individual particles according to 
Newton’s laws; these techniques are analogous to molecular dynamics simula-
tions, but with macroscopic interactions instead of microscopic. Several reviews 
of up-to-date DEM methods have been published (Pöschel and Schwager 2005, 
Vermeer et al. 2001), and most typically allow for the modeling of spherical parti-
cle with interparticle friction, Hertzian (elastic) contact forces, and inelastic losses 
during collisions. Inherent in the design of such simulations is a choice between 
event-driven protocols, which are fast but only permit instantaneous binary colli-
sions, and fully-resolved soft-sphere models which permit multiple sustained con-
tacts. While event-driven simulations work well for dilute (low-φ) systems, dense-
ly-packed aggregates require the inclusion of sustained contacts. More recently, 
DEM simulations have been extended to permit a super-set of sphere-like shapes 
that includes ellipses (Zeravcic et al. 2009, Mailman et al. 2009) or conjoined 
circles/spheres (Gravish et al. 2012, Phillips et al. 2012), but angular shapes re-
main a challenge due to difficulties in modeling contact force laws for arbitrary 
curvatures. It is important to distinguish DEM techniques from smoothed-particle 
hydrodynamics (SPH) (Asphaug et al. 1998), in which a continuum fluid is divid-
ed into a set of discrete elements whose properties are smoothed over a pre-
determined lengthscale that need not correspond to a granular lengthscale. 
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In order to capture the dominant interactions, simulations of granular materials 
on asteroids require not only sustained, elastic contacts, but the inclusion of both 
long-range gravitational forces and cohesion. Numerical simulations on the stabil-
ity of and collisions between asteroids have begun to include all of these effects 
(Scheeres et al. 2010, Sánchez and Scheeres 2011, Richardson et al. 2011, Ringl et 
al. 2012, Schwartz et al. 2012), but such advances are quite recent. To date, such 
studies have primarily focused on asteroid-scale dynamics, rather than localized 
disturbances appropriate to digging and anchoring applications. 

To judge the need to include various of these terms in simulations, it is helpful 
to consider the magnitude of various key energies, particularly as compared with 
any kinetic energy imparted to either individual particles or the collective (e.g. 
centripetal effects). The magnitude of the gravitational energy for two identical 
particles of mass m is Gm2/r, where r is the distance between them and G is the 
gravitational constant. If both particles have a mass density ρ and a radius R, then 
this energy is proportional to R5; this predicts a significant particle-size depend-
ence. In contrast, the kinetic energy grows proportional to R3. The elastic energy 
stored between two spherical particles compressed by an amount δ is given by the 
Hertzian contact law (Johnson 1985), and is of magnitude ERδ, where E is the 
Young’s modulus of the particle material. While dry, convex granular materials 
can sustain shear or compressive loading, they cannot support a tensile load with-
out the presence of cohesive forces between the particles. Because asteroids are 
observed to have a tensile strength that resists breakup under rotation (Trigo-
Rodriguez and Blum 2009), some type of cohesive force can be inferred. While 
the energy associated with van der Waals adhesion may seem small – the  
magnitude is set by the Hamaker constant (10−19 to 10−20 J for typical materials) – 
Scheeres et al. (2010) showed that it can dominate over electrostatic or radiative-
pressure effects for small objects. In addition, this paper provides scaling  
arguments that illustrate how to use experiments on Earth-based powders to simu-
late and infer behaviors in rubble-pile asteroids. 

11.6   Particle Properties 

The granular material studied in many of the above examples has most commonly 
been composed of hard (little deformation), frictional, dry (non-cohesive), and 
smooth (often circular/spherical) particles. In numerical simulations, the choice of 
smooth, frictionless, cohesionless particles facilitates computations, since the 
Hertzian contact forces are known analytic functions of the interparticle force in the 
limit of small deformation (Johnson 1985). Within this framework, governing proper-
ties such as particle size and elastic modulus are easily non-dimensionalized for com-
parison. Experiments have often chosen similarly-idealized particles, both to facilitate 
direct comparisons and to make experiments more repeatable. Nonetheless, recent 
numerical and laboratory studies have begun to investigate the roles of deformation 
(Saadatfar et al. 2012), polydispersity (distribution of particle sizes) (Tsoungui et al. 
1998, Wackenhut et al. 2005, Muthuswamy and Tordesillas 2006, Voivret et al. 



11   Rubble-Pile Near Earth Objects: Insights from Granular Physics 279 

2009), particle shape (Azéma and Radjaï 2010, 2012; Torquato and Jiao 2012), and 
cohesion (Nowak et al. 2005, Richefeu et al. 2006, Herminghaus 2005, Strauch and 
Herminghaus 2012). In all cases, the results differ in nontrivial ways from experi-
ments/simulations on monodisperse spherical particles. 

Rubble pile NEOs are composed of hard, dry, polydisperse (see Fig. 11.1), non-
spherical particles (Fujiwara et al. 2006, Michikami and Nakamura 2008, Yano et 
al. 2006), so comparison to the granular physics literature must proceed carefully. 
Regolith samples returned from the surface of 25143 Itokawa were also found to 
be highly polydisperse, with grain sizes ranging from micro- to millimeter scales 
(Tsuchiyama et al. 2011). It remains an open question how particle size and shape 
distributions (Herrmann et al. 2004, Pena et al. 2007, Saint-Cyr et al. 2012) influ-
ence the point at which a granular material transitions from solid-like to fluid-like 
behavior. 

11.7   Interacting with a Rubble NEO 

Safely interacting with rubble NEOs will require engineering within the properties 
and constraints described above. While self-gravitational and van der Waals  
effects have so far seen little investigation in Earth-based studies due to the inac-
cessibility of the regime, enough is known about general properties to point the 
way towards promising, and away from dangerous, modes of interaction. 

As noted above, the escape speeds for rubble NEOs can be quite low: cm/s is 
typical. For comparison, the 17 cm/s speed calculated for asteroid 25143 Itokawa 
is about half a km/hr, two orders of magnitude lower than a child playing softball 
can pitch. Importantly, all motions at the surface of the asteroid must move at 
speeds below this limit if both the constituent particles and the probe hardware are 
to remain gravitationally bounded. 

There is a second speed scale, set by the speed of sound within the asteroid 
body, the consequences of which are less clear. Since the rigidity of the fragile 
aggregate vanishes on approach to the jamming point (Liu and Nagel 2010, Hecke 
2010), the speed of sound vanishes as well. Thus, for an asteroid only slightly 
above the jamming point (compressed slightly by gravitation), even very small 
perturbations will likely create supersonic shocks which propagate through the  
asteroid body (Gomez et al. 2012). As the material is compressed behind the prop-
agating shock wave, the speed of sound in that region will increase. Meanwhile, 
collisions between the particles are dissipating energy; as discussed in the context 
of granular gases, it remains unclear to what degree clustering instabilities are to 
be expected for frictional, non-spherical particles. Whether this combination of 
effects leads to a stable (local damage) or unstable (propagating damage) situation 
is unknown. SPH simulations (Asphaug et al. 1998) of an 8 m sphere impacting an 
intact, non rubble-pile asteroid, suggest that damage propagates within (but not 
between) intact bodies. Laboratory or DEM simulations would be able to model 
the dynamics of an impinging probe and thereby estimate how large of an impact 
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would be sustainable in the presence of real particle-contacts. There is likely a 
speed or energy threshold associated with the transition to local or global failure. 

It has been commonly advocated that quickly firing a harpoon into a NEO 
would be an effective way to either tether it or produce ejecta to be collected. 
However, it remains to be determined whether fast or slow insertion is safer, more 
efficient, or more effective. For example, one goal might be to insert a probe or 
anchor into the asteroid while imparting as little momentum and breakup as possi-
ble. Therefore, it is illustrative to consider what distinguishes fast (firing) insertion 
from slow (digging). Fast firing would be defined as any speed at which the gravi-

tational relaxation time (d/g)-0.5 exceeds the reciprocal shear rate ( 1−γ ). For a 10 

cm particle at the surface of 25143 Itokawa, this timescale would be approximate-
ly 30 seconds. As such, all but the slowest of insertion speeds will be too fast for 
any relaxation of particle positions to take place during insertion, and will meet 
with significant resistance. From experiments, it is known that the resistance the 
projectile encounters is strongly dependent on how tightly-packed the material is 
(how difficult it is to rearrange) (Albert et al. 1999, Geng and Behringer 2005, 
Constantino et al. 2011). Therefore, one should additionally consider slow/digging 
techniques. Recent experiments (Wendell 2011) on flexible diggers have shown 
that that in Earth’s gravity, thin/flexible objects can be more-efficient diggers than 
thick/stiff ones (see Fig. 11.3). For a given maximum digging force, probe flexi-
bility was observed to allow for deeper digging. Similar optimization-style  
studies could examine what shape/flexibility/speed of a probe displaces the fewest 
particles in a zero gravity or self-gravitating environment. 

flexible stiff  

Fig. 11.3 In tabletop experiments in Earth’s gravity (Wendell 2011), flexible diggers made 
of thin (0.1−1 mm) strips of polycarbonate, aluminum, steel were driven into a bed of dry 
1−2 mm glass beads until a force threshold was reached. The maximum obtainable depth 
for 0.5 N of force is plotted at right; this depth was observed to decrease with the strip 
stiffness EI, where E is the material-dependent Young’s modulus and I is the thickness-
dependent bending moment. 
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Once a probe is inserted, it may be desirable to use it as an anchor, either to 
tether a spacecraft or to drag the asteroid through space. In this case, the engineer-
ing goal would be to design a system that can resist the largest force before failure 
of its hold. Because a dry, convex granular aggregate has no tensile rigidity of its 
own, it would be necessary to induce such behavior by a change in material prop-
erties. Two possibilities, already explored on Earth, are liquid films and mag-
netism. It is known that even very thin fluid layers can dramatically change granu-
lar collisions (Donahue et al. 2010), and this dissipative effect may be beneficial 
to anchoring. Furthermore, the presence of even microscopic fluid layers on the 
surface of particles would lead to liquid bridges which would further stabilize the 
granular material and provide tensile strength (Herminghaus 2005). A key diffi-
culty in utilizing liquids would be to find a material that was not volatile on the 
timescales required for its use. A magnetically-induced rigidity would rely on  
using an electromagnet as the probe, so that the magnetic cohesion could be turned 
on and off as desired, by analogy to ferromagnetic shock-absorbers and valves. 
However, such a solution would require that the asteroid be composed of magneti-
cally susceptible material (for instance, in M-type asteroids). Reliable identifica-
tion of a particular asteroid’s composition would of course be definitively settled 
by a sampling mission: a classic chicken and egg problem! A final concern is that 
any jamming of the surface particles on a NEO which aids the anchoring, would at 
the same time hinder digging efforts. 

11.8   Conclusion 

While this chapter has focused on rubble-pile asteroids that are thought to  
be completely granular in character, other asteroids such as Eros (Veverka 2000, 
Robinson et al. 2002, Li et al. 2004) are thought to have solid cores with a surface 
regolith composed of a granular material. Exploration of either type of asteroid 
will require working with granular materials in a microgravity environment. We 
have already sent one successful mission (Hayabusa) to asteroid 25143 Itokawa, 
and future missions for asteroid sample return are in various stages of planning. 
NASA is preparing for the 2016 launch of the Origins Spectral Interpretation Re-
source Identification Security Regolith Explorer (OSIRIS-REx) mission to study a 
carbonaceous (C-type) asteroid. As part of this mission, they plan to obtain and  
return a regolith sample. Similarly, JAXA is considering a second Hayabusa mis-
sion, this time to visit an C-type rocky asteroid and return samples from the  
surface. Finally, ESA is currently assessing the feasibility of the MarcoPolo-R 
mission, which also aims to visit a NEO. Eventually, it is likely that NASA (KISS 
2012) or another organization will plan a mission to entirely capture a NEO; this 
would be altogether more challenging to successfully complete. 

Because the population of NEOs is heterogeneous and largely uncharacterized, 
advance planning for particular asteroid or regolith materials will only partially 
predict the observed dynamics. The design (and ultimate success) of robust  
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interaction protocols for digging, sample-collection, anchoring, and lift-off will 
depend on laboratory experiments and simulations which take place ahead of time. 

Controlled experiments on granular materials in microgravity remain quite lim-
ited in both number and scope (Leconte et al. 2006, Chen et al. 2012, Murdoch et 
al. 2013, Harth et al. 2013). It is notable that two of these studies (Murdoch et al. 
2013, Harth et al. 2013) were funded by European programs in which students 
apply to perform experiments using existing microgravity facilities. This means 
that while there is a population of young scientists ready to address many of the 
problems laid out in this chapter, there has been not yet been a sustained research 
program to address these issues. While drop-towers, catapults, sounding-rockets, 
and parabolic flights can all provide platforms for short experiments, developing 
tools for slow, gentle manipulation of space-based granular materials (both ideal-
ized and realistic) will required longer access to microgravity. The International 
Space Station is well-suited to host long-term experiments, and the burgeoning 
commercial spaceflight industry can provide intermediate timescales in a suborbi-
tal environment. Facilities and funds with which to perform future investigations 
will determine whether we are able to improve our ability to understand and pre-
dict the dynamics of rubble-pile asteroids, but the ground is laid for opportunities 
to make significant advances. 

References 

Albert, R., Pfeifer, M.A., Barabási, A., Schiffer, P.: Slow Drag in a Granular Medium. 
Physical Review Letters 82(1), 205–208 (1999) 

Asphaug, F., Ostro, S.J., Hudson, R.S.: Disruption of kilometre-sized asteroids by energetic 
collisions. Nature 393, 437–440 (1998) 

Azéma, E., Radjaï, F.: Stress-strain behavior and geometrical properties of packings of 
elongated particles. Physical Review E 81(5), 1–17 (2010) 

Azéma, E., Radjaï, F.: Force chains and contact network topology in sheared packings of 
elongated particles. Physical Review E 85(3), 1–12 (2012) 

Baer, J., Chesley, S.R., Matson, R.D.: Astrometric Masses of 26 Asteroids and Observa-
tions on Asteroid Porosity. The Astronomical Journal 141(5), 143 (2011) 

Baran, O., Kondic, L.: On velocity profiles and stresses in sheared and vibrated granular 
systems under variable gravity. Physics of Fluids 18(12), 121509 (2006) 

Bi, D., Zhang, J., Chakraborty, B., Behringer, R.P.: Jamming by shear. Nature 480(7377), 
355–358 (2011) 

Brilliantov, N.V., Pöschel, T.: Kinetic Theory of Granular Gases. Oxford University Press, 
Oxford (2004) 

Britt, D.: Modeling the Structure of High Porosity Asteroids. Icarus 152(1), 134–139 
(2001) 

Campbell, C.S.: Stress-controlled Elastic Granular Shear Flows. Journal of Fluid Mechan-
ics 539, 273–297 (2005) 

Cates, M.E., Wittmer, J.P., Bouchaud, J.P., Claudin, P.: Jamming, Force Chains, and Frag-
ile Matter. Physical Review Letters 81, 1841–1844 (1998) 

Chen, Y.-P., Evesque, P., Hou, M.-Y.: Breakdown of Energy Equipartition in Vibro-
Fluidized Granular Media in Micro-Gravity. Chinese Physics Letters 29(7), 074501 
(2012) 



11   Rubble-Pile Near Earth Objects: Insights from Granular Physics 283 

Clark, A., Kondic, L., Behringer, R.: Particle Scale Dynamics in Granular Impact. Physical 
Review Letters 109(23), 238302 (2012) 

Costantino, D., Bartell, J., Scheidler, K., Schiffer, P.: Low-velocity granular drag in re-
duced gravity. Physical Review E 83(1), 2009–2012 (2011) 

Cundall, P.A., Strack, O.D.L.: Discrete Numerical-model for Granular Assemblies. 
Geotechnique 29(1), 47–65 (1979) 

Dagois-Bohy, S., Tighe, B., Simon, J., Henkes, S., van Hecke, M.: Soft-Sphere Packings at 
Finite Pressure but Unstable to Shear. Physical Review Letters 109(9), 09570 (2012) 

Daniels, K.E., Coppock, J.E., Behringer, R.P.: Dynamics of meteor impacts. Chaos 14, S4 
(2004) 

Dantu, P.: Contribution l’étude méchanique et géométrique des milieux pulvérulents. In: 
Proceedings of the Fourth International Conference on Soil Mechanics and Foundation 
Engineering, London, pp. 144–148 (1957) 

Donahue, C., Hrenya, C., Davis, R.: Stokes’s Cradle: Newton’s Cradle with Liquid Coat-
ing. Physical Review Letters 105(3), 034501 (2010) 

Edwards, S.F., Oakeshott, R.B.S.: Theory of Powders. Physica A 157, 1080–1090 (1989) 
Forterre, Y., Pouliquen, O.: Flows of Dense Granular Media. Annual Review of Fluid Me-

chanics 40, 1–24 (2008) 
Fujiwara, A., Kawaguchi, J., Yeomans, D.K., Abe, M., Mukai, T., Okada, T., Saito, J., 

Yano, H., Yoshikawa, M., Scheeres, D.J., Barnouin-Jha, O., Cheng, A.F., Demura, H., 
Gaskell, R.W., Hirata, N., Ikeda, H., Kominato, T., Miyamoto, H., Nakamura, A.M., 
Nakamura, R., Sasaki, S., Uesugi, K.: The Rubble-Pile Asteroid Itokawa as Observed by 
Hayabusa. Science 312(5778), 1330–1334 (2006) 

Geng, J.F., Howell, D., Longhi, E., Behringer, R.P., Reydellet, G., Vanel, L., Clement, E., 
Luding, S.: Footprints in Sand: The Response of a Granular Material to Local Perturba-
tions. Physical Review Letters 8703, 35506 (2001) 

Geng, J., Behringer, R.: Slow drag in two-dimensional granular media. Physical Review 
E 71(1), 011302 (2005) 

Goldhirsch, I., Zanetti, G.: Clustering instability in dissipative gases. Physical Review 
Letters 70(11), 1619–1622 (1993) 

Goldhirsch, I.: Rapid granular flows. Annual Review of Fluid Mechanics 35(1), 267–293 
(2003) 

Gómez, L., Turner, A., van Hecke, M., Vitelli, V.: Shocks near Jamming. Physical Review 
Letters 108(5), 058001 (2012) 

Gravish, N., Franklin, S., Hu, D., Goldman, D.: Entangled Granular Media. Physical Re-
view Letters 108(20), 208001 (2012) 

Harth, K., Kornek, U., Trittel, T., Strachauer, U., Höme, S., Will, K., Stannarius, R.: Granu-
lar gases of rod-shaped grains in microgravity. Physical Review Letters 110(14), 144102 
(2013) 

Henkes, S., Shundyak, K., van Saarloos, W., van Hecke, M.: Local contact numbers in two-
dimensional packings of frictional disks. Soft Matter 6(13), 2935–2938 (2010) 

Herminghaus, S.: Dynamics of wet granular matter. Advances in Physics 54(3), 221–261 
(2005) 

Herrmann, H.J., Astrøm, J.A., Mahmoodi Baram, R.: Rotations in shear bands and 
polydisperse packings. Physica A: Statistical Mechanics and its Applications 344(3-4), 
516–522 (2004) 

Jaeger, H.M., Nagel, S.R., Behringer, R.P.: Granular Solids, Liquids, and Gases. Reviews 
of Modern Physics 68, 1259–1273 (1996) 

Johnson, K.L.: Contact Mechanics. Cambridge University Press, Cambridge (1985) 
Jop, P., Forterre, Y., Pouliquen, O.: A constitutive law for dense granular flows. Na-

ture 441(7094), 727–730 (2006) 



284 K.E. Daniels 

Kabla, A.J., Senden, T.J.: Dilatancy in Slow Granular Flows. Physical Review Let-
ters 102(22), 228301 (2009) 

Kamrin, K., Koval, G.: Nonlocal Constitutive Relation for Steady Granular Flow. Physical 
Review Letters 108(17), 178301 (2012) 

KISS, Asteroid Retrieval Feasibility Study. Technical Report, Keck Institute for Space 
Studies, California Institute of Technology, Jet Propulsion Laboratory (April 2012) 

Lechenault, F., Daniels, K.E.: Equilibration of granular subsystems. Soft Matter 6(13), 
3074 (2010) 

Leconte, M., Garrabos, Y., Falcon, E., Lecoutre-Chabot, C., Palencia, F., Evesque, P., 
Beysens, D.: Microgravity experiments on vibrated granular gases in a dilute regime: 
non-classical statistics. Journal of Statistical Mechanics: Theory and Experi-
ment 2006(07), P07012 (2006) 

Li, J., A’Hearn, M.F., McFadden, L.A.: Photometric analysis of Eros from NEAR data. 
Icarus 172(2), 415–431 (2004) 

Liu, A.J., Nagel, S.R.: Nonlinear dynamics: Jamming is not just cool any more. Nature 396, 
21–22 (1998) 

Liu, A.J., Nagel, S.R.: The Jamming Transition and the Marginally Jammed Solid. Annual 
Review of Condensed Matter Physics 1(1), 347–369 (2010) 

Liu, C.H., Nagel, S.R., Schecter, D.A., Coppersmith, S.N., Majumdar, S., Narayan, O., 
Witten, T.A.: Force Fluctuations in Bead Packs. Science 269(5223), 513–515 (1995) 

Mailman, M., Schreck, C.F., O’Hern, C.S., Chakraborty, B.: Jamming in Systems Com-
posed of Frictionless Ellipse-Shaped Particles. Physical Review Letters 102(25), 255501 
(2009) 

Majmudar, T.S., Behringer, R.P.: Contact force measurements and stress-induced anisotro-
py in granular materials. Nature 435(7045), 1079–1082 (2005) 

Métayer, J.-F., Suntrup III, D.J., Radin, C., Swinney, H.L., Schröter, M.: Shearing of fric-
tional sphere packings. Europhysics Letters 93(6), 64003 (2011) 

Metzger, P.T., Immer, C.D., Donahue, C.M., Vu, B.T., Latta, R.C., Deyo-Svendsen, M.: 
Jet-Induced Cratering of a Granular Surface with Application to Lunar Spaceports. 
Journal of Aerospace Engineering 22(1), 24–32 (2009) 

Michikami, T., Nakamura, A.M.: Size-frequency statistics of boulders on global surface of 
asteroid 25143 Itokawa. Earth Planets Space 60, 13–20 (2008) 

Miyamoto, H., Yano, H., Scheeres, D.J., Abe, S., Barnouin-Jha, O., Cheng, A.F., Demura, 
H., Gaskell, R.W., Hirata, N., Ishiguro, M., Michikami, T., Nakamura, A.M., Nakamura, 
R., Saito, J., Sasaki, S.: Regolith migration and sorting on asteroid Itokawa. Sci-
ence 316(5827), 1011–1014 (2007) 

Murdoch, N., Rozitis, B., Nordstrom, K., Green, S.F., Michel, P., De Lophem, T., Losert, 
W.: Granular Convection in Microgravity. Physical Review Letters 110(1), 018307 
(2013) 

Muthuswamy, M., Tordesillas, A.: How do interparticle contact friction, packing density 
and degree of polydispersity affect force propagation in particulate assemblies? Journal 
of Statistical Mechanics: Theory and Experiment 9 (2006) 

Nedderman, R.M.: Statics and Kinematics of Granular Materials. Cambridge University 
Press, Cambridge (1992) 

Nowak, S., Samadani, A., Kudrolli, A.: Maximum angle of stability of a wet granular pile. 
Nature Physics 1(1), 50–52 (2005) 

Owens, E.T., Daniels, K.E.: Acoustic measurement of a granular density of modes. Soft 
Matter 9(4), 1214–1219 (2013) 

O’Hern, C., Silbert, L., Liu, A., Nagel, S.: Jamming at zero temperature and zero applied 
stress: The epitome of disorder. Physical Review E 68(1), 011306 (2003) 

Peña, A.A., García-Rojo, R., Herrmann, H.J.: Influence of particle shape on sheared dense 
granular media. Granular Matter 9(3-4), 279–291 (2007) 



11   Rubble-Pile Near Earth Objects: Insights from Granular Physics 285 

Phillips, C., Anderson, J., Huber, G., Glotzer, S.: Optimal Filling of Shapes. Physical Re-
view Letters 108(19), 198304 (2012) 

Pica Ciamarra, M.P., Lara, A.H., Lee, A.T., Goldman, D.I., Vishik, I., Swinney, H.L.: Dy-
namics of Drag and Force Distributions for Projectile Impact in a Granular Medium. 
Physical Review Letters 92(19), 194301 (2004) 

Pöschel, T., Schwager, T.: Computational Granular Dynamics: Models and Algorithms. 
Springer, New York (2005) 

Puckett, J.G., Daniels, K.E.: Equilibrating Temperature-like Variables in Jammed Granular 
Subsystems. Physical Review Letters 110(5), 058001 (2013) 

Reynolds, O.: On the dilatancy of media composed of rigid particles in contact. Philosophi-
cal Magazine 20, 469 (1885) 

Richardson, D.C., Walsh, K.J., Murdoch, N., Michel, P.: Numerical simulations of granular 
dynamics: I. Hard-sphere discrete element method and tests. Icarus 212(1), 427–437 
(2011) 

Richefeu, V., El Youssoufi, M., Radjaï, F.: Shear strength properties of wet granular mate-
rials. Physical Review E 73(5), 051304 (2006) 

Rickman, D., Immer, C., Metzger, P., Dixon, E., Pendleton, M., Edmunson, J.: Particle 
Shape in Simulants of the Lunar Regolith. Journal of Sedimentary Research 82(11), 
823–832 (2012) 

Ringl, C., Bringa, E.M., Bertoldi, D.S., Urbassek, H.M.: Collisions of Porous Clusters: a 
Granular-Mechanics Study of Compaction and Fragmentation. The Astrophysical Jour-
nal 752(2), 151 (2012) 

Robinson, M.S., Thomas, P.C., Veverka, J., Murchie, S.L., Wilcox, B.B.: The geology of 
433 Eros. Meteoritics & Planetary Science 37(12), 1651–1684 (2002) 

Saadatfar, M., Sheppard, A.P., Senden, T.J., Kabla, A.J.: Mapping forces in a 3D elastic 
assembly of grains. Journal of the Mechanics and Physics of Solids 60(1), 55–66 (2012) 

Saint-Cyr, B., Szarf, K., Voivret, C., Azéma, E., Richefeu, V., Delenne, J.-Y., Combe, G., 
Nouguier-Lehon, C., Villard, P., Sornay, P., Chaze, M., Radjaï, F.: Particle shape de-
pendence in 2D granular media. Europhysics Letters 98(4), 44008 (2012) 

Sánchez, P., Scheeres, D.J.: Simulating Asteroid Rubble Piles With a Self-Gravitating Soft-
Sphere Distinct Element Method Model. The Astrophysical Journal 727(2), 120 (2011) 

Scheeres, D.J., Hartzell, C.M., Sánchez, P., Swift, M.: Scaling forces to asteroid surfaces: 
The role of cohesion. Icarus 210(2), 968–984 (2010) 

Schofield, A., Wroth, P.: Critical State Soil Mechanics. McGraw-Hill, New York (1968) 
Schwartz, S.R., Richardson, D.C., Michel, P.: An implementation of the soft-sphere dis-

crete element method in a high-performance parallel gravity tree-code. Granular Mat-
ter 14(3), 363–380 (2012) 

Somfai, E., Van Hecke, M., Ellenbroek, W.G., Shundyak, K., Van Saarloos, W.: Critical 
and Noncritical Jamming of Frictional Grains. Physical Review E 75(2), 20301 (2007) 

Song, C., Wang, P., Makse, H.A.: A phase diagram for jammed matter. Nature 453(7195), 
629–632 (2008) 

Strauch, S., Herminghaus, S.: Wet granular matter: a truly complex fluid. Soft Matter 8, 
8271–8280 (2012) 

Torquato, S., Jiao, Y.: Organizing principles for dense packings of non-spherical hard parti-
cles: Not all shapes are created equal. Physical Review E 86(1), 011102 (2012) 

Trigo-Rodriguez, J.M., Blum, J.: Tensile strength as an indicator of the degree of primitive-
ness of undifferentiated bodies. Planetary and Space Science 57(2), 243–249 (2009) 

Tsoungui, O., Vallet, D., Charmet, J.-C., Roux, S.: Partial pressures supported by 
granulometric classes in polydisperse granular media. Physical Review E 57(4), 4458–
4465 (1998) 

 



286 K.E. Daniels 

Tsuchiyama, A., Uesugi, M., Matsushima, T., Michikami, T., Kadono, T., Nakamura, T., 
Uesugi, K., Nakano, T., Sandford, S.A., Noguchi, R., Matsumoto, T., Matsuno, J., Na-
gano, T., Imai, Y., Takeuchi, A., Suzuki, Y., Ogami, T., Katagiri, J., Ebihara, M., Ire-
land, T.R., Kitajima, F., Nagao, K., Naraoka, H., Noguchi, T., Okazaki, R., Yurimoto, 
H., Zolensky, M.E., Mukai, T., Abe, M., Yada, T., Fujimura, A., Yoshikawa, M., Kawa-
guchi, J.: Three-dimensional structure of Hayabusa samples: origin and evolution of 
Itokawa regolith. Science 333(6046), 1125–1128 (2011) 

van Hecke, M.: Jamming of soft particles: geometry, mechanics, scaling and isostaticity. 
Journal of Physics. Condensed Matter: An Institute of Physics Journal 22(3), 33101 
(2010) 

Vermeer, P.A., Diebels, S., Ehlers, W., Herrmann, H.J., Luding, S., Ramm, E.: Continuous 
and Discontinuous Modelling of Cohesive-Frictional Materials. Springer, Berlin (2001) 

Veverka, J.: NEAR at Eros: Imaging and Spectral Results. Science 289(5487), 2088–2097 
(2000) 

Voivret, C., Radjaï, F., Delenne, J.-Y., El Youssoufi, M.: Multiscale Force Networks in 
Highly Polydisperse Granular Media. Physical Review Letters 102(17), 2–5 (2009) 

Wackenhut, M., McNamara, S., Herrmann, H.: Shearing Behavior of Polydisperse Media. 
European Physical Journal E 17(2), 237–246 (2005) 

Wendell, D.: Transport in Granular Systems. Phd Thesis, Massachusetts Institute of Tech-
nology (2011) 

Wyart, M.: On the Rigidity of Amorphous Solids. Annales De Physique 30(3), 1–96 (2005) 
Yano, H., Kubota, T., Miyamoto, H., Okada, T., Scheeres, D., Takagi, Y., Yoshida, K., 

Abe, M., Abe, S., Barnouin-Jha, O., Fujiwara, A., Hasegawa, S., Hashimoto, T., Ishigu-
ro, M., Kato, M., Kawaguchi, J., Mukai, T., Saito, J., Sasaki, S., Yoshikawa, M.: Touch-
down of the Hayabusa spacecraft at the Muses Sea on Itokawa. Science 312(5778), 
1350–1353 (2006) 

Zeravcic, Z., Xu, N., Liu, A.J., Nagel, S.R., van Saarloos, W.: Excitations of ellipsoid 
packings near jamming. Europhysics Letters 87(2), 26001 (2009) 



 

 

Chapter 12  
Asteroids: Anchoring and Sample Acquisition 
Approaches in Support of Science, Exploration, 
and In situ Resource Utilization 

Kris Zacny1, Philip Chu1, Gale Paulsen1, Magnus Hedlund1, Bolek Mellerowicz1, 
Stephen Indyk1, Justin Spring1, Aaron Parness2, Don Wegel3, Robert Mueller4, 
and David Levitt5 

1 Honeybee Robotics, Pasadena, CA, USA 
2 NASA Jet Propulsion Laboratory, Pasadena, CA, USA 
3 NASA Goddard Space Flight Center, Greenbelt, MD, USA 
4 NASA Kennedy Space Center, Kennedy Space Center, FL, USA 
5 Cadtrak Engineering, San Anslemo, CA, USA 

12.1   Introduction 

The goal of this chapter is to describe technologies related to asteroid sampling 
and mining. In particular, the chapter discusses various methods of anchoring to a 
small body (a prerequisite for sampling and mining missions) as well as sample 
acquisition technologies and large scale mining options. These technologies are 
critical to enabling exploration, and utilization of asteroids by NASA and private 
companies. 

12.1.1   Types of Near Earth Objects 

The term “asteroid” refers to any of a small class of solar system bodies that are in 
various orbits around the Sun. These include asteroids within the asteroid belt  
between Mars and Jupiter, asteroids co-orbital with a moon or planet (such as 
Jupiter’s Trojans), and Near Earth Asteroids. In order to be more inclusive in this 
chapter, we also consider comets, and icy bodies with a wide range of orbital  
periods, ranging from a few years to hundreds of thousands of years. Comets are 
made up mostly of water, ice, and some dust particles, while asteroids are classi-
fied by their characteristic spectra, with the majority falling into three main 
groups: C-type (carbon rich), S-type (stony), and M-type (metallic). Both asteroids 
and comets fall within the larger category of “small bodies”. 

Near-Earth Objects (NEOs) are comets and asteroids that have been pulled by 
the gravity of nearby planets into orbits close to Earth. NEO asteroids are also  
referred to as Near Earth Asteroids, or NEAs in order to distinguish them from  
asteroids within the Asteroid Belt or Trojan asteroids. What makes NEOs very 
enticing is that they come close to Earth and could be within relatively easy reach 
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for access by spacecraft. That is quite an important consideration given that travel-
ing from Earth to the Asteroid Belt could take several years.  

12.1.2   Motivations for Taking Samples from NEOs 

NEOs are of interest to us for two reasons: for scientific study, and as a source of 
resources (Tsiolkovskii 1903; Lewis 1996). So far, all missions to NEOs were 
motivated by scientific exploration (Veverka et al. 2001; Yano et al. 2006; 
Glassmeier et al. 2007). However, given recent advancement in various space 
technologies, their value for resource mining is becoming of more interest. A sig-
nificant portion of that value is derived from their location; the resources con-
tained in NEOs do not need to be lifted from the surface of the Earth in order to be 
utilized in space. To help represent this, a new term was coined: In situ Resource 
Utilization (ISRU). ISRU facilitates planetary exploration by drawing needed 
resources, such as water, from the local environment. Comets and asteroids are 
therefore of great interest as a source of raw materials. Currently, the economics 
of extracting resources from these bodies, processing them in situ, and bringing 
the valuable material back to Earth is speculative. Whether this would be profita-
ble or not depends on a number of assumptions which themselves are only based 
on expert opinions and not concrete data. Alternatively, there might also be some 
economic value in processing the resources in situ and using these processed re-
sources in space rather than bring them to earth, but this is also quite speculative.  

Assuming it will one day be profitable to mine, process, and use materials in 
space, asteroids can provide a great deal of resources. Raw materials from M-type 
asteroids could be used in developing various space structures. Water and carbon-
based molecules from comets and C-type asteroids could be used to support life 
and in generating liquid hydrogen and oxygen for chemical propulsion to enable 
further exploration and colonization of our solar system. In addition, water offers 
shielding against galactic cosmic rays. Although the exploitation of asteroids has 
been discussed for a long time, only recently have private companies such as  
Planetary Resources and Deep Space Industries announced they aim to do this 
(Wall 2013).  

Transporting water from the Near Earth Objects (NEOs) could be very profita-
ble given that launch costs to Lower Earth Orbit (LEO) are on the order of $3,000-
40,000/kg (Wilhite et al. 2012). Some major markets for water could include  
human consumption (e.g. International Space Station, Space Hotels) or refueling 
of spacecraft and satellites, but the only real sustainable market for water in space 
would be for chemical propulsion (LOX/Hydrogen). Water for human consump-
tion can be mostly recycled, while water for fuel is a consumable. 

Extracting water on Asteroids is much easier than processing metals. To extract 
precious metals in space new technology has to be developed that works in micro-
gravity, and even potentially in vacuum. Terrestrial methods of mineral extraction 
require water, various chemicals, and gravity, and hence cannot be easily adapted 
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to the space environment. Extracting water, however, only requires heating  
ice-bound regolith and capturing the produced water vapor – hence it is quite fea-
sible to achieve with modest technology investment (Zacny et al. 2012a). From the 
resource extraction standpoint, the carbonaceous C-type asteroids are most desira-
ble; as they contain a mixture of volatiles, organic molecules, rock, and metals 
(Gaffey et al. 2002; Lodders 2010).  

There are at least two exploitation options for mining asteroids: either an entire 
asteroid could be captured and brought back to the Earth’s or Moon’s vicinity, or 
the desirable resource could be extracted and processed in situ. Whether to bring 
an entire asteroid or to process resources in situ, will depend on the size of the 
target asteroid. Smaller asteroids would be easier to capture, de-spin and bring to 
earth’s vicinity while large asteroids would either have to be entirely processed in 
situ or only a fraction of the asteroid could be returned. In addition, very large 
asteroids or smaller M-type asteroids are more likely to survive atmospheric entry 
and impact  earth because they are less likely to break up in the atmosphere. A 
recent study found that it is feasible to capture, de-spin, and bring to high lunar  
orbit, a 7 meter diameter asteroid weighing in excess of 500 metric tons. Such a 
mission would cost approximately $2.6B and would not require any new technol-
ogy development (Brophy et al. 2012). Another study concluded that it is also 
possible to retrieve a 2 meter diameter asteroid to the International Space Station 
(Brophy et al. 2011).  

A capture and return mission is attractive as an early asteroid resource exploita-
tion mission. Having an asteroid in Earth’s proximity would allow testing and  
verification of various material processing technologies. In addition, visits by 
astronauts could be conducted on a weekly, rather than annual basis and various  
autonomous or telerobotic technologies could be further demonstrated and im-
proved upon. Once all the required technologies for an industrial scale asteroid 
mining operation have been developed and validated it might be more cost effec-
tive to send asteroid miners and refiners to various targets and only bring back the 
processed material.  

In addition to private investment, national priorities also influence the pace of 
asteroid exploration. In 2010, President Obama directed NASA to get astronauts 
to a NEA by 2025, and then on to the vicinity of Mars by the mid-2030s. To reach 
these destinations, NASA has been developing the largest rocket since Saturn V 
called the Space Launch System, as well as a crew capsule called Orion. The SLS-
Orion system is scheduled to begin launching astronauts in 2021 to a yet to be 
determined asteroid.  This heavy launch capability will also enable launching larg-
er asteroid mining missions. 

12.2   Past Missions 

Table 12.1 summarizes space missions to small bodies to date, including their cost 
(where available), and science returned. Missions highlighted in the table are  
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missions which included surface operations. It can be seen that science returned 
per dollar is relatively low and after spending billions of dollars we still do not 
know much about the majority of asteroids. In addition, out of over a dozen mis-
sions to asteroids and comets, only two managed to touch the surface: the Near 
Earth Asteroid Rendezvous (NEAR) and Hayabusa missions. These two missions 
are described in more detail in the sections following. Three other missions: Ro-
setta (en route), Hayabusa 2, and OSIRIS-Rex (currently under development), also 
plan to perform in situ operations.  

Table 12.1 Overview of small bodies missions to date, along with mission cost and results 

Mission and Body 
visited 

Agency, 
Launch Date 

Mission Description (relevant to 
small bodies) 

Cost, if readily 
available. 

International 
Cometary Explorer 
(ICE) 

NASA, 1978 Carried an X-Ray spectrometer 
and a Gamma burst spectrome-
ter. Flew through the tail of the 
Giacobini-Zinner comet, and 
observed Halley’s Comet from 
afar. 

$3 Million 
ops-only add-
on to an exist-
ing mission. 

Vega 1 and Vega 2 SAS, 1984 Gathered images of Halley’s 
Comet after investigating Venus.

 

Sakigake ISAS, 1985 Carried instruments to measure 
plasma wave spectra, solar wind 
ions, and interplanetary magnetic 
fields.  Made a flyby of Halley’s 
Comet. 

 

Suisei ISAS, 1985 Carried CCD UV imaging sys-
tem and a solar wind instrument 
for a flyby of Halley’s Comet. 

 

Giotto ESA, 1985 Carried 10 instruments to explore 
Halley’s Comet, and provided 
data despite taking damage.  
Went on to explore comet Grigg-
Skjellerup as well. 

 

Galileo NASA, 1989 Carried 10 instruments.  Flew by 
951 Gaspra and 243 Ida, discov-
ered Ida’s moon Dactyl, and 
witnessed fragments of the comet 
Shoemaker-Levy 9 crash into 
Jupiter. 

$1.6 Billion 
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Table 12.1 (continued) 

Mission and Body 
visited 

Agency, 
Launch Date 

Mission Description (relevant to 
small bodies) 

Cost, if readily 
available. 

Near Earth Aster-
oid Rendezvous 
(NEAR)  
Shoemaker 

NASA, 1996 Characterized asteroid Eros us-
ing imagers, spectrometers, a 
magnetometer, and a rangefind-
er.  Although not originally 
planned to do so, NEAR-
Shoemaker landed on Eros. 

$220.5  
Million 

Deep Space 1 NASA, 1998 Carried technology experiments.  
Flew by asteroid 9969 Braille 
and comet 19P/Borrelly. 

$152.3  
Million 

Stardust NASA, 1999 Carried instruments for imaging 
and dust analysis.  Flew by as-
teroid 5535 AnneFrank, comet 
Wild 2, and comet Tempel 1.  
Returned sample material from 
comet Wild 2. 

$199.6  
Million 

Comet Nucleus 
Tour (CONTOUR) 

NASA, 2002 Carried instruments for imaging, 
spectrometry, and dust analysis.  
Spacecraft was lost. 

$135 Million 

Hayabusa 
 

ISAS, 2003 Landed on the asteroid Itokawa 
and returned sample material to 
Earth.  

$170 Million 

Rosetta ESA, 2004 Flew by asteroid 2867 Steins and 
21 Lutetia.  Observed Deep Im-
pact. Mission plans to put a 
lander on comet 
67P/Churyumov-Gerasimenko. 

~$1.2 Billion 

Deep Impact NASA, 2005 Carried instruments for imaging 
and spectrometry.  Hit the comet 
Tempel 1 with an impactor and 
observed the collision.  Will 
continue to study comets and 
asteroids as the EPOXI mission. 

$330 Million 

Dawn NASA, 2007 Carries an imager, spectrometer, 
and gamma ray and neutron de-
tector.  Currently observing the 
asteroid Vesta, plans to move on 
to the asteroid Ceres. 

$446 Million 
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Table 12.1 (continued) 
 

Mission and Body 
visited 

Agency, 
Launch Date 

Mission Description (relevant to 
small bodies) 

Cost, if readily 
available. 

Hayabusa 2 JAXA, 2014  
(planned) 

Plans to create an artificial crater 
on asteroid 1999 JU3and return 
samples that have not been ex-
posed to sunlight and solar 
winds. 

$367 Million 

OSIRIS-Rex NASA, 2016 
(planned) 

Plans to study C-type asteroid 
1999 RQ36 and bring >60 grams 
of surface sample back to Earth. 

$750 Million 

 

Non-contact instruments provide great scientific value, but they are no substi-
tute for contact instruments, or a returned sample. So much more can be learned if 
the mission can land a spacecraft and analyze samples in situ, or even more im-
portantly, bring the samples back to Earth.  Terrestrial laboratories allow far more 
analysis capability than can be packed into a spacecraft’s payload. In addition, 
these returned samples can be studied by future generations with technology that 
has not been invented yet. Anchoring and sample acquisition are critical technolo-
gies enabling in situ exploration of small bodies. 

12.2.1   Near Earth Asteroid Rendezvous (NEAR) Shoemaker 

The Near Earth Asteroid Rendezvous (NEAR) Shoemaker spacecraft (Veverka et 
al. 2000) was not originally planned to make physical contact with an asteroid. It 
was at the end of its life when the mission team decided to take the risk of making 
a soft landing on the surface of 433 Eros. If something went wrong (i.e. the space-
craft crashed, or damaged its fragile solar panels and protruding antennae) there 
would have been relatively few negative repercussions since the mission had al-
ready completed its intended goals.  

The spacecraft was successfully brought to a 1.9 m/s touchdown on the rocky 
surface and demonstrated that soft landing on an asteroid is possible (Veverka et 
al. 2001). Fig. 12.1 shows the final resting place of the NEAR Shoemaker space-
craft on asteroid 433 Eros. Note that from a distance of 200 km, it is very difficult 
to resolve any surface details. The second image taken from a distance of only 250 
m above the surface revealed the surfaces covered in fine regolith with protruding 
rocks. 

This lack of a priori knowledge of the surface conditions presents a significant 
challenge to missions intending to touch down or sample asteroids. For known 
surface conditions, the sample acquisition equipment can be tailored to deliver the 
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highest probability of success within the mass, volume, and power constraints of 
the spacecraft. For unknown surface conditions, the sample acquisition equipment 
cannot be as effectively tailored. If the NEAR Shoemaker mission had required 
landing and surface operations (e.g. sample acquisition) as part of its baseline, it 
would have been quite difficult to decide which anchoring system to use. Select-
ing and developing an anchoring system that would work in any formation is ex-
tremely difficult. If a harpoon were to be used, there is some chance that it might 
have hit one of the rocks, bounced back and impacted the spacecraft, damaging its 
solar panels, antennae or structures. If the anchoring system used some type of 
grippers, they would have been unsuitable for loose soil. 

  
  

  

The location of NEAR Shoemaker's land-
ing site from an orbital altitude of 200 
kilometers (see the tip of the arrow). Mo-
saic of images 015246034-015246840. 
Courtesy NASA/JHU/APL. 

NEAR Shoemaker's image of the 
surface taken from a range of 250 
meters. The area imaged is 12 meters 
(39 feet) across. The cluster of rocks 
at the upper right measures 1.4 meters 
(5 feet) across.  Image 0157417133. 
Courtesy NASA/JHU/APL 

Fig. 12.1 Images of the asteroid 433 Eros taken by the NEAR Shoemaker spacecraft 

12.2.2   Hayabusa 

The second asteroid landing was performed by the Japanese Aerospace Explora-
tion Agency’s (JAXA) Hayabusa spacecraft. Its target was the S-type asteroid 
25143 Itokawa. Hayabusa was launched towards its destination in 2003, rendez-
voused, landed, and collected samples in 2005, then returned samples to Earth in 
2010 (Kawaguchi et al. 2008). The spacecraft did not perform a sustained landing, 
but rather performed touch-and-go surface operation. During the brief surface 
encounters, the sampling system acquired approximately 1500 grains, mostly 
smaller than 10 microns.  
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Hayabusa also carried a tiny mini-lander named "MINERVA" (MIcro/Nano 
Experimental Robot Vehicle for Asteroid). However, MINERVA was released at 
a higher altitude than intended while the Hayabusa spacecraft was ascending. As a 
result, the MINERVA lander escaped Itokawa's gravitational pull and tumbled  
into space (Normile 2005).  

Currently JAXA is developing a follow-on mission named Hayabusa 2 to  
investigate and sample asteroid 1999 JU3.  

12.3   Current and Future Missions 

Table 12.1 includes two missions that are currently under development: Hayabusa 
2 and OSIRIS-Rex. These two missions share a common goal: Acquire sample 
material from an asteroid, and return that material to Earth. Another sampling 
mission is the Rosetta mission. The spacecraft already been launched and will 
acquire subsurface samples from a comet for in situ analysis. These missions are 
further described in the sections that follow. 

12.3.1   Rosetta  

The objective of the Rosetta mission is to rendezvous with comet 67/P 
Churyumov-Gerasimenko and acquire scientific data via an orbiting spacecraft 
and Philae lander (Biele et al. 2002). The 96 kg Philae lander will be the first 
spacecraft ever to make a soft landing on the surface of a comet nucleus. When it 
touches down on the comet, the Rosetta lander will use three different techniques 
to absorb the impact of the landing and secure itself to the surface. As shown in 
Fig. 12.2 and 12.3, these three techniques are self-adjusting landing gear, har-
poons, and ice screws in the landing pads (Ulamec et al. 2006). These three tech-
niques are employed in rapid succession: First the self-adjusting landing gear ab-
sorbs the energy of impact, then the ice screws engage the (possibly soft) surface, 
and finally the harpoons engage the (possibly hard) surface. 

Initial fixation of the lander to ground will be achieved by deploying three pas-
sive “ice screws”, or one in each foot of the spacecraft. The initial impact energy 
from the <1.5 m/s descent should be sufficient to push the screws into ground. 
Each of the ice screws is coupled via a cable mechanism to the two feet of the 
self-adjusting landing gear in such a way that half of the impact force is led to the 
ice screw and the other half is equally distributed to the two feet, that can move 
independently (up or down) of each other.  

Upon touchdown, the default harpoon will fire automatically and penetrate up 
to 2.5 m into cometary surface. Immediately after the firing, the cable will be 
tightened up to 30 N in 8 seconds. The 30 N is well below the rewind cable system 
strength of 100 N and the anchor cable breaking strength of 330 N. An identical 
second harpoon is used as a back-up in case the first harpoon fails to secure the 
spacecraft to the surface. 
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Fig. 12.2 Rosetta Philae lander (Biele et al. 2009) 

  

Fig. 12.3 Philae ice screw (left) and harpoon (right). (Biele et al. 2009). 

The harpoon design uses both a sharp point and shovel flukes in order to ensure 
acceptable anchoring in surfaces that have both high tensile strength and low den-
sity. The point can penetrate the icy surface of the comet, which is expected to 
have high tensile strength, and the shovel flukes will develop holding power in the 
low-density material beneath this crust.  
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It should be noted that ice screws will not be able to penetrate hard material, 
while harpoons’ anchoring effect will be negligible in very soft material. This dual 
anchoring approach aims to address the challenges associated with a lack of 
knowledge of comet surface properties by including anchoring mechanisms suita-
ble to a range of surface types. 

12.3.2   OSIRIS-REx 

Figure 12.4 shows the Apollo asteroid 1999 RQ36. The asteroid is a potential 
Earth impactor with a mean diameter of approximately 500 meters. Data acquired 
from observations by the Arecibo Observatory Planetary Radar and the Goldstone 
Deep Space Network suggest that the asteroid might impact the Earth during one 
of its 8 close encounters between 2169 and 2199, with a probability of an impact 
of 0.07% or less (Andre et al. 2009).  

This asteroid is the target of the OSIRIS-REx mission (OSIRIS-REx 2012). 
The goal of the mission is to return surface samples to Earth for further study. 
Asteroid 1999 RQ36 has been selected as the mission’s target not because of its 
relatively high probability to impact the Earth, but rather due to the low ΔV re-
quired to reach it. The spacecraft is scheduled to launch in 2016, reach the asteroid 
in 2019, and return samples to Earth only in 2023, 7 years after the launch. 

The mission will not land on the asteroid. Instead, the sampler will be deployed 
from a long and slender robotic arm, approach the surface at 0.1 m/s, fluidize reg-
olith using gas and collect sample in approximately 5 seconds. The pneumatic 
sampler looks like an automobile air filter; a minimum of 60 grams will be trapped 
inside the filter part while some powder will also get stuck to the sticky surface of 
the sampler. After acquisition, the sampler will be inserted into the earth return 
capsule – the same design used on the Stardust mission.  

 
 

  

Fig. 12.4 OSIRIS-REx asteroid sample return mission. Left: Doppler imagery of the aster-
oid target: 1999 RQ36 (NASA's Goldstone Radar). Right: OSIRIS-REx spacecraft. The 
spacecraft will employ a “touch and go” sampling approach. 
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It is interesting to note that $750M is being spent to go to an asteroid about 
which relatively little is known. That is quite risky of course, but this is a reality of 
Asteroid missions: we do not know much until we get there. The sampling mission 
must to be able to perform successfully on a range of potential surface materials. 

12.3.3   Hayabusa 2 

Hayabusa 2 is a successor spacecraft to Hayabusa, with a similar goal of bringing 
samples back to Earth from asteroid 1999 JU3, a carbonaceous or C-type asteroid 
(Kawaguchi 2008; Campins et al. 2009). Hayabusa 2 would launch in 2014 or 
2015, arrive at the asteroid in 2018, conduct a series of investigations and opera-
tions as shown in Fig. 12.5, and then return to Earth towards the end of 2020. 
Hayabusa 2 will create an artificial crater by striking the asteroid with a copper 
plate accelerated by explosives, and then sample the freshly exposed material from 
the floor of the crater. This more pristine material is scientifically valuable in that 
it has not been exposed to sunlight and solar winds. 

Hayabusa 2 is more ambitious than the original Hayabusa mission. It will carry 
three landers to the asteroid instead of one carried by Hayabusa. The first two are 
based on the detachable MINERVA lander that was developed and built for the 
first Hayabusa mission, but missed the asteroid surface and drifted off into space. 
The third lander is called MASCOT (Mobile Asteroid Surface Scout). It is a 
standalone lander developed by the German Aerospace Center (DLR). 

 

Fig. 12.5 Concept of Japan’s Hayabusa 2 spacecraft.  Hayabusa 2 would hurl an impactor into 
the asteroid 1999 JU3, sample the exposed crater material and bring it back to earth. Credit: 
JAXA/A. Ikeshita. http://www.space.com/14759-asteroid-sample-mission-hayabusa-2.html 



298 K. Zacny et al. 

 

Hayabusa 2’s copper impactor will be deployed from the spacecraft and slam 
into the asteroid to create a large crater. To prevent potential damage of the space-
craft by the crater ejecta, Hayabusa 2 will hide on the other side of the asteroid 
during the impact, while a deployed standalone camera will record the impact. 
Two samples will be acquired prior to the impact event, then Hayabusa 2 will 
attempt to land at the fresh crater and acquire a third sample for transport back to 
Earth.  

12.4   Small Bodies Surface Environment 

Due to the close proximity required to detect surface features, most of the infor-
mation we have about surface features and surface properties of small bodies 
comes from the past missions that visited these small bodies. In particular, from 
the Deep Impact (DI) mission we learned that the surface of the comet Mathilde is 
highly porous, with porosity estimated to be around 60% (Figs. 12.6 and 12.7). 
The shear strength of the surface soil was also found to be very weak, in the range 
of 1-10 kPa (Richardson et al. 2007). That presents a challenge to any anchoring 
system, since the spacecraft has to anchor itself to something that has consistency 
of fluffy snow or flour. 

The Rosetta mission’s Philae lander is tasked with anchoring itself and then 
sampling a comet 67P in 2014. It will use its harpoons and ice screws to anchor 
itself in an environment where a local gravity on the surface is of the order of 
3×10−4 m/s2. It has been estimated that the nominal bulk density of 67P is 100-370 
g/cc with an upper limit of 500-600 g/cc. (Hilchenbach et al. 2004). For compari-
son purposes, the density of freshly fallen snow is 160 g/cc and that of compacted 
snow is 480 g/cc.  
 

 

Fig. 12.6 hock dissipation is evident in 
craters formed in porous materials. The 
large craters on the porous asteroid 
Mathilde (a C-Type Asteroid) are 
packed closely together with little evi-
dence of shock-induced disturbance of 
adjacent craters. (Images courtesy 
NASA). 

Fig. 12.7 material with porosity of 60%. 
Images of the first crater (furthest from cam-
era) before and after the second impact 
showed no noticeable damage caused by the 
second impact, even though the crater rims 
were nearly touching. This means that the 
porous material efficiently damps the shock 
pressure (Britt et al. 2002). 
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Fig. 12.8 Itokawa (S-type asteroid). Note the scale bars in bottom right. (Images courtesy of 
JAXA). 

The Hayabusa spacecraft took pictures of the Itokawa S-type asteroid as shown 
in Fig. 12.8. This example demonstrates that the surface properties of asteroids are 
quite variable: ranging from fluffy powder, and loose gravel, all the way to solid 
rock. Itokawa is now considered to be a “rubble pile” body because of its low bulk 
density, high porosity, boulder-rich appearance, and shape. The presence of very 
large boulders points to the early collisional breakup of a preexisting parent aster-
oid (Fujiwara et al. 2006). It is quite clear that due to the high variability of the 
surface terrain, a spacecraft attempting to anchor itself to the asteroid Itokawa 
would face different challenges depending upon its actual landing site. 

12.5   Anchoring Concepts for Small Bodies 

For an anchoring system to be effective and low-risk, there are a number of crite-
ria it must meet. Firstly, the main purpose of the anchor is to react all forces and 
torques caused by the movement of the robotic arm or other deployment or sam-
pling systems on the spacecraft. Since there will be little to no prior knowledge of 
surface properties, the anchoring system must be able to function in a range of 
surface types, including powder, gravel piles, and rocks. If the mission requires 
sample return, the anchor must provide the capability to free the spacecraft, either 
by detaching from the surface or detaching from the spacecraft. If the mission 
requires multiple landings, the anchor must be reusable or lightweight and simple 
enough that multiple sets of anchors could be integrated with a spacecraft.  

Landing on a small body can pose significant risk to a spacecraft, especially if 
that body has a high spin rate or is tumbling. In these cases, the spacecraft must 
possess a highly capable Guidance, Navigation and Control (GNC) system to time 
the spacecraft’s descent with the small body’s rotation, while keeping the space-
craft in proper orientation. This is especially important if large solar panels or 
other protruding structures are present. If the spacecrafts’ altitude is not main-
tained, the solar panels might impact the surface and be permanently damaged.  
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To mitigate the risk associated with landing, missions may opt for a touch and 
go concept of operations instead. For example Hayabusa, Hayabusa 2, and 
OSIRIS-REx all include touch and go operations. Hayabusa, Hayabusa 2, and 
Rosetta all delegate landing attempts to a daughter craft – MINERVA, the 
MINERVA derivatives, MASCOT, and Philae. Hayabusa’s loss of MINERVA 
during the probe’s deployment on 12 November 2005 illustrates the risk of land-
ing. The Hayabusa spacecraft was ascending and at a higher altitude than intended 
when releasing MINERVA. As mentioned earlier, MINERVA escaped Itokawa's 
gravitational pull and missed the surface.  

The only successful demonstration to date of a spacecraft landing on a small 
body is NEAR Shoemaker’s landing on 433 Eros. However, it is worth noting that 
the mission team had gained tremendous risk tolerance by virtue of already com-
pleting their baseline mission goals. For all practical purposes, the risk associated 
with losing the spacecraft was minimal and the team had nothing to lose! Their 
gamble paid off; the spacecraft successfully landed on 433 Eros, demonstrating a 
soft landing on an asteroid and providing valuable information about the surface. 
While none have been demonstrated through successful landing on a small body, a 
number of different anchoring concepts have been proposed over the years, and/or 
developed to various technology readiness levels or TRLs (Mankins 2005).  

Table 12.2 summarizes some of these anchoring concepts. One of the primary 
requirements for any spacecraft anchoring system is the capability to engage a 
wide range of surfaces, unless two or three different anchoring concepts are em-
ployed, each designed to address a specific set of surface conditions. This multi-
surface requirement is quite challenging. The vast majority of universal anchor 
systems rely heavily on spacecraft resources such as fuel for thrusters or momen-
tum from control moment gyroscopes or CMGs. However, these approaches could 
be ideal as a temporary solution within a sequential stepwise approach, allowing 
time for the deployment of more permanent anchors.  

Table 12.2 Comparative assessment of anchoring methods 

Method Description Advantages Disadvantages Applicable  
Surfaces 

Thrusters Fire thrusters to 
push the space-
craft to the 
surface 

Uses existing 
spacecraft tech-
nology.  
Good as a back-
up option or to 
enable deploy-
ment of perma-
nent anchor 

Requires extra 
fuel and hence 
might be good for 
short stays or dur-
ing sample acqui-
sition only. 

Any 
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Table 12.2 (continued) 

Method Description Advantages Disadvantages Applicable  
Surfaces 

Reaction 
Wheels 

Spin up reac-
tion wheels to 
counteract 
reaction forces 
from sampling 
systems (e.g. 
drill) or deploy-
ing robotic 
arm.  

Uses existing 
spacecraft tech-
nology.  
Reusable ap-
proach 
Good as a back-
up option or to 
enable deploy-
ment of perma-
nent anchor 

May require large 
reaction wheels to 
achieve proper 
stability.  

Any 

Spacecraft mo-
mentum 

When a space-
craft moves 
towards the 
asteroid at cer-
tain velocity, 
any sampler 
deployed in the 
direction of the 
asteroid surface 
will be reacted 
against space-
craft forward 
momentum. 

Uses existing 
spacecraft tech-
nology 
The approach 
could be used 
multiple times 
Good as a back-
up option or to 
enable deploy-
ment of perma-
nent anchor 

The operation 
time on the sur-
face highly lim-
ited. The approach 
might be good for 
touch and go mis-
sion. 

Any 

Grippers Anchor sharp 
“fingers” or 
microspines 
positioned 
opposite each 
other. 
System under 
development 
by NASA JPL 

Offers strong 
anchoring forc-
es in rocks 
Could be re-
used  

Works only on 
solid surfaces. 
Will not work in 
pebbles or soil. 
Requires addition-
al hardware (grip-
pers) and power 
during deployment

Rocks 
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Table 12.2 (continued) 

Method Description Advantages Disadvantages Applicable  
Surfaces 

Harpoon/Nail 
Gun 

Fire a harpoon 
into a surface 
and use a 
winch to pull a 
spacecraft to-
wards the sur-
face. 
Rebound taken 
up by space-
craft momen-
tum energy or a 
free mass eject-
ed in the oppo-
site direction to 
the harpoon. 
System devel-
oped for Roset-
ta Philae lander

Could generate 
high anchoring 
forces if rego-
lith properties 
allow. 
Rosetta Philae 
lander future 
heritage 

Requires addition-
al hardware (i.e. 
harpoon). May not 
work in harder 
rocks, and very 
loose gravel or 
soil. 
If harpoon hits a 
rock it may re-
bound towards the 
spacecraft. 
Non reusable (i.e. 
tether has to be cut 
for the spacecraft 
to move to another 
location or return 
to earth) 

Gravel/soil 

Drill/Auger Deep fluted 
augers driven 
into the subsur-
face 

Offers strong 
anchoring forc-
es 
Could be re-
used 
Can use two 
counter-rotating 
drills to off-set 
reaction torque 
Can use tapered 
augers to assist 
with removal 
Can use deep 
flutes to engage 
large surface 
area 

Need initial reac-
tion compensator 
during deployment
Requires addition-
al hardware (drill) 
and power during 
deployment 
May not work in 
rocks if they are 
too hard and reac-
tion compensator 
during initial de-
ployment is not 
strong enough. 

Rocks and 
more consoli-
dated grav-
el/soil 
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Table 12.2 (continued) 

Method Description Advantages Disadvantages Applicable  
Surfaces 

Self-opposing 
Systems 

Spikes or drill 
bits penetrate 
the subsurface 
at oblique an-
gles providing 
a bracing force.

Takes ad-
vantage of rock 
roughness, 
porosities 
(holes) in a rock 
or cavities be-
tween rocks 
Could be used 
with a harpoon 
or auger 

Needs more than 
one anchor to 
provide the brac-
ing effect. Subject 
to same penetra-
tion limitations as 
component sub-
systems. 

Any 

Fluid System Fluid is inject-
ed underneath 
the footpad 
onto and into 
the subsurface 
and hardness. 
Similar to Vel-
cro except it 
engages sub-
surface.  

Could work on 
any surface.  
One anchor is 
sufficient. 

Non-reusable.   Any 

Envelopment The target is 
encircled using 
cables or even 
a complete bag.

No need to 
penetrate the 
surface. 

Large relative to 
other anchoring 
concepts. 

Relatively 
small and/or 
highly consoli-
dated bodies. 

Magnetic An-
choring 

Magnetic pad is 
used to attach 
to ferromagnet-
ic surface. 

No need to 
penetrate the 
surface. 

Not applicable to 
non-ferromagnetic 
bodies 

Ferromagnetic 
bodies 

 
The following sections describe some of the anchoring concepts in more  

details.  

12.5.1   Hard Rock Drilling  

Drilling is often the method of choice for penetrating hard rocks. In a vast 
majority of applications, drilling employs the durning of a hardened bit forced into 
the rock, abrading small particles. Once the drill bit becomes dull, however, the 
rate at which the drill bit penetrates the rock drops dramatically unless an ever-
increasing downforce (in the case of vertical downward drilling) is applied, 
creating higher and higher frictional heat. The amount of applied downforce is 
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referred to as “weight on bit” (WOB). In a low-gravity environment, WOB can be 
severly limited and must be provided either by spacecraft thrusters or an anchored 
“base” for the drill to push against. Rotary-percussive drilling action can be 
employed to circumvent the need for prohibitively high WOB. Percussive or 
hammer systems consume more power, but reduce the required WOB by an order 
of magnitude, especially in hard rocks (Zacny et al. 2013).  

The feasibility of drilling into small bodies with low WOB has been tested 
using relevant analog rocks as stand-ins for likely asteroid surface materials as 
shown in Fig. 12.9 (Bar Cohen and Zacny 2009). Such testing demonstrates that 
the feasibility of drilling into a small body with low WOB is dependent upon the 
strength of the materials comprising the small body. 

For example: Drilling in low-strength materials such as plaster or limestone is 
feasible using a commercially available drill with a 1.6 mm diameter bit and as little 
as 5 Newtons WOB. Plaster and limestone have an unconfined compressive strength 
(UCS) of 8 MPa and 40 MPa, respectively, which would be representative of a 
materials in a C-type asteroid. However, higher strength materials such as those that 
would be representative of an S-type asteroid cannot be drilled under those same 
conditions. For instance, 120 MPa basalt is representative of the upper range of S-
type asteroid materials, and cannot be penetrated under the conditions listed above. 
This is not to say that it is infeasible to drill an S-type asteroid, but it does indicate 
that the drilling system must be designed with the target material in mind. 

. 

Fig. 12.9 Low WOB drilling tests in basalt 

12.5.2   Hard Rock Hammer Nailing 

Another approach to setting an anchor in consolidated or unconsolidated  
formations is to hammer an anchor into the surface. Launching an anchor into  
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unconsolidated formations is relatively easy, however setting an anchor in rocks 
might be difficult.  

As with drilling, preliminary feasibility tests yield interesting results: Testing 
was performed using a 3.8 mm nail and traditional hammer as well as with an off 
the shelf nail gun (Fig. 12.10), and the same three rock types as for drilling (8 
MPa plaster, 40 MPa limestone and 120 MPa basalt). Hammering a nail worked as 
long as the nail was perpendicular to the surface, but any deviation from vertical 
resulted in side forces and moments that had a tendency to bend the nail. Stiffer 
nails would resist buckling, but underline the need to design for off-axis loading. 
The nail did not penetrate basalt or limestone, but managed to penetrate plaster. 
The nail gun, on the other hand, was powerful enough to drive a short nail into all 
three rock types. However, the nail gun also required significant preload, of the 
order of 10s of Newtons prior to impact. The rebound energy within the nail gun 
was absorbed by an internal spring. 

 

   

 

Fig. 12.10 Nailing experiments. From top (left to right) and bottom: Hammering into 120 
MPa basalt, Hammering into 8 MPa plaster, Using a nail gun. 

These tests have shown that as long as a nail is constrained so as to prevent 
buckling, it could be successfully impact driven into rocks as hard as basalt. How-
ever, during the anchor setting, the spacecraft has to use some other means of 
providing a reaction force, e.g. by firing of thrusters in the opposite direction.    
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12.5.3   Fluid Anchor 

In the fluid anchor approach, a wetting fluid (e.g. foam, cement, epoxy etc.) is 
injected onto a surface or into the soil via a hollow spike beneath the footpad. If  
applied to the surface, the goal of a fluid anchor is inject an adhesive cushion  
between the rock surface and the spacecraft footpad, and in turn provide an an-
chor. If injected into the ground, the fluid would go deeper into the  loose gravel 
or soil, allowing the anchor to engage a larger volume of asteroid material forming 
a composite footing (glue mixed with soil and gravel).  

To free the spacecraft from such an anchor would require that either an entire 
footpad is detached (in this case, the spacecraft could have a set of 2 or 3 footpads 
per leg) or the footpad could be warmed up to ‘melt’ the adhesive underneath and 
disengage the anchor. One of the benefits of this approach currently under investi-
gation by Honeybee Robotics is that the anchor deployment does not exert any 
force that requires reaction by the spacecraft. That is, upon soft touch down, the 
fluid can be discharged and almost instantly glue the spacecraft to the surface.  

Applying epoxy-like substances in the harsh environment of space has been 
demonstrated. In July of 2005, astronauts applied a pre-ceramic polymer sealant 
impregnated with carbon-silicon carbide powder known as NOAX (Non-Oxide 
Adhesive eXperiment) to a number of test coupons during an Extra Vehicular 
Activity on board the Space Shuttle mission STS-114 (see Fig. 12.11). This mate-
rial has the initial consistency of peanut butter before it is worked into potential 
cracks and crevices of the Shuttle’s Reinforced Carbon-Carbon panels in areas 
such as the wing leading edge, which sees the highest temperatures during atmos-
pheric  re-entry.  

 

 

 

 

Fig. 12.11 Astronaut 
Soichi Noguchi, STS-114 
applies a sealant to a 
number of test coupons 
during an Extra Vehicular 
Activity. Photo courtesy 
NASA. 

 



12   Asteroids: Anchoring and Sample Acquisition Approaches  307 

 

12.5.4   Self-opposing Systems 

Several concepts developed to date employ a common strategy of using multiple 
instances of an anchoring mechanism to simplify the reaction loads required of the 
spacecraft. Somewhat like the guide lines on a tent, these multiple anchors pull 
against each other, providing a balanced net anchoring force. The independently 
developed examples presented here all employ this general strategy, but use 
somewhat different means to engage the target surface. 

12.5.5   Self-opposing Drills (Cadtrak Engineering’s Low Gravity 
Anchoring System) 

Cadtrak Engineering developed a novel low-gravity anchoring system which 
could anchor a sampling tool as shown in Fig. 12.12, or an entire spacecraft as 
shown in Fig. 12.13. This device would decrease the preload requirement, peak 
reaction forces and vibration levels on a deployment device, and would signifi-
cantly reduce the mass and complexity of the spacecraft propulsion system. It 
employs multiple inclined anchors to generate a net anchoring force perpendicular 
to the surface while at the same time balancing out any forces transverse to the  
surface. 

 

Fig. 12.12 Cadtrak Engineering anchor 
integrated with a sampling drill 

 
 
 
 
 
 
 
 
 
 
 
 
 
In the absence of an anchor on an asteroid or comet mission the preload on a 

sampling tool must come from the propulsion system. For example, a sampling 
mission that requires a 100 N preload for 15 minutes from a spacecraft whose 
propulsion system has a specific impulse (Isp) of 350 s, the mass of propellant 
alone would be 26.2 kg. As an alternative, this particular anchoring system can be 
set in less than 30 seconds and require 20 Newtons of preload. The propellant 
mass used to set the anchor would equate to 0.2 kg. If the anchoring system 
weights 5 kg, the net mass savings would be 21 kg. 
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The anchor uses multiple anchor arms acting in a coordinated manner as to 
keep the forces in equilibrium horizontally, thus keeping the system in place.  The 
base of each arm is hinged on the tool body or spacecraft, and the far end of each 
arm contains a small pilot drill.  The anchor is deployed by rotating the arms  
toward the subject rock and drilling into the rock a short distance. The arms are 
connected through a novel gearing arrangement which allows them to be driven by 
a single actuator and still conform to any surface profile. Each anchor drill can be 
engaged with as little as 10 Newton of Weight-on-Bit (WOB). When any two 
opposing anchor drills have penetrated the rock, the anchor is set, creating a stable 
platform for sampling or other in situ science operations (e.g. deploying an in-
strument using a robotic arm). The anchor system is compliant to large surface 
variations and placement can be accomplished with less precision and less preload 
than that of a sampling tool.  The anchor hold down strength could be verified 
prior to commencement of in situ operations. The anchor also allows multiple uses 
 
 

 

Fig. 12.13 Cadtrak anchor stowed and deployed during a spacecraft landing on an asteroid 
or comet 
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and could therefore be used as temporary system for a spacecraft making multiple 
landings on an asteroid.  

Cadtrak developed a bench top anchor testbed which incorporated an anchor 
platform and simulated sampling system attached to a vertical slide. The setup 
included several anchor arms with a drill motor and ball-end diamond burr. The 2 
mm diameter drill bits ended with a spherical ball with integrated diamonds. The 
anchoring was accomplished by simultaneously driving the anchor drill motors 
and the arm actuator until the anchor drills penetrated the rock to a set depth. The 
individual drill bits would generally encounter the rock surface one at time and 
hover at the rock surface until all of the bits have engaged the rock. The differen-
tial gearing system of the arms ensures that power is always transferred to the free 
arm or all the arms as shown in Fig. 12.14. This enables the mechanism to ac-
commodate varying surface topography. For a flight system, the anchors might  
include proximity sensors or contact switches to indicate when the target depth has 
been reached.  

 

 

Fig. 12.14 (a) Anchor testbed shown conforming to arbitrary rock surface. (b) Anchor 
testbed shown with standardized rock samples for weight-on-bit and pull-out tests. 

Data from a number of tests in limestone, basalt, sandstone, and kaolinite is 
shown in Fig. 12.15.  It was determined that at a depth of approximately 3 mm, the 
pullout force for a single anchor arm reached 200 N in basalt and around 100 N in 
kaolinite rock.  When pullout occurred the rock fractured along shear planes form-
ing small craters (Fig. 12.16). In general the pull-out strengths were at least 10 
times higher than the WOB requirement to drill the anchor holes. 
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Fig. 12.15 Pull-out strength vs. drill hole depth for different rock types 

 

Fig. 12.16 Pull-out craters for various rock samples. (a) Kaolinite (b) Sandstone 
(c) Saddleback Basalt and (d) Santa Barbara Limestone rocks. 

12.5.6   Self-opposing Multi-mode Anchor (Honeybee Robotics’ 
Bracing Anchor) 

The bracing system uses two or more multi-mode rock and soil anchors positioned 
at an oblique angle to the surface as shown in Fig. 12.17, resulting in a net force 
component along the asteroid surface. This resultant force braces the spacecraft to 
the surface. The advantage of this approach is that during the anchors’ deployment 
only the force componenet in a vertical direction has to be overcome by, for 
example, firing rocket thrusters in the opposite direction. 
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Fig. 12.17 The bracing anchor engages the surface at an oblique angle 

Honeybee Robotics’ bracing approach uses a long “drill” with a three tier sys-
tem – each designed for a different surface condition (Fig. 12.18).  

 

 

Fig. 12.18 A concept of a bracing anchor with a 3-tier system for 3 different sur-
face conditions 

First, the tip of the drill has a sharp Brad point whose purpose is to exert maxi-
mum pressure on the surface and ultimately find purchase in small-scale surface 
features like cracks, crevices, or valleys (if large rocks are present). This is similar 
to the approached used by microspine anchors. Further up is a self-tapping auger 
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thread form (tapered screw auger) that will draw the anchor into rubble or gravel 
piles, if present.  Lastly, in the weakest of materials such as powder, the bit’s non-
rotating vanes at the end will distribute lateral forces attempting to take advantage 
of the material’s shear strength.  Because the anchor’s bit is designed to engage in 
all possible surface materials: rocks, gravel piles, and loose soil, it considerably 
reduces risk related to lack of knowledge of asteroid surface conditions. 

Upon landing and when commanded, the anchor would be driven into the sur-
face by simultaneously rotating the anchor’s “bit” and moving in a linear fashion 
toward the surface. Bit rotation and translation would be provided by a single 
reversible actuator. Following surface operations and prior to spacecraft take-off, 
the anchoring system would disengage as each actuator would retract the bit to a 
safe position. The anchors should be deployed very slowly because the strength 
increases with strain-rate resulting in values about an order of magnitude higher 
(or even more) than the quasi-static strength for the same material (Biele et al. 
2009).  

This particular anchoring concept has been applied to a NASA Discovery-class 
mission concept called Amor shown in Fig. 12.19. The goal of the mission was to 
rendezvous, land, and explore the C-type triple near-Earth asteroid (NEA) system 
2001 SN263 (Jones et al. 2011). 

  

 

Fig. 12.19 Universal Hybrid Anchor for a lander mission to explore the C-type triple Near-
Earth Asteroid System 2001 SN263 (Jones et al. 2011) 
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12.5.7   Self-opposing Tines (JPL’s Microspine Anchors ) 

The NASA Jet Propulsion Laboratory (JPL) has developed a self-opposing an-
choring system based on small tines called microspine anchors (Parness et al. 
2012a). Microspine toes were initially invented at Stanford University for the 
RiSE climbing robot, which could scale the exteriors of buildings that used rough 
materials like brick, stucco, cinder block, and adobe (Asbeck et al. 2006; Spenko 
et al. 2008). NASA JPL has extended this technology for use on natural rock sur-
faces by first, using new configurations of opposing microspines that can resist 
forces in any direction, second, using a hierarchical design that complies to the 
rock at multiple length scales, and third, substituting materials and mechanisms 
that are appropriate for the extreme environment of space. 

A microspine toe consists of one or more steel hooks embedded in a rigid frame 
with a compliant suspension system made of elastic flexures or spring elements 
(Figs. 12.20 and 12.21). By arraying tens or hundreds of microspine toes, large 
loads can be supported and shared between many attachment points. Since each 
toe has its own suspension structure, it can stretch and drag relative to its neigh-
bors to find a suitable asperity to grip. The suspension system also works to pas-
sively distribute the overall load across an array of toes.  

 

 

Fig. 12.20 A microspine anchor integrated with a rotary percussive coring drill to 
produce a sample acquisition instrument that can obtain a subsurface core from 
consolidated rock without requiring any externally applied forces 



314 K. Zacny et al. 

 

For gravity independent rock-climbing and drilling, the omnidirectional an-
chors use a radial arrangement of microspines with a centrally tensioning degree 
of freedom. The hierarchical compliance system contains 16 carriages that con-
form to cm-scale roughness. Each carriage contains 16 microspines, which con-
form to mm-scale roughness and below. A torsion spring biases each of these 
carriages into the rock face regardless of gravitational orientation so that the toes 
will drag across the rock surface and establish a grip, even in an inverted configu-
ration. The radial symmetry creates a secure anchor that can resist forces in any 
direction away from the surface. Figure 12.21 shows many of the important com-
ponents of the gripper with an explanation of the function of each. 

 

Fig. 12.21 Details of microspine-based anchor system 

These anchors support loads in excess of 180 Newtons both tangent and per-
pendicular to the surface when used on rough, consolidated rocks like vesicular 
basalt and a’a lava rock. Anchor strength falls off as the roughness of the rock 
decreases due to the decreased number of potential asperities to grip. Anchor 
strength values in excess of 100 N were common on Bishop Tuff, and values of 50 
N were consistently achieved on a smoother saddleback basalt sample. For uncon-
solidated materials like pebbles and sand, negligible (<10 N) anchoring forces 
were measured (Parness et al. 2012c). 

A microspine anchor was integrated with a rotary percussive coring drill to 
produce a sample acquisition instrument that can obtain a subsurface core from 
consolidated rock without requiring any externally applied forces (see Fig. 12.20). 
The instrument is self-contained; redirecting the load path back into the rock, with 
forces reacted by the microspine gripper. The drill uses an additional two  
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actuators, one to activate the rotary-percussive motion, and a second to feed the 
drill into the rock. Compression springs are used in series with the feed actuator to 
preload the drill bit into the rock with approximately 50-100 N of WOB (Parness 
et al. 2012b). 

The microspine-based drills successfully cored in multiple configurations  
including drilling into the ceiling, into a vertical wall, and, using the Astronaut 
microspine drill, lifting a rock using the anchor and then drilling into it while the 
rock is lifted. These tests were performed on multiple rock types including  
vesicular basalt and a'a. Bore speed was dependent on the WOB, drill speed, and 
material properties of the rock, but nominally ranged from 15-45 mm/min. A  
carbide-tipped coring bit created a 20 mm diameter borehole to depths ranging from 
25-82 mm for the inverted drill test, and 15 mm for the vertical and horizontal drill 
tests. The retained core samples measured 12 mm in diameter and usually were  
extracted in several broken pieces, but with stratigraphy maintained. While a broken 
core may not always be desirable, it does eliminate the need to perform a core  
breakoff.  

During the drilling process, failure most often occurred during hole-start. The 
bit would sometimes wander before achieving a good hole-start. Occasionally, this 
caused the microspine anchor to lose grip. This was accentuated by the built-in 
compliance in the microspine anchor, which must resist the wander. However, this 
compliance also acts to dampen the vibrational forces, and is essential to the load 
sharing within the gripper. 

12.5.8   Magnetic Anchoring 

If an asteroid is metal-rich, highly consolidated, and magnetized, a magnetic an-
chor could be effective. The asteroid Gaspra, discovered by Galileo mission, is an 
example of such an asteroid (Kerr 1993).  

12.5.9   Envelopment 

Envelopment blurs the distinction between anchoring to an asteroid and grabbing 
a sample from it. In an envelopment -based mission’s architecture, the spacecraft 
grabs the whole asteroid! In general, the suitability of the envelopment concept 
depends upon the size and makeup of the asteroid, and the ability of the spacecraft 
to control it once enveloped. An envelopment system might use cables that span 
around the small body (see Fig. 12.22) or long and skinny legs to embrace the 
small body in the same way a spider captures its prey. If an asteroid is relatively 
small, an entire body could then be captured inside a bag as shown in Fig. 12.23.  
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Fig. 12.22 Deep Space Industries (DSI) concept of a Harvestor™-class asteroid collection 
mission. (Image Credit: DSI). 

 

Fig. 12.23 Illustration of an asteroid retrieval spacecraft in the process of capturing an 
asteroid (Courtesy Honeybee Robotics and V Infinity Research)  
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12.6   Small Bodies Sampling and Excavation Approaches 

There are two main reasons to acquire material from an asteroid or a comet: for 
science investigations, and for extracting resources. The two different motivations 
impose different performance requirements on the system acquiring the material. 

For the purposes of science investigations, comets and asteroids are remnants 
from the solar system formation and can offer clues to the chemical mixture from 
which the planets formed. Science investigations normally require relatively small 
(on the order of grams) but pristine samples with no forward contamination. 
Hence sampling systems have to be designed to withstand various sterilization 
techniques, such as Dry Heat Microbial Reduction. For a sample return mission, 
the sample (in most cases) must be placed in a hermetically sealed container and 
kept within a specified temperature range at all times. The thermal requirement is 
of particular importance to prevent the loss of volatiles and/or possible chemical 
reactions.   

For the purposes of resource mining and extraction, the amount of material to 
be retrieved and processed is much larger. In general, there are two options for 
resource extraction: transport the raw material to a processor, or transport the pro-
cessor to the raw material. In the first case either a fraction or an entire asteroid 
could be brought back to cislunar space such as the Earth Moon Lagrange Point 1 
(EML1). In the second option, the asteroid material could be processed in situ and 
only the useful material brought back. There are advantages and disadvantages to 
both approaches. It should be noted that for the purpose of commercial ISRU, only 
NEA’s are considered, because of their proximity to Earth.  

Processing material in situ and returning the final product means substantial 
savings in rocket fuel. This approach would also be desirable if the resource would 
be required for a mission to continue exploration of other planets rather than re-
turn to Earth. However, in this case, the mining and material processing systems 
must be very robust and fully autonomous.  

Bringing an entire asteroid, some fraction of it, or even an ore concentrate to 
cislunar space would require more fuel and would take more time. However, it 
would also allow for teleoperation or human operation and the testing and verifi-
cation of a number of extractions and processing technologies. The latter would be 
particularly advantageous since systems could be easily fixed if broken. In 2011 
the Keck Institute for Space Studies (KISS) sponsored a study to investigate the 
feasibility of returning an entire 7 m asteroid weighing approximately 500 tons to 
the vicinity of the Earth. A 500 ton, C-type asteroid may contain up to 200 tons of 
volatiles such as water and carbon-rich compounds (100 tons of each), 90 tons of 
metals (83 tons iron, 6 tons nickel, and 1 ton cobalt), and 200 tons of silicate resi-
due which is similar to the lunar surface material. The study found that it is  
feasible to capture and retrieve such an asteroid at a cost of approximately $2.6B 
(Brophy et al. 2012). 
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Capturing a small asteroid and bringing it back to Earth’s vicinity might be the 
best first step in mining asteroids.  Mining and processing technologies, as well as 
concepts of operation, could be tested and further developed within reasonable 
reach of Earth. Once robust technologies for mining asteroids are validated, it 
might be more cost effective to process all the materials in situ. The decision on 
whether to bring material (e.g. metal or water) back to Earth’s vicinity or use it in 
situ for developing new spacecraft components ultimately depends on the cost of 
each approach. Furthermore, the current lack of pertinent data and information 
makes modeling these approaches particularly challenging.  It is, however, safe to 
assume that bringing material to Earth will never be as cost effective as mining it 
even from great depths on Earth. Currently several South African gold mines are 4 
km deep and heading to 5 km to tap into new gold reserves. Mining gold from 
these depths, even at grades as low as a few grams per ton, is still highly profita-
ble. Commodities mined in space will have to compete economically against 
commodities mined on Earth. The intended location of end use becomes important 
to the relative economic appeal of resources mined in space. If the resources are to 
be used in space, then space-based sources become more attractive. Technologies 
to extract and process materials that will be widely useful in space (e.g. aluminum 
or titanium to create space structures) would be more valuable than technologies 
to extract materials that may command a high price on Earth, but are less useful in 
space. By way of analogy, 1 kg of water in a desert could be more valuable than 1 
kg of gold.  

Over the past few decades a number mining and sampling technologies have 
been developed (Bar-Cohen and Zacny 2009; Zacny et al. 2008; Ball et al. 2007). 
A vast majority of the exploration technologies focused on asteroids are in con-
ceptual stages and only a limited number of them have been breadboarded, tested, 
and validated even under terrestrial conditions. Some sampling approaches have 
been tested on past missions or will be tested on future missions (Marchesi et al. 
2001; Yano et al. 2002; Fujiwara and Yano 2005). In general, the progress has 
been slow because of the difficulty and costs associated with testing in reduced 
gravity and vacuum. The following sections describe a range of promising sam-
pling, mining, and processing technologies. It should be noted that the list of pre-
sented methods is not all inclusive, but rather aims to give the reader an idea of the 
range of approaches. 

12.6.1   Hayabusa  

Hayabusa  was the first mission to return sample material from another celestial 
body surface other than the Moon. Due to multiple malfunctions of the attitude 
control devices, the sampler did not work as designed. However, the mission did 
ultimately succeed in retrieving sample material from the Near Earth Asteroid 
(25143) Itokawa (Fig. 12.24). 
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The Hayabusa spacecraft used a small 5 gram tantalum pellet fired at 300 m/s 
into the surface to acquire a few grains of samples as shown in Fig. 12.25 
(Barnouin-Jha et al. 2004). The material ejected by the pellet’s impact was col-
lected using a bi-impact sampler designed as a single collection system suitable 
for a range of target materials: metal-silicate hard bedrock, regolith layers with 
gravel, and micro-particles. The sampler consisted of a 1 meter long horn made of 
aluminum. The horn diameter at the tip was 15 cm. The goal of the horn was to 
direct sample into a sample chamber.  

 

Fig. 12.24 A graphic of Hayabusa spacecraft acquring a sample from the Itokawa S-type 
asteroid. Courtesy JAXA 

This approach was chosen because the mission planners could not know a  
priori what the surface properties would be – hard and consolidated or soft and 
powdery? This is unlike the Moon, Mars, or Venus, for example, which have been  
visited many times, within a relatively short period. In addition, information about 
the asteroid target is very limited even with a substantial ground observation cam-
paign effort. This means that only once the spacecraft arrives at the target, will it 
be possible to perform detailed examination. 
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Fig. 12.25 Hayabusa sample acquisition sequence. (1) Pellet is launched at the asteroid 
surface. (2) Pellet strikes surface, scattering material. (3) Some of that material is captured 
for return. (Barnouin-Jha et al. 2004). 

To determine the characteristics of a sample for planning the sampling opera-
tion, a number of impact experiments were performed during the development 
stage in various analog materials such as heat-resistant bricks, 200-mm glass 
beads, and lunar regolith simulant. Tests were performed at a normal and oblique 
impact angles as well as at 1g and in micro gravity by using a 140 m tall vacuum 
drop tower. Results indicated that sampler could acquire several hundred milli-
grams to several grams per shot. For oblique impacts at 45° or greater, however, 
the collection mass was less than 100 mg per shot.  

For the nominal sampling procedure at the asteroid, once the tip of the sampler 
horn touched the surface, a pair of 5 gram tantalum pellets were fired at a surface 
at 300 m/s. These pellets would impact the surface, throwing ejecta into conical 
horn. On the actual mission, anomalies that occurred during the sampling opera-
tion prevented the spacecraft from firing the projectiles and capturing regolith  
material (Yano et al. 2006). However, during the first of the two attempts, some 
surface particles made their way up the horn and into a sample chamber when the 
horn touched the surface.  

12.6.2   Rosetta 

The goal of the European Space Agency’s Rosetta mission is to study the comet 
67P/Churyumov–Gerasimenko. The Rosetta mission consists of two spacecraft: 
the Rosetta orbiter and the Philae lander. The mission was launched on 2 March 
2004 and will reach the comet by mid-2014. In November of 2014, the Philae  
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lander is scheduled to land on the comet and perform investigations of its surface. 
To enable investigations of the comet, the lander is equipped with a sampling drill, 
named the sampling, drilling, and distribution (SD2) subsystem. The SD2 weighs 
5 kg and can penetrate up to 250 mm below the surface and capture samples at 
predetermined depths. The samples, up to tens of mm3, then can be transported to 
a carousel which distributes them into various onboard instruments (Finzi et al. 
2007).  

SD2 was designed and built by Galileo Avionica and consist of three sub-
systems: a tool box, a carousel, and a local control unit (Fig. 12.26).  

 

Fig. 12.26 Rosetta Drill, Sample & 
Distribution, called SD2 (SD2, 2012). 
Courtesy ESA  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The tool box contains the actual drill and the sampler and can rotate about its 
vertical axis. The drill has two degrees of freedom: the Z-axis and rotation. To 
enable autonomous operation, the drill head is fitted with a compact force and 
torque sensor. The drill has been designed to penetrate material with strength 
ranging from fluffy snow to materials with a strength approaching a few MPa. The 
average drilling power is in the range of 10 Watts. The drill can also withstand 
storage temperatures to -160°C and can operate at temperatures down to -140°C.  

Upon reaching the target depth, a sample is captured inside a drill bit, the drill 
is removed from the borehole, and the sample is delivered into a carousel. The  
carousel consists of 26 ovens and mates with scientific instruments (Finzi et al. 
2007). 
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12.6.3   The Sample Acquisition and Transfer Mechanism (SATM) 
Drill 

The Sample Acquisition and Transfer Mechanism (SATM) is a four-axis, highly 
instrumented drilling system that features sample preparation and handling system 
and also sample return containers. A prototype was developed and tested by Hon-
eybee Robotics to validate the performance requirements for the NASA ST/4 
Champollion mission (Fig. 12.27).   

 

Fig. 12.27 SATM system. (a) Artistic impression of SATM on Champollion spacecraft. 
Image: NASA. (b) Prototype system developed and tested by Honeybee Robotics. 

The drill was designed to acquire subsurface samples from a comet at se-
lectable depths up to 1.2 m with little cross-contamination. The sample size is 
continuously adjustable between 0.1 and 1.0 cm3 to cater for a variety of analytical  
instruments’ requirements. The SATM creates a 13 mm diameter borehole. The 
mass of the prototype shown in Fig. 12.28 is 9 kg and its volume envelope is 60 x 
60 x 138 cm. 

The SATM sample is always delivered as fine powder regardless of the materi-
al type sampled (i.e., consolidated or unconsolidated). Powder samples can be 
transported and transferred to instruments or vessels such as chemical analysis 
ovens, a microscope/IR spectrometer, and a sample return container located at the 
base. To maintain the sample temperature to within 5 °C of its natural environ-
ment, the SATM drills at low speeds. 
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Fig. 12.28 SATM system. Top: System components. Bottom: Sample inlet feature. 
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Major components of the SATM design are shown in Fig. 12.28. The images 
on the right show the sample inlet feature of the drill tip. This door can be open at 
a desired depth to allow powder cuttings to flow into the sample chamber. The 
system also features a positive sample-eject mechanism within its sample chamber 
to ensure that samples are delivered to the in situ instruments. Samples can also be 
presented for analysis via a sapphire window located on the side of the drill stem. 
SATM can accommodate the bonding of a small cesium-137 source at the drill tip 
to permit density measurements. The drill tip can also be used as a tool to open 
and close the sample return container; eliminating the need for a separate actuator. 

 
 

 

Fig. 12.29 Prototype testing in laboratory with (a) limestone and (b) cryogenic  
regolith stimulant 

Specialized control algorithms were developed to allow autonomous adaptive 
operation in a low-gravity environment. The algorithms could also be adjusted for 
off-normal drill approach angles to minimize bit wandering. Laboratory tests con-
ducted in limestone, basalt, and a cryogenic regolith simulant (see Fig. 12.29 have 
shown that a total energy of 25 W-hr is required to sample limestone (40 MPa 
UCS) at a rate of 0.88 cm/min with an auger speed of 194 rpm, a WOB of 55.6 N, 
and a drilling torque of 325 mNm. Limestone is an adequate ice simulant since the 
strength of ice at cryogenic temperature is similar to that of limestone. 

12.6.4   Touch and Go Surface Sampler 

The “Touch and Go Surface Sampler” (TGSS) developed by Honeybee Robotics, 
can drill and acquire a sample of regolith (up to 50 cc) or weak consolidated  
materials (UCS < 10 MPa) while the cutters penetrate to a depth of 1 to 4 cm.  The 
system is reusable, and can store samples inside individual containers for in situ 
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analysis or sample return. The TGSS consists of a high-speed sampling head at-
tached to the end of a flexible shaft (Figs. 12.30 and 12.31).  The sampling head 
rotates its counter rotating cutters at speeds of 5000 to 8000 rpm and consumes 20 
W to 30 W of power. The mass of the current prototype is 450 grams, with a vol-
umetric envelope of 50 mm x 75 mm x 150 mm (excluding the center drill bit). 

Fig. 12.30 Touch and Go Surface Sampler 
(TGSS) developed by Honeybee Robotics 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The TGSS consists of three subsystems: a deployment mechanism, a sampling 

head, and a sample containment subsystem.  The deployment mechanism deploys 
the sampling head by extending a boom to the surface. The sampling head con-
tains 5 high-speed cutters (center drill side mounted toothed wheels) driven by a 
single motor.  These high-speed cutters throw up surface material on contact and 
two guides mounted above the cutters direct sample debris/chips into a removable 
sample chamber.  The sample containment subsystem transfers and seals multiple 
samples.  The sampling head has a removable sample chamber on top of the  
cutters.   

A prototype was developed and tested in a laboratory ambient environment on 
various target materials. The TGSS was demonstrated to sample regolith at a rate 
of 30 cc/sec and consolidated chalk with strength of 10 MPa at a rate of 0.5 cc/sec. 
A number of microgravity tests have shown that the TGSS can sample both con-
solidated and unconsolidated material, and includes a sample canister changeout 
system that allows sampling of multiple sites with minimal cross contamination. 
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Fig. 12.31 A concept of a Touch and Go Surface Sampler (TGSS) 

12.6.5   Brush Wheel Sampler 

Another Touch and Go concept with brush-wheel mechanisms as shown in Fig. 
12.32 rather than cutters has been developed at NASA Jet Propulsion Laboratory 
(Bonitz 2012). The main advantage of using brush wheels (as opposed to cutting 
wheels or other, more complex mechanisms) is that upon encountering soil harder 
than expected, the brushes could simply deflect and the motor(s) could continue to 
turn. That is, sufficiently flexible brushes would afford resistance to jamming and 
to overloading of the motors used to rotate the brushes, and so the motors could be 
made correspondingly lighter and less power hungry. Of course, one could select 
the brush stiffness and motor torques and speeds for greatest effectiveness in sam-
pling soil of a specific anticipated degree of hardness. In simplest terms, such a 
mechanism would contain brush wheels that would be counter-rotated at relatively 
high speed. The mechanism would be lowered to the ground from a spacecraft or 
other exploratory vehicle. Upon contact with the ground, the counter rotating 
brush wheels would kick soil up into a collection chamber. Thus, in form and 
function, the mechanism would partly resemble traditional street and carpet  
sweepers.  
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Fig. 12.32 2nd generation prototype of Brush Wheel Sampler (BWS) used for testing in 
micro-gravity environment aboard NASA’s micro-gravity aircraft in 2004 and in vacuum 
on earth in 2009 (Bonitz 2012) 

12.6.6   Sample Return Probe 

A slightly different approach for small body sampling includes a standalone small 
spacecraft with a sample acquisition system. The concept includes several sam-
pling probes that travel to a small body onboard a parent spacecraft. After arriving 
at the small body of interest, establishing an orbit, and selecting a site of interest, 
one of a probes will detach from the parent spacecraft, spin stabilize using an atti-
tude control system, and propel itself towards the surface. Upon impact, the probe 
will collect a sample and transport the sample into its upper stage where it will 
later be hermetically sealed. The upper stage of the probe with the collected sam-
ple will then detach from the rest of the probe body and take off from the surface 
using the same attitude control system used to guide it to the surface. The probe 
with a sample inside it will then dock with the mother spacecraft and hand-off the  
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hermetically sealed sample (Fig. 12.33). Multiple probes could be used in this way 
to insure mission success or to sample multiple locations.  

The main advantage of this approach is that the sampling system is completely 
independent of the spacecraft. As such, the dangers associated with proximity 
operations in more conventional approaches, are eliminated. Developing tiny 
spacecraft is quite feasible. For example the Hayabusa mission carried the 591 
gram and approximately 10 cm tall by 12 cm in diameter MINERVA lander. 
Hayabusa 2, on the other, hand will carry at least one MINERVA type lander as 
well as another small lander named MASCOT (Mobile Asteroid Surface Scout) 
from the German Aerospace Center. Given the small size of sample return probes, 
technologies developed for nano-satellites could be directly applicable. 

Sample return 
stage containing 
sample canister 
separates from 

sample acquisition 
structure.

Sample return 
stage returns to 

mother spacecraft.1

2

 

Fig. 12.33 A standalone sample return probe. Upon sample acquisition the upper stage 
releases and rendezvous with the mother spacecraft. 

12.6.7   Harpoon Samplers 

A harpoon sampler provides a means to rapidly collect samples from microgravity 
bodies at distances defined only by the length of the tether system.  Such systems 
do not require landing on the target or a means to hold the spacecraft to the sur-
face. The time to acquire a sample using a projectile could range from seconds to 
minutes, and is therefore compatible with a slowly moving science platform.  This 
allows samples to be collected from specific interesting regions, such as inside a 
crevasse or vents of an active comet.  Harpoon samplers can be fired into the sur-
face of a small body, capture a sample during the course of penetration into the 
subsurface, and reeled back into the spacecraft using a tether. All these operations 
could be accomplished at a relatively safe distance from the asteroid.  

A number of potential concepts for capturing and retrieving a sample exist 
(Bar-Cohen and Zacny 2009; Nuth 2011). These vary from a harpoon dropped 
from the spacecraft to lowering a mechanism that could fire a sampling tip into the 
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surface using compressed air or stored mechanical or chemical energy. A number 
of harpoon acceleration concepts could impart enough energy on the sampling tip 
to accomplish sampling in relatively consolidated formations. Of course a draw-
back to any high powered harpoon is that if the formation is very soft, the harpoon 
will penetrate much deeper than expected, making it more challenging to retrieve 
the sample.  

 

 

Fig. 12.34 Honeybee Robotics Harpoon Breadboards 

Honeybee Robotics developed a number of harpoon concepts that could be de-
ployed in a variety of formations (see Fig. 12.34). The final harpoon breadboard 
was tested with cryogenic ice at approximately -150° C. The tests were conducted 
in order to determine the ability of the tip to sample ice when impacted at a 45° 
and at a 0° angles. During these tests, the harpoon tip successfully captured sam-
ples of cryogenic ice when impacted at up to 45° off vertical. 

NASA Goddard Space Flight Center has also developed a projectile-based 
sample acquisition system (SAS) for comet sampling. The system consists of a 
launcher, a tether payout and retrieval system, and a Sample Retrieving Projectile 
(SaRP). Goddard’s 3rd generation sample retrieving projectile (SaRP) prototype 
shown in Fig. 12.35 consists of an outer sheath and an inner sample collecting 
cartridge. The sample cartridge uses a spring loaded rotating knife-edged seal to 
contain the collected sample.  This prototype has been tested and consistently 
collects and retrieves several hundred grams of sample (Wegel and Nuth 2013).   
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Fig. 12.35 NASA GSFC Sample Retrieving Projectile (SaRP). The photo shows a proto-
type sampler tip (right) and the sample collection cartridge (left). 

12.6.8   Pneumatic Approaches 

Many terrestrial applications use vacuum cleaners for picking up dirt. The princi-
ple lies in creating a lower pressure at the back end of a pick-up hose than at the 
front, and thereby forcing the outside air to flow in and loft particles along the 
way. Such a system will not work in the vacuum of space. However, one can cre-
ate a differential pressure by injecting gas into the regolith and then guide this gas, 
as it escapes from the regolith, into appropriate pick up tubes (Zacny et al. 2004, 
2008, 2010). Figure 12.36 shows two potential approaches. The first one relies on 
injecting pressurized gas into the top few centimeters of regolith and then captur-
ing the regolith propelled upwards by the escaping gas into a transfer tube. The 
second approach entails a self-enclosed tube with injector holes. Once the regolith 
is acquired into the tube, gas is injected into a tube and lofts the captured regolith 
above the gas injector holes up the tube. Some of this gas will escape into the 
surrounding vacuum, reducing the excavation efficiency. The exact volume of gas 
lost will be a function of the permeability of regolith, the depth of the external 
tube buried inside the regolith and the depth of an injector nozzle inside the  
regolith. 
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Fig. 12.36 Left: Plunge method of pneumatic lift/excavation. Right: Traverse method of 
pneumatic lift/excavation. 

The pneumatic approach can be ideally suited for obtaining both small samples 
for scientific analysis, as well as a bulk sample for mining and processing of re-
sources. The working gas could be supplied by electrolyzing water into its consti-
tutive elements: Hydrogen and Oxygen. Since the pneumatic system consist of 
fixed nozzles and a series of tubes for providing of gas for mining and guiding  
of excavated regolith to a storage container or storage area potentially hundreds of 
meters away it has no moving parts such as motors, bearings and so forth, and 
hence is well suited for the dusty environment. By adjusting the pressure and flow 
rates, it is possible to differentiate smaller and larger particles, allowing optimiza-
tion tailored for specific ISRU processing systems (Zacny et al. 2008). If only 
smaller particles are removed from the surface, it may remove the need for 
communition of the regolith, and thus reduce the energy consumed in the regolith 
processing stage. In addition, since smaller particles have larger surface area to 
volume ratios, the extraction efficiency will naturally increase. 

Pneumatic excavation in the context of space applications is not a new concept. 
David McKay at NASA Johnson Space Center has proposed pneumatic excava-
tion for lunar mining (as shown in Fig. 12.37) and evaluated the feasibility of 
pneumatic transfer for the movement of lunar regolith at lunar gravity conditions 
(and atmospheric pressure) on NASA’s KC-135 reduced gravity aircraft (Sullivan 
et al. 1994). They found that the choking velocity (in the vertical transfer) and  
the saltation velocity (in the horizontal transfer) at lunar gravity were reduced to 
1/2–1/3 of the velocity required at 1 g (choking and saltation velocities are the 
minimum gas velocities required to keep particles aloft).  
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Fig. 12.37 Lunar pneumatic mining with a production-scale system: LUNOX Pilot Plant. 
NASA image: S91-25382 created by Pat Rawlings. 

Additional tests in vacuum conditions have shown that 1 g of gas (air) at 101 
kPa absolute (i.e. at atmospheric pressure) can successfully lift 6000 g of soil par-
ticles at high velocity at 1g gravity (Zacny et al. 2008, 2010). Tests conducted at 
various pressures suggested that gas lofting efficiencies increase as the ambient 
pressure drops, reaching a maximum value at approximately 1 mTorr.  

For bulk regolith mining, a potential approach might use a system that has been 
initially developed for lunar regolith mining (Zacny et al. 2010). The pneumatic 
regolith miner is similar to a conventional vacuum cleaner; however instead of 
creating suction at the nozzle mouth, a compressed gas is injected, moving the 
captured soil within the nozzle up the tube and through the cyclone separator into 
a soil bin. Figure 12.38 shows a pneumatic excavator integrated onto the NASA 
Ames research Center K10-mini platform. The system has been successfully test-
ed in a 3 meter long bed filled with GRC-1 soil simulant within a 3.5 long vacuum 
chamber (Zacny et al. 2008).  

 

Fig. 12.38 Components of the pneumatic mining rover 
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Fig. 12.39 Various approaches to sample acquisition using pneumatic systems embedded 
inside a lander footpad 

For acquisition of small samples for scientific analysis, the  pneumatic system 
could be integrated, for example, within each of the footpads of a lander. Sam-
pling tubes could either be fixed or deployable, flush with the footpad or sticking 
beneath the footpads (Fig. 12.39). One would use deployable tubes if there is some 
risk that the lander will not contact the surface perfectly vertically. If only near 
surface regolith is of interest, a tube that is flush with the footpad would be the 
method of choice (Zacny et al. 2008, 2012).  

With this type of deployment a level of redundancy is built into the system.  
For example, in case one of the legs lands on a rock the other two or three  
pneumatic tubes (if the lander has 4 and not 3 legs) will still be functional. Upon 
landing, the tubes within each of the legs will fill up with regolith. With one puff 
of gas, the captured soil can be lofted to a sampling chamber onboard of the 
spacecraft. Hence, this sampling system requires just one valve to open and close 
the gas cylinder and one actuator to open/close a sampling chamber. 

Pneumatic sample acquisition will be demonstrated for the first time on the 
OSIRIS-RE-x asteroid sample return mission (Fig. 12.40). Just recently, NASA 
has selected the OSIRIS-REx mission to travel to a near-Earth carbonaceous as-
teroid (101955) 1999 RQ36, study it in detail, and bring at least 60 grams of sam-
ple material back to Earth (OSIRIS-Rex, 2012). The sampling operation will be 
conducted using a Touch-And-Go Sample Acquisition Mechanism (TAGSAM)  
system. Upon contacting the surface, an annular jet of nitrogen pointed at a sur-
face fluidizes the regolith. This dusty gas escapes through a filter element within 
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the round sampler. The filter then captures regolith and lets the nitrogen escape 
into space. During this time, the surface contact pads also collect fine-grained 
material. After sample acquisition, the sampler is placed inside a Sample Return 
Capsule for return to Earth. 

 

Fig. 12.40 OSIRIS-Rex asteroid sample return mission will use pneumatics to capture at 
least 60 grams of asteroid material. Credit: NASA/Goddard/University of Arizona. 

12.6.9   Mobile In situ Water Extractor System 

Many approaches to extracting water from frozen soil follow a ‘terrestrial’ mining 
approach; they consist of mining ice or ice-bearing soil, transferring the feedstock 
to a water recovery plant, and then extracting and storing of the water. The Mobile 
In situ Water Extractor (MISWE) eliminates the transfer or processing of feed-
stock steps and in turn simplifies the water extraction process. The MISWE  
approach is to integrate both the mining and the water extraction systems into a 
single unit, integrated with the drill. The water extraction process follows three 
steps: 1) mining the soil using deep fluted auger, 2) extracting the water from soil 
within the flutes, and 3) discarding the soil. Hence only the water is transported 
back, while dry soil is left behind.  

A single MISWE reactor consists of the Icy-Soil Acquisition and Delivery Sys-
tem (ISADS), and the Volatiles Extraction and Capture System (VECS). The 
ISADS is a deep fluted auger that drills into the ice or icy-soils and retains materi-
al on its flutes. Upon material acquisition, the ISADS is retracted into VECS and 
sealed. The VECS consists of a cylindrical heat exchanger and volatiles transfer 
system (a reactor). The material on the deep flutes is initially heated and resultant 
water vapor is bled into a water collection canister by a one way valve where it 
condenses. The heat from the water collection canister can be circulated back into 
the reactor via a heat exchanger. After water extraction is complete the ISADS is 
lowered towards the ground and spun at high speed ejecting the dry soil via cen-
trifugal action. At the same time, the collected water is pumped from the canister  
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into a holding tank. The MISWE then moves to the next location and the operation 
is repeated. Once the water tanks are full, the spacecraft is launched back towards 
Earth or other destination.  

Since the regolith is not actually transferred, there is no need for a transfer  
system and associated mechanisms. Also, if a spacecraft is powered using Radioi-
sotope Thermal Generators (RTG) or more efficient the Advanced Stirling Radioi-
sotope Generator (ASRG), the heat generated by the unit can be transferred to the 
reactor. For example, the RTG on the 2011 MSL Curiosity rover generates ~120 
Watts electrical power and > 1 kW heat.  

Figure 12.41 shows a concept of the Asteroid MISWE with 8 water reactors  
attached to each leg of the lander. The reactors are placed at oblique angle to pro-
vide anchoring. Hence, reactors have dual use: anchor and water extraction. 

To determine feasibility of this water extraction approach, approximately 50 
tests were completed in vacuum chamber as shown in Fig. 12.42 (Zacny et al. 
2012). The MISWE breadboard, in the optimum configuration, has been demon-
strated to extract 19 grams of water from icy soil. The water extraction efficiency 
was 92% and the remaining 8% of water was lost and never captured. The power 
usage during the 30 minute process was 34 Watts. This translates to the energy 
usage of 17 Wh or 0.9 Wh/gram of water, or ~80% energy efficiency.  

 

 

Fig. 12.41 A concept of the Asteroid water extraction system called Mobile In situ Water 
Extractor (MISWE) with 8 water reactors attached to each leg of the lander. The reactors 
are placed at oblique angle to provide anchoring. Hence, reactors have dual use: anchor and 
water extraction. 
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Fig. 12.42 MISWE water extraction system being tested in vacuum chamber: 1. Icy soil is 
collected between auger flutes. 2. Auger is heated, releasing water vapor from soil. 3. Water 
vapor condenses on cold finger and collects inside a canister. 4. Liquid water is pumped out 
of the canister to holding tank. 

During the tests it was observed that a soil’s temperature can be used to moni-
tor the drying cycle. Once the temperature starts increasing it indicates that the soil 
is dry and the heat is no longer absorbed by the water sublimation process. Hence 
the heating process can be terminated making the extraction system more efficient. 
To make the process even more efficient, the power and duration of the applied 
heat and dwell time after the heating cycle could also be varied. 

A MISWE reactor with a 1 meter long and 20 cm diameter auger will be able to 
recover ~3 kg of water every 40 minutes from regolith with ~10 wt% water. As-
suming that it takes another 20 minutes for the remaining tasks (drilling to 1 meter 
depth, discarding of dry soil), a total of 3 kg of water can be recovered every hour. 
Thus the mass of water that the Asteroid MISWE system with 8 reactors can re-
cover per hours is 8 x 3 kg per hour = 24 kg per hour or 16 tons per month. At a 
very conservative cost of water at EML1 of $10K/kg, this translated to a value of 
extracted water of $160M.  

12.6.10   Percussive and Vibratory Systems 

Percussive and vibratory systems are employed in circumstances where reduction 
in excavation forces is of primary importance (Craft et al. 2009; Zacny et al. 2009, 
2012; Green et al. 2013). They are ideally suited to applications where the excava-
tor is very light, e.g. small robots and/or low gravity environments. The main 
drawback to these systems is that percussive or vibratory mechanism requires  
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additional power and in turn energy, which of course taxes the spacecraft energy 
supply.  

The difference between percussive and vibratory operation is that the former 
uses hammer blows (i.e. a scoop or other digging end effector is periodically  
impacted by some kind of a hammer), while the latter uses for example off-
centered spinning masses to induce vibrations along various planes. It should be 
noted that percussive systems also vibrate, but vibrations lies along the direction 
of the hammer blow. There are numerous ways of producing vibrations and  
hammering such as cam-spring, voice coil, magnetic and so on. Figure 12.43 
shows an example of vibratory scoop developed by Honeybee Robotics, at the end 
of a robotic arm. 

The reduction in digging forces in soils is attributed to reduction in friction  
angle because of soil dilation (increase in volume). That is vibrating or percussive 
scoops fluidize soil, which are therefore easier to penetrate. If soils have substan-
tial cohesion, percussive systems are probably better suited since these tend to  
impart various energy impacts to crusty soils. Note that in icy soils, where ice is 
firmly bonded to soil particles, neither of the systems will be able to succeed due 
to the high strength of ice-bound soil.  

 

 

Fig. 12.43 Vibratory scoop can substantially reduce excavation forces 
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12.6.11   The Regolith Advanced Surface Systems Operations 
Robot (RASSOR) 

The Regolith Advanced Surface Systems Operations Robot (RASSOR) excavator 
robot developed at NASA Kennedy Space Center and shown in Fig. 12.44 is a 
teleoperated mobility platform with a space regolith excavation capability. This 
more compact, lightweight design (<50 kg) has counter rotating bucket drums, 
which results in a net-zero reaction horizontal force due to the self-cancelation of 
the symmetrical, equal but opposing, digging forces. 

This robot can operate in extremely low-gravity conditions, such as on the 
Moon, Mars, an asteroid, or a comet. In addition, the RASSOR system is designed 
to be easily transported to a space destination on a robotic precursor landing mis-
sion. The robot is capable of traversing over steep slopes and difficult regolith  
terrain, and has a reversible operation mode so that it can tolerate an over-turning 
incident with a graceful recovery, allowing regolith excavation operations to  
continue.  

 

 

Fig. 12.44 The Regolith Advanced Surface Systems Operations Robot (RASSOR) 

The RASSOR excavator consists of a mobility platform with tread belts on the 
port and starboard sides that are each driven by electrical motors, but it could also 
operate with a wheel system to further reduce mass. Two batteries are mounted in 
a “saddlebag” configuration on either side. Two counter-rotating bucket drum 
digging implements are held by a rotating cantilever mechanism at the fore and aft 
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ends of the mobility platform. The cantilever arms are raised and lowered to en-
gage the bucket drum into the soil or regolith. A variable cutting depth is possible 
by controlling the angles of the cantilever arms.  

The unit has three modes of operation: load, haul, and dump. During loading, 
the bucket drums will excavate soil/regolith by using a rotational motion whereby 
scoops mounted on the drum’s exteriors sequentially take multiple cuts of 
soil/regolith while rotating at approximately 20 revolutions per minute. During 
hauling, the bucket drums are raised by rotating the arms to provide a clearance 
with the surface being excavated. The mobility platform can then proceed to move 
while the soil/regolith remains in the raised bucket drums. Finally, when the exca-
vator reaches the dump location, the bucket drums are commanded to reverse their 
direction of rotation to the opposite spin from digging, causing the gathered mate-
rials to be expelled out of each successive scoop. It can also stand up in a vertical 
mode to deliver regolith over the edge of a hopper container. For ore recovery 
from captured regolith, the buckets could be designed to form a reactor. In particu-
lar, once regolith is captured, the bucket drum can be sealed and the regolith inside 
it can be heated to recover valuable volatiles, such as water-ice.  

The RASSOR can operate with either side up in a reversible mode and it can 
flip itself over. This means the unit can drive directly off of the deck of a lander to 
deploy in low gravity, eliminating a deployment mechanism, which saves mass 
and increases reliability due to decreased complexity. The RASSOR system is 
scalable and may be mounted on mobility platforms of various sizes. 

12.7   Conclusions 

For decades, asteroid mining has been a very popular subject of study (Ross 2001; 
Sonter 1998; Lewis 1996). However, only recently a number of studies demon-
strated that capturing a small asteroid and bringing it back to cislunar space is 
feasible with a current state of technology (Brophy at al. 2011, 2012).  

In addition, the In situ Resource Utilization (ISRU) community has been very 
active in developing various planetary mining and processing technologies. The 
community published their research at various meetings and hence there exists a 
wealth of information on the subject. More information could be gained, for ex-
ample, by tapping into proceedings from the following meetings: Space Resource 
Roundtable, Planetary and Terrestrial Mining Sciences Symposium, the AIAA 
Space Conference and Exposition, and the ASCE Earth and Space Conference.  

However, when examining available literature, it becomes clear that there has 
been an extensive technology development for the Moon and Mars, but very little 
for asteroids. Some of the Moon-focused technologies could also be applied to a 
microgravity environment (i.e. asteroids), but each technology has to be treated on 
a case by case basis.  

This chapter attempted to consolidate asteroid focus technologies related to an-
choring, mining, and excavation. One notable commonality among these  
technologies is the low level of maturity. Only a few have even been tested in a  
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relevant environment. If NASA or a commercial sector is planning to explore 
these bodies, the excavation and processing technologies would have to be devel-
oped and tested from scratch. In technology development, all potential investors 
are of course concerned about the associated cost to increase the maturity of the 
technology. However, it takes many years to develop and mature a space-rated 
technology so it can be robust for commercial applications (i.e. multiple rather 
than a single operation). This timeline cannot be shortened by simply investing 
more money. Hence, it would be more cost effective in a long run to have a steady 
research and development effort even at a modest level of funding, rather than 
nothing for many years followed by a massive cash investment to meet a deadline.  

Useful Websites 

NASA Asteroid and Comet Watch http://www.nasa.gov/mission_pages/asteroids/main/ 
index.html 

JPL Near Earth Object Program; http://neo.jpl.nasa.gov/ 
NASA National Space Science Data Center Asteroid Photo Gallery; 
 http://nssdc.gsfc.nasa.gov/photo_gallery/photogallery-asteroids.html 
National Space Society’s Asteroid Page; http://www.nss.org/settlement/asteroids/ 
Planetary Resources; www.planetaryresources.com 
Deep Space Industries; http://deepspaceindustries.com/ 
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Chapter 13   

Closed-Cycle Pneumatics for Asteroid Regolith 
Mining 

Leonhard E. Bernold  

University of New South Wales, Sydney, Australia 

13.1   Introduction 

While it is believed that over 1.1 million Asteroids are circling the Sun, NASA 
counts 853 Near-Earth Asteroids of at least1 kilometer in diameter. These celestial 
bodies are without atmosphere and most of them without ice. Important for eco-
nomic mining is that the dry Asteroids contain fine regolith similar to the Moon. 

Bates and Jackson (1980) defined regolith as  

“a general term for the layer or mantle of fragmental and unconsolidated rock material, 
whether residual or transported and of highly varied character, that nearly everywhere 
forms the surface of the land and overlies or covers bedrock.”  

During 4.6 billion years, space weathering, bombardments by meteorites, solar 
and galactic particles, radiation and frequent quakes pulverized the “rocky” lunar 
surface that is now covered with a flower-like dust, leaving wonderful boot prints. 
Miyamoto et al. (2007) presented Japan’s Hayabusa mission to the 300 m diame-
ter asteroid Itokawa “covered with unconsolidated millimeter-size and larger gra-
vels” with patches of fine regolith in between. The researchers concluded that the 
finer particles had migrated below the rocks. McKay and his colleagues concluded 
that the same method of grain sorting happened on the Moon  

“The process of regolith formation can be divided roughly into two stages. Dur-
ing the early stage, shortly after bedrock is first exposed and the regolith is still 
relatively thin (less than a few centimetres), both large and small impacts can pe-
netrate the regolith and excavate fresh bedrock …it continues to be progressively 
modified by micrometeoroid impacts and by high-energy solar and cosmic 
charged particles…. Subsequent impacts may turn the regolith over (gardening) 
and bring young, buried regolith to the surface ... and the maturing process contin-
ues.” (McKay et al. 1991)  

The result of this gardening is a fine grained regolith that is between 4 m and 
15 m in depth. On the other hand, Kargel (1994) reported that observations of 
“Asteroids Ida and Gaspra suggest that there is indeed a layer of pulverized rego-
lith, probably at least 100 m deep.” McKay et al. (1991) also presented a grain-
size distribution where approximately 90% is smaller than 500 μm and 50% 
smaller than 100 μm. Tsuchiyama et al. (2007) surmised that the comparatively 
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lower percentage of fines below 100 μm was due to “(i) smaller grains having 
higher ejection velocity and therefore higher loss rates after impacts, (ii) selective 
electrostatic levitation of smaller grains and and/or (iii) size-dependent segrega-
tion by vibration (Brazil-nut).” This granular convection effect, where larger  
particles or stones slowly rise to the surface during seismic events, is part of the 
gardening effect discussed by McKay et al. (1991). 

Another characteristic important for mining regolith is its density, g/mm3, given 
either as bulk or relative density. Both increase with depth where particles are 
packed together ever tighter. Carrier et al. (1991) confirmed that “the in situ rela-
tive density of lunar soil has been found to be about 65% (medium to dense) in the 
top 15 cm, increasing to more than 90% (very dense) below a depth of 30 cm”. 
The extremely high density at greater depth can not be explained with the increas-
ing weight of the overburden compressing the lower layers. Carrier et al. (1991) 
experimented with lunar simulants and concluded that this phenomenon has to be 
the result of “Post-depositional vibrations of the material (e.g., by seismic waves 
associated with meteorite impacts) that produce a material with an initial relative 
density of 90% or more.” (Critical to predicting the density of regolith on asteroids 
is the observation that the rapid increase of density with depth can not be the result 
of self-compaction alone. In other words, lower gravity on Asteroids may not  
automatically lead to less densified regolith, as the seismic vibrations may be very 
effective in compacting regolith. 

Closely related to relative density of a soil are its porosity, diffusivity and  
permeability. The latter two are related to quantity of gas that flows through por-
ous medium such as dense regolith. This characteristic is of interest for terrestrial 
issues and is being studied extensively. For example, a group of researchers in 
Denmark recently looked at the cause-and-effect of these two coefficients in silt 
and volcanic ash (dust). Deepagoda et al. (2011) found that “soil compaction more 
than soil type was the major control on gas diffusivity and to some extent also on 
air permeability.” To calculate the flow rate of a gas in m3/sec, Darcy’s law is  
being used in its simplest form. Volumetric flux, a function of permeability, is 
multiplied with the pressure gradient divided by the gas viscosity.  

13.2   Mining Drives Human Prosperity  

Mining for precious material, be it amber, flint or copper, is as old as our civilisa-
tion. Gold rushes around the world opened new areas for agriculture and created 
wealth. In modern times, we still mine copper, iron or platinum once brought to 
Earth by debris from asteroids collisions. The drive to ever higher production led 
to larger and large equipment and more efficient methods. Today, surface mining 
is preferred to underground mining, even though large efforts have to be expended 
to strip large amounts of material from a buried ore deposit. Of course, Hollywood 
loves underground mining with its promise of quick riches, dark tunnels, deep 
shafts and deadly explosions. However, the timber supported narrow tunnels seen 
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in the films have been replaced with long-wall miners, feeders, remote controlled 
crushers, conveyors and even robot trucks. 

Will we extend our state-of-the-art mining technology to the Moon and Astero-
ids? Will the machines and tools perfected for terrestrial use be as efficient? Re-
viewing history of human exploration should provide us with some hints. The near 
catastrophic beginning of England’s penal colony in Sydney Australia winks from 
the past, alerting of the danger of assuming that what has been designed to fit one 
environment could be transferred to another. “They had very little building ma-
terial and the government had provided only a very limited supply of tools, which 
were of a bad quality. With the local trees being huge, and the wood hard, these 
tools were soon blunt or broken and building slowed” (Dunn and McCreadie 
2005). Eighteen years earlier, the British explorer James Cook had mapped the 
east coast of Australia. Similar to the present mapping spacecraft, Cook had 
sketches of the coast made from his ship, the Endeavour. However, what looked 
like normal elm or pine was, in fact, the extremely hard eucalyptus, or gum tree, 
unknown in England. This short story, which ended when the ships of the Second 
saved the First Fleet from starvation, highlights the historical importance of know-
ing and utilizing In-Situ-Resource Utilization (ISRU) when we venture into space 
to mine the Asteroids. 

13.3   Terrestrial Approach to Asteroid Mining  

Carrier et al. (1991) warned that the density of lunar regolith bellow 30 cm had a 
relative density between 90-100%. Although such highly compacted soil does not 
challenge the heavy diesel powered dozers or excavators on Earth, the high trans-
portation cost and the lower gravity makes the brute-force approach unfeasible. 
Between 1989 and 1993, a small research group at the University of Maryland 
(UMCP) began studying the problem of energy efficient surface mining on the 
Moon (Bernold and Sundareswaran 1990, Bernold 1992). After compacting 0.5 t 
of lunar soil simulant to the needed 90% relative density, having to make use of a 
large hydraulic press and a heavily steel reinforced container, terrestrial excava-
tion methods were used unsuccessfully. For example, a scaled robot backhoe  
excavator (Bernold 1991), simulating a 6 times larger bucket on the Moon, was 
unable to penetrate the dense soil-surface. The design of an earth-based experi-
ment has to consider the changed conditions existing on an Asteroid. This process 
is referred to as ensuring similitude. For space excavation, the most important 
factors to be considered, in addition to gravity, are the cohesion and friction angle 
of the regolith and the lunar simulant (Bernold 1991, Zacny et al. 2010). Because 
Carrier et al. (1973) was able to measure, we know that the peak cohesion of the 
returned samples is between 0.1-1.0 kN/m2, which is considered extremely low. 
On the other hand, the peak friction angles had a spread between 30o to 50o. The 
basalt based simulant used for the tests had a peak cohesion value of 14 kN/m2, an 
amount that is also considered minimal, and a friction angle of 39o, which lies well 
between the boundaries of the tested regolith. Thus, it is believed that a high level 
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of similitude was achieved with the designed set-up for the excavation focusing on 
the reduction of size and mass to 1/6. 

A second excavation tool was used, a dragline bucket also simulating the 1/6 g 
condition on the Moon with a bucket that was 1/6 its lunar size made of 
lightweight bronze material. It only scratched the compacted surface, while a third 
tool, a clamshell bucket, was not able to “clam” any soil. It became apparent that a 
different approach to soil loosening was needed. 

An extremely efficient, safe and highly compact technology to loosen dense 
material is related to Nobel, who invented dynamite as a secure, powerful source 
of chemical energy that could be translated into mechanical force. In fact, over 
250 explosives were used for every Space Shuttle flight to separate parts with 
special detonators performed without any miss-firings in the vacuum of space. The 
hypothesis of the research group at UMCP was that small amounts of the safe 
explosives detonated inside a hole drilled vertically into the lunar simulants would 
drastically decrease the amount of force and energy needed to extract the soil ma-
terial. Figure 13.1 presents three pictures from that effort.  

As explosives, 0.25 or 1.0 g of pentaerythritol tetranitrate (PETN) were used. 
The result of the chemical reaction is a large volume of gas that, if constrained by 
solid, will create pressure that can be used to perform work. One such application 
is to insert and stem the PETN into a small hole that was drilled into a large rock. 
Properly designed, the pressure created by the gas is large enough to crack and 
break it into smaller pieces. In the vacuum of an Asteroid, the effect would be 
very similar to what would happen on Earth with 1 atm. 

 

Fig. 13.1 Loosening and Excavation of Lunar Soil Simulant with 100% Relative Density 

In order to place the PETN at the proper depth without impacting the density of 
the soil around it, small vertical shafts had to be created to bury and stem the small 
amount of explosives together with the tiny blasting cap and wire, as depicted in 
Fig. 13.1(a). The scene shows a 20 cm high bench after 1 gr of PETN was ignited 
at 25 cm depth behind the face of the bench. Two more shots are ready to be 
blasted. Figure 13.1(b) presents the a cross-sectional view of the chimney, dome 



13   Closed-Cycle Pneumatics for Asteroid Regolith Mining 349 

 

and small crater created by a deep 1 gr PETN charge far from a bench. As indi-
cated, the loosening effect resulted in significant bulge on the surface while some 
of the material was ejected through the chimney. The effects of different PETN 
charges were measured using a robotic arm equipped with a force/torque sensor 
behind an excavator bucket (Bernold 1992). While following a programmed exca-
vation path, the energy used and the amount of soil excavated were measured after 
each test. As expected, the explosive loosening resulted in drastic force and energy 
reductions (Goodings et al. 1992, Lin et al. 1994).  

A side problem, which led to a new thinking, was the creation of the small and 
vertical borehole necessary to bury the small PETN charges. Various mechanical 
drills were tested, with none resulting in a long borehole with a desired small di-
ameter. Eventually, the team found that a drinking straw attached to a small va-
cuum cleaner was able to rapidly create perfect holes rapidly reaching the desired 
depths. Looking around, one finds that construction has adopted this non-
mechanical method of excavation to create holes in the ground to visually locate 
buried utilities. It’s referred to as suction, or vacuum, excavation. The main prob-
lem that remains is to find a light-weight and low energy method to transport soil 
from the place of extraction to the processing. The following section introduces a 
conveying system that has many characteristics extremely desirable to establishing 
an Asteroid miner.  

13.4   Principle of Pneumatic Conveying  

The term “pneu” always reminds me of my Swiss German times, as there is no 
such word in German. It was adopted from French, meaning a car tire, although 
the term pneumatic has been adopted from the Greek word pneuma meaning wind 
or breath. Of course, the effectiveness of wind to move things was welcomed by 
seafaring merchants, but was also feared in the desert where sand storms buried 
caravans and towns. Sand dunes and snow drifts are both example of pneumatic 
conveying of solids. The principles of the concept have long been adopted by man 
to build efficient and reliable transportation capabilities. “Pneumatic conveying 
system is a century-old technology of pipeline transportation that has been proved 
to be successful for conveying mail, telegraph, document, cash and other 
lightweight materials in some of the United State Cities. Besides, the system is 
also used to transport granular materials and powder over long distances.” (Cohen, 
1999) In fact, this technology is widely being used to move particles ranging from 
powders to pellets with bulk densities from 15 to 3000 kg/m3 (0.9 to 185 lb/ft3). 
Modern pneumatic conveying defines a method of moving solids suspended in or 
forced by a gas moving from a high to a low pressure are forced through horizon-
tal and vertical pipes. Common solid particles that can be up to 40 mm (1.6 in) are 
cement, flour, sugar, saw dust, plastic pellets, beans, cereals and grain. In dry and 
dilute conditions, such material is blown at a velocity of 5-30 m/s (16 – 100 ft/s) 
over long distances.  
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In a pneumatic conveying system, most of the energy is used for the transport 
of the air itself. The energy need for fast pneumatic conveying is relatively high, 
but this is often outweighed by easy handling and, in well designed systems, dust 
free solutions. 

Airflow is the result of a pressure difference in the pipe system. This is 
achieved by either creating high pressure at the intake side or low pressure at the 
output side. The fundamental physical principle of this operation is the ideal gas 
law: 

nRTpV =  (13.1)

where:  p = pressure of the gas, V= volume of the gas, n = amount of sub-
stance of the gas (in moles), R = gas constant (8.314 J·K−1mol-1),  
T = absolute temperature (in K). 

Boyle’s law refined the general law for a non-fluid condition where the  
temperature stays constant 

BBAA VpVp =  (13.2)

Equation (13.2) indicates that the value of pV for condition A in a closed cycle is 
equal to that for condition B. In other words, if the pressure between A and B goes 
down, the volume must go up along a non-linear convex curve.  

Both pressurizing and vacuuming tanks manipulate n, the amount of gas moles. 
With the help of a pump molecules are either added or removed from a tank with a 
fixed volume at a fixed temperature. Removing molecules results in a lower p, 
while adding molecules to the tank will increase the pressure. Connecting a 120 
kPa tank to a pipe system with the outside pressure of 101.3 kPa (1 atm), the air 
with the higher pressure or high n will reduce its pressure p from 120 to 101.2 kPa 
while, according to Boyle’s law, the air will expand its volume V when leaving 
the tank. Creating pressure differences between two ends of a pipe offers the pos-
sibility to build a closed system able to transport small particles for a long dis-
tance. Pneumatic transportation of many different kinds of materials and objects 
has gained acceptance for terrestrial applications because of its simplicity, reliabil-
ity, containment, opportunity for automation, and economics.  

13.5   Suction Intake Mechanism 

Many different technologies exist to load the material into the pneumatic system at 
the high pressure side. The goal is to supply the particles fed from 1 atm into the 
flowing air of the pipe without losing differential pressure. One such example is 
the rotary airlock feeder. Still, it is sometimes more desirable to use an open pipe 
or hose to suck up solids that are stored on the ground at1 atm. A good example is 
the vacuum cleaner where a pump creates a low pressure and the surrounding air 
pushes the material into and along the pipe to a cyclone or air-filter that separates 
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the solids. A modification of this concept is the Venturi based air injector intake 
system shown in Fig. 13.2.  

An air injector takes advantage of the Venturi effect created when a pipe with a 
flowing gas inside changes its diameter. This important phenomenon can be  
explained by considering the volumetric flow rate (Q = velocity times the surface 
area of pipe) that has to stay constant and Bernoulli’s equation for fluid dynamics 
(Eq. (13.3)).  

 

Fig. 13.2 Charging Pneumatic Conveyor with an Air Injector  

Figure 13.2 presents a situation where loose dry fines is pushed into the intake 
nozzle of a pipe by the high pressure of 1 atm (pA). This intake process is helped 
by the turbulence and high speed of the secondary air. The air blower injects air 
into an inline Venturi chamber which feeds into a conveying pipe with an assumed 
cross-sectional area AC = 0.01 m2. If a blower creates a speed of vC =12 m/s (40 
ft/s) inside the conveying pipe with AC = 0.01 m2, then the flow rate QC = 0.12 
m3/s (4.24 ft3/s). Because QC has to match the QI at the intake the air velocity at 
the intake with the smaller area is vI = QC/AI = (0.12 /0.003) m/s = 40 m/s 
(131ft/s). To calculate the pressure differences between the two pipes, the Ber-
noulli’s equation for dynamic fluids can be used:  

const
2

2

=++
ρ
p

gz
v

 
(13.3)

where : v = speed of fluid/gas, g = gravitational acceleration, z = elevation above a 
reference plane, p = static pressure, ρ = density of fluid/gas (air density at 20 ºC = 
1.2041 kg/m3). 

Since the elevation difference is zero, this function can be used in the following 
simplified form:  
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It is apparent that increasing the velocities in the two pipes, by increasing the 
blower speed or changing the pipe diameter, will change the dynamic and total 
pressures. This, in turn, will affect the production of the overall system.  

13.6   Closed Cycle Pneumatic Conveying  

Zacny et al. (2009) wrote that  

“pneumatic regolith mining system is akin to terrestrial vacuum cleaner in that gas mo-
mentum is used to move the solid particles into a bin. … On the Moon, there is no air, and 
in turn conventional blower-type systems will not work. However, compressed gas can be 
delivered at the nozzle itself, to ‘push’ the acquired soil up through the tubing and into the 
storage bin.”  

Prototype systems were stationary (Zacny et al. 2008) but could be mounted on a 
rover travelling across the surface (http://goo.gl/UjB0L). The problem with dust 
being kicked up and the limit of how much can be mined by a lightweight vehicle 
needing power replenishment makes it desirable to consider a stationary mining 
system.  

Figure 13.3 displays the concept of a closed-cycle mining system, powered by 
one blower, delivering regolith from a point of extraction to a fixed processing 
plant. The glass pipes are made in-situ, utilizing the abundant silicates through an 
extrusion process. 

Closing the gas cycle is enabled by the use of a cyclone separator, possibly put 
in series, removing all the fine particles from the gas stream. Different than in Fig. 
13.2, air does not flow from the surrounding atmosphere but, instead, the con-
tained gas moves from the cyclone to the low pressure return pipe leading back to 
the blower. 

Because of a lack of atmospheric pressure in vacuum, the static pressure value 
in Bernoulli’s equation equals 0 Pa. This will not impact the efficiency of the con-
veying system, as it depends slowly on the pressure differences. Finally, further 
Venturi injectors may be installed along the pipe in order to accelerate and elevate 
the particles.  
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Fig. 13.3 Concept of a Closed Cycle Pneumatic Regolith Conveying  

13.7   Creating a Subsurface “Atmosphere” 

It was discussed earlier that regolith on the Moon has been, over millions of years, 
vibrated to 90 to 100 % relative density. The same situation can be expected on 
asteroids as they were bombarded by meteorites small and large. As a conse-
quence, gas diffusivity and permeability, both impacted by density and the pres-
sure gradient, will be low. Naturally, maintaining a low pressure inside a cavern 
deep inside the compacted regolith will minimize the loss of gas through the pores 
of the soil. 

Creating a pressurizable seal between soil or rock and a pipe was of key impor-
tance in grouting layers of soil or rock around boreholes or permanent anchors. 
The objective is to fill the spaces in loose or cracked ground with a grout to in-
crease its density and reduce permeability without excavation. For this purpose, 
one or two inflatable packers mounted around a centre pipe, as shown in Fig. 
13.4(a), are lowered into the drilled hole and positioned at the desired depth. 
Through a separate tube gas or a liquid is pumped into the sleeve causing it to 
expand and press against the wall of the bore hole. The goal is to create a seal that 
will stop the grout that will be injected through another tube into the space below.  

While terrestrial packer systems are used to create spaces that can be injected 
with high pressure grout, one can easily see that the physical principle can be 
transferred into an environment with 0 atm. As Fig. 13.4(b) demonstrates, the tight 
seal created by the packer sleeve allows the space below to be pressurized in order 
to force the grout into the cracks that need to be closed. The following section will 
discuss how the principles were used to assemble a prototype pneumatic mining 
system that could be used to experiment under terrestrial conditions.  
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Fig. 13.4 Principle of the Inflatable Borehole Packer 

13.8   An Experimental Pneumatic Regolith Mining System 

Conducting scaled experiments on space technology under terrestrial conditions 
consider requires consideration of two types of similitude. The first addresses the 
sizing of the model in relation to the actual condition, while the second concerns 
itself with the differences between Earth and the space object, such as an Asteroid. 
For pneumatic conveying the two main parameters are: a) gas velocity, and b) 
gravity force. As was discussed earlier, the velocity of the gas inside a closed-
cycle system is a function of the pressure gradient and the cross-sectional area of 
the pipe. The effect of a reduced gravitational acceleration on particles within a 
pneumatic system was studied by Sullivan et al. (1994) for both horizontal and 
vertical transport. By installing a test apparatus into NASA's KC-135 aircraft, the 
team was able to validate the predicted values for chocking velocities of in lunar 
gravity at 1/2 - 1/3 of the velocity needed at 1 g. The question is still open regard-
ing how to simulate the micro-gravitational acceleration gA on an Asteroid on a 
soil particle with a mass m (FgA =m·gA) on Earth. For the purpose of this initial 
study basaltic simulant particles with sizes smaller than 75 μm were used.  

The prototype mining system displayed in Fig. 13.5 consists of seven modules: 
1) Vibratory simulant compactor, 2) gas supply to extractor, 3) simulant extractor, 
4) pneumatic conveyor, 5) filter separator, 6) low pressure gas return, and 7) 
blower. 
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Fig. 13.5 Prototype Regolith Miner 

The closed-cycle mode of the air movement is indicated by the arrows starting 
at the variable speed blower on the bottom. Fed by the return air from the simulant 
separator, positioned on a table to the right, it “pushed” the air into the pipe lead-
ing to the mining nozzle installed into the compacted simulant. Also noticeable is 
the fact that the conveying pipe is larger than the tube used to lift the soil vertical-
ly out of the sub-surface cavern. 

The following section will elaborate on the method used to prepare the simulant 
for the extraction experiments.  

13.9   Vibratory Compaction 

In a study by Bernold (1994), it was found that vibratory compaction inside a 
mould with a surcharge is an efficient method to compact the fine non-cohesive 
regolith simulant. Figure 13.6(a) presents the initial design of a container mounted 
on a vibrating table with a desired surcharge of 175 kg providing a standard load 
pressure of 0.14 kg/cm2 during vibration. Due to money limitations, the design 
was adapted so that available container parts and weights could be utilized. A new 
1hp vibrating table capable of 3,000 vibrations/minute (VPM) created a centrifug-
al force of 4.92kN. Figure 13.6(b) shows the system that was put together.  
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Fig. 13.6 Design and Fabrication of the Simulant Compactor 

Basalt fines and dust were mixed to represent an average lunar simulant, and 
filled into a deep container mounted on a vibrator. As observed by Bernold 
(1994), vibrating fine simulants will increase its density until the smaller particles 
have filled up the space between larger particles, thus increasing both the absolute 
and relative density.  

Vibrating beyond this point, in time may eventually lead to a desegregation of 
the soil, especially when it has too much of the very fine particles. In order to find 
the densification curve of the prepared simulant, several time-based tests were 
conducted to compare vibrating time with the settlements of the weights into the 
container. The results of these measurements are shown in Fig. 13.7. 

 

 

Fig. 13.7 Time Dependent Vibratory Compaction of Regolith Simulant 
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As expected, the increase in compaction stabilizes after a certain time and even-
tually reaches a platform. Figure 13.7 graphs the first 7 minutes which, consider-
ing earlier tests, represents a soil with 90% relative density. Thus, this simulant 
mix will achieve a density of 1,750 kg/m3. However, for the purpose of the mining 
experiments, it was decided to vibrate for 7 minutes to a density of approximately 
1,500 kg/m3.  

13.10   Installation of Pneumatic Soil Extractor 

Similar to the packer for soil or rock grouting in terrestrial applications, a starter 
hole that is slightly larger than the service tube has to be created to a depth where 
the packer can be inflated safely. The goal is to find a soil layer that is sufficiently 
dense in order to “endure” the pressure exerted by the pressure of the inflating 
packer sleeve. Of course, the packer sleeve forces exerted onto the surrounding 
soil are directly related to the internal pressure selected for the efficient pneumatic 
conveying.  

As we learned earlier, the top layer of regolith on an Asteroid will be loose with 
rapid densification further down. By using an appropriate drill on an Asteroid, the 
creation of a starter hole will be left to a small mine installation manipulator that 
would create an opening, similar to the one shown in Fig. 13.8(a).  

 

Fig. 13.8 Preparations to Install Mining Nozzle  

Finally, the mining nozzle can be installed into the starter hole with the air 
supply pipe attached to the mining nozzle and the lift tube feeding into the con-
veying pipe. Figure 13.9 presents a sketch and a picture of the completely installed 
extractor.  
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Fig. 13.9 Design and Final Assembly of the Mining Nozzle 

Figure 13.9(b) shows a picture of the prototype with the vertical tube, made of 
clear plexiglass that is bent into a 90 degree elbow. The end of the lift tube feeds 
into the 50 mm diameter horizontal conveying pipe which, in turn, is connected to 
the dust filter.  

Inflating the packer sleeve and joining of the pipes to the blower and the air  
filter closes the air flow cycle. The next section will present the results of the  
experiments conducted to assess the performance of the miner.  

13.11   Performance of Mining Nozzle Designs 

The goal of the first test with the prototype was to compare a basic straight end 
with that of a conical funnel extension. For these basic tests, the lift tube was lo-
wered in increments of 30 mm with the bottom of the starter opening defined as 
depth 0 mm. After each advancement, the packer sleeve was inflated and the 
blower turned on until the air in the lift tube was clear. This was followed by the 
removal of the entire mining nozzle to measure the size of the additional cavity 
that was created, photographic documentation, and finally the weighing of the 
removed simulant using an electronic scale. Because the 450 mm deep drilled 
shaft was only 75 mm in diameter on the top section and 27 mm at the bottom, 
precise measurements were impossible. As will be discussed, however, the corre-
lation of the projected values with the accurately measured masses for each 3 cm 
increment provided an evaluation of its accuracy. Future tests with larger diameter 
nozzles should allow the use of a scanning device to measure the contour. 
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Preliminary tests to measure static and dynamic pressure to calculate the air  
velocity had shown that the atmospheric pressure would supply sufficient air to 
extract and lift the simulant particles into the larger conveying pipe. As a result, 
the blower created an under- pressure (below 1 atm) on the filter side, which va-
ried with the speed of the blower. Since the goal of the experiment did not include 
a testing of mining production, the blower was generally kept at 25 Hz, resulting 
in an air speed of approximately 40 km/hr inside the conveying pipe with a cross 
sectional area of 1520 mm2. The same air velocity is used in the industry for the 
dilute phase conveying of fluidizable, mildly abrasive material such as silica flour, 
fly ash or cement. Of course, cement and silica flour have particle sizes that match 
that of basaltic dust used to simulate asteroid regolith.  

13.11.1   Geometries of Cavity Formations 

While it was expected that the conical funnel would result in a larger diameter 
cavity, a marked difference in the resulting shaft was observed. Figure 13.10 of-
fers views of the openings created by the two nozzles.  

 

Fig. 13.10 Bird’s-Eye-View Comparison of Excavations Using Different Nozzle Shape 

Immediately apparent are the chafes in the smooth upper walls ending at the 
dashed circle, marking the bottom of the starter hole. These grooves were non-
intended by-products of the imperfect fabrication of the packer, in particular, the 
use of hose clamps with worm gear and steel band to build the packer sleeve (see 
Fig. 13.8). Pressurizing the packer sleeve to reinflating the packer after each  
increment caused the hose clamp to scratch the smooth wall and the rubber sleeve, 
making new indentations. Of course, inserting the long nozzle into the narrow 
opening led to accidental damages, as well. Naturally, each time the loosened 
simulant fell into the cavity bellow it was picked up by the miner. The discussion 
of the mining data will show that the effect of these inadvertent damages to the  
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vertical wall can be recognized easily. At each level, an opening with a minimum 
of 28 mm was created and partially abraded by the air flowing to the tube entrance 
after it had been lowered to the next level. 

Both mining operations reached the desired depth of 150 mm. Striking are the 
totally different wall surface shapes. The straight 18 mm diameter tube, depicted 
in Fig. 13.10(a), created a wall with deep undercutting resembling washed out 
cliffs at ocean shores. This observation can be explained by the incremental lower-
ing of the suction tube by 30 mm and the resulting turbulences. The inverted fun-
nel, with its 73 mm large opening pointing downwards, produced an almost  
perfectly smooth wall surface presented in Fig. 13.10(b). One recognizes that the 
funnel only allowed about 3 mm space around the perimeter for the air to reach 
the low pressure zone at the stem of the conical funnel mouth. This ring of air 
flowing and abrading the soil from the wall represents an area of 970 mm2. By 
disregarding the small pressure differences between the conveying pipe and the 
mining nozzle, one can approximate the air velocity around the perimeter as 40 
km/hr (1519 mm2 /970mm2) = 62 km/hr. In a sense, this speed constitutes an equi-
librium state between the simulant density and the force of the flowing air. It is 
understood that more and better observations are needed to explore this fact in 
more depth.  

13.11.2   Comparing Output  

The final section of the chapter discusses the output of the mining operation with 
measurements every 30 mm presented in Fig. 13.11. 

Again, the nozzles using the straight-end tube and the funnel are being compared. 
As indicated, the Y-axis represents the computed output as the mass of simulant 
excavated after the suction nozzle was lowered by 30 mm. The beginning level was 
set at the bottom of the starter opening. Thus, the data shown at a drilling depth of 3 
cm represents the amount of soil that was mined between 0 and 30 mm. 

For each nozzle design, three values are given. The solid line plots the weight 
increase of the conveying pipe and the filter measured using an electronic scale. 
The dashed lines represent predicted values computed from the newly created 
cavity in mm3 and two densities, 1500 and 1700 kg/m3. 

Predictably, the use of the funnel resulted in a significantly larger output per 30 
mm increment, with an average of 0.33 kg compared to0.06 kg.. As mentioned 
earlier, the effect of the accidental damages to the smooth shaft surfaces are be-
coming apparent in that the weight measurements are inexplicably higher at cer-
tain depths. A point in case is when the straight tube results are compared at a 
depth of 9 cm. The electronic scale showed a value indicating an amount of simu-
lant double that calculated using the volume as the base. This discrepancy can be 
explained by comparing the bird’s-eye- view shots of the shaft at 6 and 9 cm. It 
shows that the first rim, created by an undercut, had collapsed just before or dur-
ing the installation of the nozzle at 9 cm depth. Figure 13.10(a) indicates the fallen 
off rim with the possibility of additional small collapses. 
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Fig. 13.11 Simulant Extraction During Incremental Advancements  

Similar effects of dropped soil material are observable for both methods when 
measuring the first output at 3 cm. Most pronounced is the additional 0.15 kg 
which must have fallen from the wall during the first packer installation. A similar 
drop has possibly occurred for the straight tube case, but only very little fell into 
the area that the tube reached.  

In summary, the conducted mining experiments with two different suction noz-
zle designs proved the efficacy of the pneumatic mining of soil simulants at  
90-100% relative density. They also showed that with changes to the nozzle, large 
output changes can be expected. It also showed that the small scale prototyping 
limits the accurate measurements, a drawback that has to be overcome with care-
ful observations.  

13.12   Conclusion 

The design and development of Asteroid miners is hampered not only by a lack of 
design standards, on which engineers depend on Earth, but also a vague under-
standing of relevant characteristics of soil and rock to be mined. On the other 
hand, data gathered from the Moon and some Asteroids indicate that the lunar 
conditions might provide useful information about what can be expected. Based 
on this belief, the research presented in this paper uses the geo-technical know-
ledge that was gained from the activities during and after the Apollo program to 
establish similitude between Earth and an Asteroid of unknown size.  
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Early research work on lunar mining, which was guided by terrestrial “think-
ing”, proved that the brute-force approach to mining the fine, but dense, regolith 
will be extremely expensive and difficult to make sustainable. Even the use of 
energy efficient explosives to loosen the compacted simulant had only a minor 
effect on energy needed for digging and transporting the soil. Furthermore, the 
amount of levitated dust created using mechanical earth-moving technologies 
would create high risks to moving equipment, as well as to humans.  

This paper presents an alternative approach. Pneumatic closed-cycle regolith 
mining on Asteroids takes advantage of several ISRU’s, such as the highly densi-
fied fine regolith, lack of clay and the presence of large amounts of silicates in the 
soil. Similar to the Moon, we might find that the gardening effect on Asteroid 
surfaces did create areas with tightly compacted fine soil. Data from the Asteroid  
Itokawa adds more certainty to this thought. Its extremely low permeability is 
considered another ISRU resource, as it offers the opportunity to create a cavity 
below surface that can be pressurized to establish an artificial atmosphere. Al-
though experiencing a different amount of gravity acceleration, the physical laws 
of gases, the Venturi effect and Bernoulli’s formulation of fluid dynamics can be 
adapted. Applying the principle laws of physics to the dense fine regolith simulant 
a closed-cycle pneumatic mining prototype system was built and tested. Similitude 
of the soil was established by using only the fine basalt dust which also has similar 
low cohesion.  

The experimental testing of two different mining nozzle designs in compacted 
simulant highlighted the problem related to measuring accurately in small scale 
models. Nevertheless, the pneumatic miner, set to an air-velocity of 40 km/hr, 
easily removed the soil around the nozzle and lifted it into the conveying pipe.  
Incremental advancements of the nozzle into the formed cavity, allowing the 
weighing of the removed simulants and the photographing of the progress, con-
firmed the consistent performance of both nozzles. As expected, the larger size 
funnel type nozzle led to a larger output than the straight end tube. However, the 
shape of the conical funnel forced the air flow to its rim where it created a circular 
ring opening, causing an increase in velocity (smaller area) until a balance of the 
abrasive and the resistive force was found. 

 The results of the presented work indicate that pneumatic mining of the Aste-
roids offers a viable technology able to take significant advantage of ISRUs. Low-
er gravity, low permeability of the dense regolith, and solar energy are as useful as 
the abundantly available silicates that can be heated and extruded into conveying 
pipes of any shape. The needed gas can be processed from the soil or brought as a 
liquid from Earth.  
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Chapter 14  
Extracting Asteroidal Mass for Robotic 
Construction 

Narayanan Komerath, Thilini Rangedera, and Scott Bennett 
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14.1   Introduction 

Near Earth Objects (NEOs) offer convenient low-gravity sources of the resources 
needed to extend a permanent human presence beyond earth, and build a Space-
based economy. In previous work (Wanis 2005), we considered the concept of  
automatically forming closed wall shapes such as cylinders in Space from solid 
material of random shape and multidisperse size distribution, using “Tailored 
Force Fields”.  This addresses the primary obstacle to building radiation-shielded, 
1-G habitat modules in orbit. The mass required for long-term radiation shielding 
comes from low-gravity locations such as NEOs. Vanmali et al (2005) laid out  
requirements for such a mission to an NEO imagined to be at earth-sun L-4. 
Rangedera at al (2005) considered the conceptual design of a robotic machine to 
do surface excavation on a typical NEO. The present chapter is derived from 
Rangedera et al, presented at a Space Systems conference in Atlanta in 2005, but  
modified to consider returning the mass for processing to Earth orbit, instead of 
building habitats.  

Previous work on extraterrestrial resource exploitation has considered harpoons 
to anchor a drilling craft onto the surface of a NEO in order to drill out material 
for mining.  Muff et al (2004) proposed a nuclear-powered bucket-wheel excava-
tor. The vehicle would roll along the lunar surface and scoop up material with a 
bucket wheel. This machine would use its own weight to apply downward pres-
sure to dig into the ground with the teeth of each bucket. Such a device is suitable 
for loose sandy material found on planetary surfaces, filling the role of a lifting 
machine rather than a cutter. The NASA Deep Impact mission demonstrated  
automatic adjustment of its navigation at high speed to intercept a comet. This 
demonstrates a solution to part of the problem of robotic NEO rendezvous. 
Barucci et al (2008) describe the Marco Polo mission to return samples from a 
NEO. Our interest is in developing a solar-powered solution that can then be used 
repeatedly away from earth for long-term resource exploitation. The craft thus 
considered has to be autonomous and versatile. The Rockbreaker shown in Fig. 
14.1 is a multipurpose robotic craft designed primarily to cut rocky material to 
construct habitats. The craft is to independently rendezvous with a NEO and  
attach itself. The craft uses plasma jets and laser cutters in order to cut out 20 cm 
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cubic blocks and make them float into a helical cloud away from the NEO. The 
design is suited to extra-terrestrial resource extraction from low-gravity NEOs. In 
this chapter, we specialize the mission to a ‘typical’ choice of Near Earth Object.  

 

 

Fig. 14.1 Conceptual Drawing of the Rockbreaker robotic NEO resource extractor craft 

14.2   NEO Population 

NEO sizes range from dust-sized fragments to objects tens of kilometers in diame-
ter (Bottke 2002). The lower limit of detectability is generally on the order of a 
few hundred meters diameter. Jones et al (2002) discussed short-duration missions 
to small NEOs of several meters in diameter, which could be reached with very 
low energy requirements. Mainzer et al (2012) studied NEO subpopulations that 
might pose threats to Earth using a Wide-field Infrared Survey Explorer space-
craft. Roughly 4700 NEOs have been found with diameter greater than 100m, 
which pose a possible threat to Earth, of which around 100 are accessible with 
mission ΔV comparable to that for lunar missions, though the mission time may be 
on the order of years (Christou 2003). Alotabi et al (2010) developed a roadmap 
on asteroid mining technologies and applications. Christou (2003) provides guid-
ance in selecting NEO mission destinations. Objects in orbits similar to that of 
Earth are the easiest and fastest to reach.  An orbit eccentricity range of 0.3<e<1.2, 
and an inclination limit of 5°, along with limits on object size, still leaves at least a 
few dozen possible NEOs. One possibility is 1996 FG3. 

Asteroid mining and resource extraction requires numerous steps (Alotabi 
2010). Even after detailed prospecting using robotic spacecraft, a number of  
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specialized tools and processing systems must be available to extract the desired 
substances, prior to returning them to Earth. On the other hand, other needs of a 
space-based economy require mass of any kind that can be obtained from low-
gravity sources such as NEOs. For instance building radiation shields for habitats 
or counter-masses for tether systems are applications where waste from mineral 
processing can be utilized. Thus we conceptualized a system that can return large 
masses to Earth orbit, where detailed processing can be distributed over several 
facilities. This reasoning leads to the choice of an architecture where a large mass 
is returned without detailed triage as to immediate usefulness. 

Alotabi (2010) considered several architecture options for NEO resource min-
ing, and selected one where the entire NEO was returned to low Earth orbit for 
mining and extraction. This limits the choice to NEOs that are small enough to be 
so returned by attaching propulsion units and propellant tanks to the NEO. It also 
creates a substantial monolithic object that poses risks if it ever encounters Earth’s 
atmospheric drag. However, the difficulties in conducting the multiple exploration 
and sample return missions and the mechanical and chemical processing involved 
in resource extraction, might drive such a drastic choice. 

We reasoned that mass return can occur over several years, once a continuous 
system is set up. The consumables of the mining craft must be replenished and 
mass return packages must be sent in time to replace those that are sent back to 
Earth. But this system allows also for the resource extractor craft to move from 
one NEO to another if the orbit energies and transit times are reasonable. The 
requirements for the Rockbreaker are given in Table 1, modified from Rangedera 
et al (2005). Given that most early NEO missions will be near the orbit of Earth, 
and these missions are not time-critical unlike human spaceflight, solar sail pro-
pulsion is an attractive choice. Since the solar sail is a low, continuous thrust pro-
pulsion system, it is difficult to find the best possible trajectories without detailed 
numerical optimal control methods. To circumvent this problem, Rangedera et al 
(2005) simply used the results obtained by solar sail trajectory experts, and scaled 
the sail area for the required payload, to match the sail loading for which those 
results were obtained.  

14.3   Requirements Definition  

Dachwald and Seboldt (2005) used artificial neural networks (ANNs) along with 
evolutionary neurocontroller algorithms (EAs) to optimize for solar sail craft tra-
jectories. We use their calculations of a solar sail mission to 1996FG3 “InTrance”. 
A total sail craft mass of 148 kg (75 kg payload and 73 kg sail assembly) would 
have a 2500 m2 sail area. Characteristic acceleration was on the order of 
0.14mm/s2.  The transfer time was 4.15 years starting from earth escape. The 
characteristic acceleration is due to the solar radiation pressure (SRP) acceleration 
acting on the solar sail that is oriented perpendicular to the sun-line at 1 AU.  
Technology advances can be used to increase sail area for the same mass, thereby 
increasing the characteristic acceleration and reducing the transfer time signifi-
cantly (Barucci 2008). Alternatively, the total craft mass can be reduced. The 
Dachwald/ Seboldt design envisages total sail craft loading of 0.0592 kg/m2.   
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Scaling the sail area needed for the same trajectory, we see that the sail area need-
ed for our mission would be 833,000 m2 and the total craft mass for a 25,000 kg 
Rockbreaker craft would be 49,333 kg.  Recent experiments (Wilcox 2000) have 
demonstrated a nested sail deployment concept which promises area density of 
0.01 kg/ m2.  With this technology, the sail mass can be reduced, and the sail area 
required is less than 510,000 sq.m. The total mass at Earth escape would be just 
over 30,000 kg, consisting of a 25,000 kg Rockbreaker craft, and a 5080 kg solar 
sail assembly.  

Table 14.1 Mission requirements of the Rock Breaker 

Requirement Assumptions / choices 
Single unit launch from Earth. Avoid on-orbit assembly costs. 
Travel to L-4 using solar propulsion Minimizes launch mass and takes ad-

vantage of the 1 A.U. destination. 
Rendezvous with a low-gravity NEO NEO size is at most only a few kilome-

ters. 
Attach itself to the NEO in order stay 
anchored while cutting 

Removable attachment means suitable 
for many sorts of surfaces. 

Cut out a large amount of mate rial in the 
form of discrete blocks, within a short 
time and loosen the blocks enough to 
float apart at controlled speeds. 

Discrete blocks is a conservative choice; 
blasting is presumed to be unacceptable 
because of poor control on ejection ve-
locity 

Detach itself and move to another loca-
tion on the same NEO, or leaving the 
NEO. 

Craft used for repeated quarrying/ as-
sembly/ resource extraction, with possi-
ble refill of cutting / maneuvering gas. 

14.4   Systems 

14.4.1   Power Generation and Transmission  

As the craft reaches its destination, its systems are powered up. The 0.5 sq. km 
solar sail is formed into a solar collector, focusing sunlight directly to the power 
supplies of the laser system, and on high-intensity solar cells to power other sys-
tems. Efficiencies of up to 38% have been achieved in the laboratory (Saiki 2005) 
in converting broadband sunlight directly to 1064-nm laser radiation using a Cr2-
doped Nd-fiber laser. This breakthrough is well suited to our application, since the 
primary tool used by the Rockbreaker is a Nd-fiber laser cutting tool.   

14.4.2   Cutting System 

The system conceived to cut material from the surface of the NEO consists of  
six lasers each of 25KW, conveying pulsed beams to 60 nozzles arranged at the 
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“fingertips”, five to each arm, of 12 cutting arms, each laser beam sheathed in an 
annular plasma jet. We propose evolved versions of the above laser to perform 
most of the cutting functions of the Rockbreaker. Laser cutting tools have very 
low tool attrition, enabling maintenance-free operation for long periods with a 
variety of materials. These lasers offer the highest power density available in the 
industry and are two orders of magnitude faster than rotary drills for rock drilling. 
The Nd fiber laser offers 10 W/kg and long operating lifetime, exceeding 100,000 
hours, compared to 10,000 and 25,000 hours respectively for Nd-YAG and CO2 
lasers. A single fiber strand of a few microns can already generate and deliver 
over 1kW; this is expected to rise considerably. A typical 700W fiber laser gener-
ates a beam intensity of more than 50MW/cm2. A beam power density of less than 
1kW/cm2 sufficed to cause thermal spalling of sandstone and shale, both of which 
have similar densities to silicon dioxide. The major uncertainty about NEOs is 
their composition. Given this uncertainty, the latent heat of melting of silicon di-
oxide was used in our calculations, assuming that 25% of the energy required for 
melting sufficed to crack the material. Fusion cutting, where laser energy melts 
and cracks the material, and a gas jet blows out the debris, requires only 10% of 
the power and 3% of the time for vaporization cutting.  

14.4.3   Plasma Cutting Mechanism 

A plasma jet sheath around the laser beam blows away the material being heated 
and fractured by the laser, and exposes fresh material to the laser beam. Non-
metallic NEO materials are amenable to a non-transferred plasma jet, where the 
torch nozzle becomes the anode. The pressures, standoff distance and nozzle ex-
pansion ratio are parameters used in optimizing the cutting trench width and the 
stagnation pressure exerted on the cut blocks (see Fig. 14.2) to move them in de-
sired directions (including the original objective of floating them away from the 
NEO for the construction application).  

The electrodes are consumables that require periodic replacement; currently at 
less than 1000 hours.  Generating a thin jet sheet in vacuum presents substantial 
difficulties, for which the aerospike nozzle provides a partial solution. The storage 
volume and mass on the craft limit the amount of gas that can be carried for the 
plasmajet, so that minimizing the mass flow rate is critical. Electrode attrition and 
gas mass severely restrict use of the plasmajet.  

14.4.4   Hybrid Aerospike Cutting System (HACS)  

A hybrid laser and plasma cutting system is proposed for the Rock-Breaker de-
sign. The main cutting tool that breaks up the surface material is the laser, while 
the plasma jet finishes the process by removing waste material from the trench and 
pushing the block out of the trench. The HACS is lowered from the craft on a 
vertical pillar. HACS has two main booms and can extend from the craft using a 
telescoping feature. At the end of each boom are 6 arms to lower 10 cutting noz-
zles each to the ground. Contained in each arm is a laser. The two arms rotate 
around the pillar in the vertical axis. The outcome is a spiral-cutting pattern. The 
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rotor design, spiral pattern, and telescoping arms maximize the surface area cov-
ered by the HACS, and thus the amount of material that can be cut when the craft 
is anchored in one location. Vanmali (2005) described an optimized cutting se-
quence to generate the most cut blocks in minimum time. This is matched to the 
rotating/telescoping arm and multiple-fingers design. 

 

 

Fig. 14.2 HACS operation, showing force exerted on the blocks by the plasmajet 

14.4.5   Truncated Linear Aerospike Cutting Nozzle 

A linear truncated aerospike nozzle (Huzel 1967) design is employed, similar in 
concept to that in the X-33 vehicle. The linear design stacks several modules to 
produce an effective “knife edge”. The laser beam is directed through the truncat-
ed base into the recirculation zone downstream, which adjusts itself to the  
pressure of the jet, forming a virtual spike. The laser beam is thus sheathed in a 
high-speed plasma jet, while the flow immediately in contact with the laser deliv-
ery lens remains at a low speed. The jet sheath and the recirculating base flow 
region protect the delivery lens from abrasion. 

14.4.6   Integrated Rendezvous-Anchoring Maneuver-System 
(IRAMS) 

NEO rendezvous is complicated by NEO spin and tumbling motions, which will 
demand a considerable magnitude of maneuvering ΔV. Reactions from any cutting 
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operation must be absorbed by anchoring the vehicle on the surface of the NEO. 
We use a concept derived from the Impact Screwdriver that converts an axial,  
impulsive load to torque, matching the dynamics of the system to a pulsed solid-
grained plasma thruster. Each leg of the vehicle is provided with an IRAMS 
pulsed plasma thruster which can be oriented in any direction for maneuvering. At 
the terminal stage of rendezvous, each leg approaches the NEO surface with a 
large-pitch, deep-thread drill-bit or auger facing the surface. At impact, the inertia 
of the system translates into the first torque. Following landing, the plasma 
thruster operates in short bursts, with the reaction driving the solid fuel grain into 
the torque hammer groove, causing high torque on the spring-loaded threaded tool 
(Fig. 14.3). Ten to twenty centimeters of travel into the surface, depending on its 
hardness and brittleness, will suffice to anchor the craft in place.  

 

Fig. 14.3 Impact Driver 

Pulsed, solid-grained plasma thrusters offer precise pulsed operation, cold start, 
intermittent duty cycles and reliable, storable solid grain. They are thus the best 
choice for long-term operation. Again, the solid grain is a consumable, but it is not 
expected to be a limiter of the craft’s lifetime. Being a mass-spring system, the 
IRAMS can be optimized. We used a dynamical model of the IRAMS to obtain 
the natural frequency combination that would produce the highest amplitude. As 
shown in Vanmali (2005) the time between pulses depends on the natural fre-
quency of the system, which should be matched with the thrust pulse rate to 
minimize power loss from thrust to torque output. 
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14.5   Auxiliary Systems 

14.5.1   Active Beam Dynamics 

The pulsed thrust of the plasmajets from the 60 independent nozzles will be phase-
controlled to cancel out all but the lowest-order modes of bending of the 
Rockbreaker’s arms during the cutting operation. This will also be used to control 
the arms during use as manipulators.  

14.5.2   Sensor Systems 

Sensor systems special to this craft, beyond those required for a standard space-
craft, include ground penetrating radar (GPR), which has been used on Earth to 
map geophysical properties (Olhoeft 2002) under the surface.  Its role on the 
Rock-Breaker is to scout out favourable areas on the surface of the NEO before 
anchoring onto a location. The system to be used has an antenna frequency range 
of 0.5 - 1 GHz for medium to shallow penetration with a high-resolution radar 
survey. Optical sensors will be needed to control the temperature of the materials 
being heated by the Rockbreaker, as well as to see obstacles and samples.  

14.5.3   Propellant Tank 

The plasma jets feed off an argon (Hypertherm 2012) propellant tank. The tank 
structure mass is estimated at 5% of the total propellant mass. The plasma jet in its 
current application has an estimated power range of 1-10kW and current not ex-
ceeding 200A (Bauchire 2004). For these limitations, the mass flow rate range is 
0.03-1.2g/s (Kelly 2004; Gibbs 2002).   

14.5.4   Robotic Manipulator Operations 

The robotic arms have enough degrees of freedom to be ideal as manipulator arms 
for use in Space-based construction. The four deployable legs with the IRAMS 
enable precise maneuvering of the craft.  

14.5.5   Command and Control 

The Hayabusa mission showed the extreme challenges in command and control 
encountered while attempting a mission to a Near Earth Object. For the purposes of 
the concept description here, we must assume that the craft operates under fully 
autonomous control for approach and landing, once commands based on observa-
tions have been programmed into the system during the approach phase. This no 
doubt requires advances in the confidence level of fully autonomous spacecraft  
operations, which have been made possible with the success of the DARPA  
Orbital Express missions demonstrating rendezvous, circumnavigation and  
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component exchange between spacecraft in orbit. We do not project that command 
and control functions will add significantly to the mass budget at the present fidel-
ity of that estimate.  

14.6   Sample Return to Earth Orbit 

The collector for materials ejected from the NEO by the Rockbreaker, is concep-
tualized as a drogue parachute, attached to the solar sail. Initially the chute is  
anchored to the Rockbreaker, and is partially deployed using gas inflation. The 
chunks of material drifting up from the NEO then provide the momentum to open 
the chute fully. The return trip could use one of several propulsion options. Given 
the low delta-v needed to return to earth orbit, a solar-sailed trajectory is once 
again an option. In addition, the mass collected provides a good source of mass-
driver propellant. For initial thrust, the solar sail would be reconfigured to focus 
sunlight onto a heater, raising the pressure in a gas tank. The gas would drive a 
substantial fraction of solids through a nozzle, providing thrust. Following this 
phase, the solar sail would be configured for the return trajectory.  

14.7   Mass Estimation 

In Table 2, the mass of the various components is estimated for the Rockbreaker 
mission, for only the forward mission, i.e., including cutting and sending materials 
floating into orbit, but not the capture and return to Earth. The operating duration 
and mass excavation capability were calculated in Vanmali (2005) using the re-
quirements to cut up enough blocks of SiO2-class material to form a closed cylinder 
50m diameter and 50 m long, with a 2m thick wall. The mass to be excavated was 
twice this amount, since 50% wastage was assumed. The mass of material thus sent 
into Space was over 1.4 million kilograms. The number of nozzles, and the power 
delivery rate, was calculated to generate this amount of material with 19 earth-hours 
of continuous operation at Earth-sun L-4. These parameters are adequate as a start-
ing design for a more general-purpose excavator/ resource extractor craft.  

The majority of the mass is the laser/plasma cutting system, which is based on 
lasers currently available, assuming 10W/kg. The HACS is built with a network of 
hollow aluminum alloy rods strong enough to withstand the force of the plasma 
jets at the ends with active compensation as indicated above.  Its weight is deter-
mined by its density (2700kg/m3) and the length of each section. The present 
Space Shuttle Manipulator Arm (Canadarm2) has a mass of 410 kg, and is sized to 
move the entire STS Orbiter (120,000 kg) at acceptable rates for rendezvous with 
the ISS, so the HACS estimate is reasonable and conservative. Solar sail construc-
tion targets an aereal density of 0.01kg per square meter. The mass of argon gas 
was found using the mass flow rate of 0.03g/s feeding to 60 nozzles over a period 
of 460 hours. The propellant mass required for drilling, anchoring and re-
anchoring is included in the IRAMS component; the amount required for moving 
the Rock-Breaker from the rendezvous point to NEO surface and other maneuver-
ing tasks is in the thruster propellant mass.  
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Table 14.2 Component Mass Breakdown 

Component Mass (kg) 
IRAMS, Thrusters (propellant included) 1000 
HACS 2000 
Power conversion system (other than lasers) incl. high-intensity solar 
cells. 

1200 

Plasma/Laser Cutting System 15000 
Propellant Tank (argon) 200 
Argon gas 4000 
Communications antennae 50 
Sensor suite 300 
Manipulator arms 500 
Protective Covering 200 
Thruster Propellant (for maneuvering)  500 
Total payload 24950 
Solar Sail 5080 
Booster + auxiliary propellant 7500 
Total propulsion package  12580 
Component Mass (kg) 

 
The mass estimate in Table 2 is broken into two packages. The first is the basic 

Rock-Breaker craft, which is the payload to be propelled by the solar sail. The 
second is the solar sail package itself, along with a 7500 kg boost package to move 
the craft from LEO to a transfer orbit where the sail can be deployed. The boost 
package mass is ample for an electric thruster system to send the craft into an 
earth escape trajectory. 

The material return system is not included in the above mass estimate. This is 
conceptualized as being sent in a separate solar-sailed package along with the 
Rockbreaker, but will be sized for the particular needs of the material return. In 
other words, the package may not be sized to bring the entire 1.4 million kilogram 
capacity of the Rockbreaker. Propulsion options vary depending on the urgency of 
the return, and may vary from completely solar sailed, to designs that use some of 
the collected mass in a mass driver, to systems based on ion propulsion. As a 
rough estimate, we believe that mass ratios (initial mass of the system at takeoff 
from the NEO, divided by final arriving mass at Earth orbit) can be as low as 1.5.  

14.8   Cost Estimate 

An approximate cost estimate can be developed from the case of the Mars Science 
Laboratory. The complexity of this mission is comparable to the proposed solar 
sail craft. The large mass difference between the Mars Science Laboratory and the 
Rockbreaker is mostly in the mining package, so the cost of development should 
be comparable. The launch cost assumes the use of a heavy lift vehicle such as 
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SpaceX’s Falcon Heavy which is sized to take a payload of 50000kg into LEO. 
The cost of the launch vehicle is between 80-125 US FY2012 $M, the latter of 
which was used for a conservative launch estimate. The NASA June 8, 2011 audit 
report was used for the formulation, development, and operational cost scheme. 
The values presented in the audit were scaled for inflation and multiplied by an 
uncertainty factor of 1.5.  

Table 14.3 Cost Estimate 

Element Cost (US FY2012 $M) 
Launch Cost 125 
Formulation 803 
Development Cost 1413 
Operational Cost (per year) 101 
Propulsion Package 288 
Total (10 year operation) 3643 

Finally the solar sail propulsion package estimate was conducted from the cost 
of Cosmos1. Cosmos1 had a total mission cost of approximately 4.0 FY2006 $M 
(Leonard 2004). It was assumed that 75% of this cost was development. Then the 
cost per area of the sail craft was determined with this development cost and 
scaled up to meet the area of the Rockbreaker’s sail. This was then multiplied by 
an uncertainty factor of 1.3. Based on this low fidelity cost model, the total cost of 
the mission is not unreasonable for a mission that would be part of developing the 
infrastructure for manufacturing and construction in orbit. Table 14.3 shows the 
result of this first order cost estimation.  

14.9   ΔV Considerations 

The ΔV required for a solar sail mission is greater than a typical mission where the 
Hohmann Transfer is used. If one considers the 1996FG3 NEO as the point of  
interest, mission ΔVs can be computed. Using the technique described by Shoe-
maker (1978), the minimum possible ΔV was calculated for the considered  
mission. The ΔV required to reach 1996FG3 is 6.609km/s. The calculated ΔV 
considered the spacecraft to be in LEO and use both an injection orbital maneuver 
and a rendezvous orbital maneuver. If the spacecraft is not in LEO but has already 
escaped Earth’s gravitational influence, the required ΔV is less. Under ideal condi-
tions, the ΔV required for return is equal to the ΔV required for the rendezvous 
orbital maneuver. The calculated value for the rendezvous orbital maneuver was 
3.033km/s.  

The computed ΔVs are for low thrust propulsion systems, such as a solar sail. 
The required ΔVs can be obtained by means of solar sail given a long enough  
period of time for radiation pressure acceleration. The ΔV required for a return 
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maneuver can be obtained instantaneously through a mass driver system to allow 
the spacecraft to easily maneuver from one NEO to another or to return to LEO. 

14.10   Relevant Past Mission 

The HAYABUSA mission (Kawaguchi 2006) launched in 2003 demonstrated the 
technologies required for a successful sample return Itokawa (1998SF36), an NEO 
in the Apollo group, of approximately 500m diameter. HAYABUSA used low 
thrust ion engines for primary propulsion in cruise phases. HAYABUSA was also 
equipped with autonomous navigation and guidance software using optical meas-
uring devices. Itokawa was detected by an onboard star camera (STT). Once the 
optical navigation cameras were within range of Itokawa, the craft was able to 
autonomously navigate to Itokawa. On September 12th, 2005 HAYABUSA suc-
cessfully rendezvoused with Itokawa. The “touch-and-go” sampling method em-
ployed by HAYABUSA shot a small projectile at the surface of the asteroid and 
collects the ejected fragments through a sample retrieval horn. HAYABUSA then 
lifted off from the asteroid to avoid potential collision between the solar array and 
the asteroid’s surface.  

The HAYABUSA mission  overcame many challenges. The surface of Itokawa 
was littered with boulders and very steep areas, making landing site selection dif-
ficult. Shadows on the surface of the asteroid as well as orbital disturbances from 
attitude control systems made autonomous optical-guided descent difficult. The 
craft used manual control to capture a single sample with approximately 100  
particles from the asteroid (Kawaguchi 2006). 

14.11   Conclusions 

This chapter describes the approach to design a new kind of spacecraft for extra-
terrestrial construction and resource exploitation applications. Solar propulsion, 
beamed microwave power, and fiber laser and plasma jet cutting tools, and an 
Integrated Rendezvous, Anchoring and Maneuvering System are explored, and 
their issues considered.  

The main conclusions are:  

• Solar sail primary propulsion appears to be well suited to the NEO resource 
mining and return application. 

• With direct solar-pumped Nd-fiber lasers for material extraction, the solar sail 
of a single craft would suffice to act as a solar collector and provide continu-
ous power for operations. 

• With the new generation of launch vehicles announced under the Moon-Mars 
initiative, a Rockbreaker and the propulsion package for boost to an earth-
escape trajectory can be launched assembled in a single launcher to low earth 
orbit. 
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• Capturing the mass for return to Earth appears to be relatively simple. Options 
for propelling the mass back to Earth orbit vary depending on the urgency of 
the return. They may range from a slow, inexpensive solar-sail system, to sys-
tems that expel part of the collected mass in a mass driver engine, to a set of 
ion engines.  

• As much as 1.4 million kilograms may be collected, even with 50 percent 
wastage, using the consumables aboard the Rockbreaker as conceived.  
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Chapter 15  
Curing of Construction Composite Materials  
on Asteroids 

Alexey Kondyurin 

University of Sydney, Australia 

15.1   Constructions on Asteroid 

Human activity on asteroids will need constructions. It could be human habitat, 
base for mining machines, space station for communication, observation or deep 
space missions. The first constructions can be delivered from Earth, but an ability 
of space carriers are limited that limits the size and mass of the delivered construc-
tions. Therefore, the extensive and long exploitation requires a technology to 
create new constructions on asteroid surface, under asteroid surface or near  
asteroid.  

The most promising way to build the construction in space environment is a po-
lymerization of composite material, which consists of fiber-filled composites and 
a reactionable matrix applicable on asteroid when the space construction should be 
working during a long period of time. For construction the fabric impregnated 
with a long-life matrix (prepreg) is prepared in terrestrial conditions and, after 
folding, can be shipped in a space ship to orbit and kept folded on board of the 
ship. On asteroid the prepreg is carried out into free space and unfolded by, for 
example, inflating an internal pocket. Then a reaction of matrix polymerization 
initiates. The temperature for the initiation of reaction could be achieved by Sun 
light irradiation and/or additional heaters. When the polymerization reaction is 
complete, the durable frame of construction can be used. 

In this case, there are no any restrictions of the frame size and form of future 
space construction, there is no necessity for some launch vehicles for the creation 
of large space station, solar cell panel or antenna, there is not a dangerous and 
complicate procedure to join separate launch vehicle on asteroid.  

The creation of large space construction based on polymerization process in 
free space has long history of development of inflatable space structures, the study 
of the polymer materials in LEO and GEO free space conditions, the study of the 
polymerization process in microgravity on board of space stations and the study of 
polymerization process in hermetic shells for future inflatable structures. The his-
tory of inflatable structures for space application was started from "Echo", "Ex-
plorer", "Big Shot" and "Dash" balloon satellites in 1960s (Wilson 1981). Echo  
satellite was build from balloon of Mylar with Al-coating for good reflection of 
light. Using Earth experiments and flight results the technology of deployment of 
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inflatable big structures was developed. Based on success of balloon satellites 
flights the new projects of inflatable structures for antennas, reflectors, Lunar and 
Mars houses and bases, airlocks, modules based on light polymer films were pre-
sented from 60s years (Cadogan and Scarborough 2001; Cadogan et al. 1998; 
Grahne and Cadogan 1988). Some of them were used as, for example, airlock of 
cosmonaut Alexey Leonov for first travel into free space from space ship in 1965. 
From these time the inflatable structures based on new unique materials were de-
veloped and used for space application (Allred 2002; Bar-Cohen 2001; Cadogan et 
al. 2002; Darooka and Jensen 2001; Darooka 2001; Grossman and Williams 
1990). The world leaders of space inflatable structure production are American 
companies ILC Dover and L'Carde, Inc., which work in close connection with 
NASA (Veldman and Vermeeren 2002). In 2006 and 2007 Bigelow Airspace 
company (http://www.bigelowaerospace.com/index.php) has launched two orbit-
ing prototypes Genesis I and II. These inflatable constructions have been success-
fully tested on Earth orbit almost 7 years for now. NASA has engaged Bigelow 
Airspace to create the inflatable construction as a module of International Space 
Station. The inflated cylinder module will have 4 m length and 3 m diameter.  

To increasing of durability of inflatable structures the method of rigidization 
could be used after complete deployment of structure in space. Some methods of 
rigidization are discussed: rigidization due to chemical reaction of soft polymer 
matrix by thermal or UV-light initiation of reaction (curing, polymerization), or by 
inflation of gas reaction; mechanical rigidization due to stressed aluminium layer 
of deployed shell; foam inflation; passive cooling below Tg of material; evapora-
tion of liquid swells from gels (Grahne and Cadogan 1988; Cadogan et al. 1998a, 
1999; Cassapakis and Thomas 1995; Derbes 1999; Guidanean and Williams 1998; 
Kato et al. 1989; Sandy 2000). In some cases a combination of hard and rigidiza-
ble structures was developed (Simburger et al. 2002; Willey et al. 2001). All of 
these methods were used in Earth laboratory experiments. But despite on huge 
funding of the investigations during long time, only one real mechanism of rigidi-
zation was tested in real space conditions - Aluminium stressed layer (Freeland 
and Veal 1998; Semenov et al. 2000).  

The main attention of space experiments in space stations and satellite missions 
was applied to solid (cured) polymer materials. The effects of free space environ-
ment on polymer materials were analyzed during and after Low Earth Orbit (LEO) 
space flights when polymers were exposed by atomic oxygen, VUV light, X-rays, 
electrons and ions flows, thermal cycling and high vacuum (SETAS, LDEF, 
MEEP, SARE, AORP, DSPSE, ESEM, EuReCa, HST, MDIM, MIS, MPID and 
MISSE missions). The investigations of polymer materials in deep space flight 
missions were not found.  

In literature we found only one space program connected with the polymeriza-
tion of epoxy composite in free space: "Polymer curing experiment", Consort-02 
(1989), Consort-03 (1990), Consort-04 (1992) missions and "Polymer composite 
curing experiment", Joust-01 (1991) in NASA. The complete description of expe-
riment results was not founded excluding some notes, that the experiment was 
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failed because the heating units was not operated due to extremely low tempera-
ture of electric battery in space.  

The skepticism of polymerization processing in free space is due to specific 
conditions of free space environment for polymer materials. The conditions of free 
space have great destructive influence on polymer materials, especially, on liquid 
polymer matrix. In the free space the uncured composite material is treated by 
high vacuum, sharp temperature changes, plasma of free space formed by cosmic 
rays, sun irradiation and atomic oxygen (on low Earth orbit), micrometeorite flu-
ency and microgravitation (Briskman et al. 2001; Kondyurin 2002).  

The polymerization processes in free space is not considered in space agencies 
as a real possibility because of absence of the sufficient investigations of the po-
lymerization processes in free space environment. On the other side, the investiga-
tion of the polymerization processes in free space environment are not supported 
and not carried out because the creation of the large space construction is not 
listed in priority tasks in space agencies due to “impossibility” to create such  
construction. Except the political and financial issues, the scientific and technolo-
gical reasons of “impossibility” do not exist. We consider here an applicability of 
the polymerization technology in deep space on asteroid surface.  

15.2   Conditions of Space Environment on Asteroid 

We know a little about asteroids. Few space flight missions were directed to inves-
tigate asteroids. The experimental data are not sufficient to analyze the space envi-
ronment near the asteroids. However, because the conditions of the environment 
near the asteroid surface are important for understanding of the polymer behavior 
there, we can consider known space environment conditions near Earth and Moon, 
where the environmental measurements were done experimentally during space 
flights and extrapolate it to the asteroid environment.  

The first and main significant factor of space environment is vacuum. The Low 
Earth Orbit (LEO) for most man's flights is varied between 300 and 400 km of 
altitude where the pressure of residual atmosphere can be measured, for example, 
to 10-3-10-5 Pa (Lee and Chen 2000), or 10-5 Pa (Walter 1987), or even 2.47⋅10-7 
Pa (ECSS Space Environment Standard 2000). Different results are explained by 
strong dependence of the residual atmosphere on altitude, Earth season and day-
time, sun irradiation, local configuration and materials of space ship, and activity 
of spacecraft engine. The pressure near space ship or space construction depends 
on time from Earth start. During flight a desorbing of gas, venting trapped  
volumes, releasing dust and ice particles increase the pressure near new space 
construction. The contamination of the virgin atmosphere (without influence of 
artificial space construction) at 400 km altitude is following: O (86.6%), He 
(9.6%), N2 (1.5%), H (1.3%), O2 (0.01%), Ar (0.00001%) by (ECSS Space Envi-
ronment Standard 2000) data.  

With distance of space ship from Earth, the residual atmosphere decays and at 
distance of 36000-42000 km corresponding to Geostationary Earth Orbit (GEO) 
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the virgin pressure without disturbance by spacecraft equals to 10-9-10-11 Pa. The 
pressure near satellite or spacecraft can be significant higher up to 10-3-10-5 Pa.  

The virgin pressure on the Moon surface is about 10-9 Pa at night 
(http://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html). The composition 
of Moon atmosphere is (particles per cubic cm): Helium 4 – 40 000; Neon 20 – 40 
000; Hydrogen – 35 000; Argon 40 – 30 000; Neon 22 – 5 000; Argon 36 – 2 000; 
Methane - 1000; Ammonia - 1000; Carbon Dioxide – 1000. The day and night 
pressure is different due to heating and degassing of lunar soil. The measured 
pressure in the area near the spacecraft or other man activity is much higher due to 
degassing of the spacecraft materials and exhausted gases of spacecraft engine.  

The virgin pressure near asteroid can be expected similar as near the Moon 
about 10-9 Pa on night side of the asteroid. However, the pressure near the space-
craft or any other human made construction is expected higher, similar as it was 
observed on LEO, GEO and Moon surface of 10-3-10-5 Pa.  

Second important factor is temperature. Our imagination of temperature beha-
vior based on Earth experience is wrong. The space construction is heated by the 
Sun from one side and irradiates the heat from all sides. If the construction does 
not have internal heat source and limited thermo-conductivity, the dark side of the 
construction is cooled to -150…-2000C.  

The total solar irradiation at the Earth distance from Sun equals to 1362-1367 
W/m2 (Walter 1987). The solar irradiation level depends on season (position of 
Earth on solar orbit) and it varies from 1316 W/m2 at minimal solar energy flux 
(summer solstice) to 1428 W/m2 at maximal solar energy flux (winter solstice) 
(ECSS Space Environment Standard 2000). The level of de-irradiation of sun light 
by Earth surface and its atmosphere equals to 240 W/m2. Temperature of space-
craft surface depends on an orientation to Sun, absorption and emission indexes of 
the surface and internal heat sources (Favorskii and Kadaner 1972). Experimental-
ly measured temperature of the spacecraft surface on LEO varied in wide range by 
different data: -56…+770C by (Teichman et al 1992), -90…+1200C by (Barbashev 
1982), -1000C…+2000C by (Fu and Graves 1985) and (de Groh and Morgana 
2002), -150…+1500C by (Haruvy 1990). For far space mission as NGST mission 
(halo orbit, 1.5⋅10-6 km from Earth) the estimated temperature equals to -
223…+1220C by (Dever et al. 2002). 

The temperature of the construction on Moon surface depends on sun irradia-
tion, altitude position on the Moon, an orientation to the Sun, shadowing of lunar 
rocks, absorption and emission indexes of the wall surface and internal heat 
sources. The temperature of the spacecraft surface landed on the Moon varies in 
diapason of -150…+150oC (Kondyurin 2012).  

The temperature of the spacecraft surface on asteroid will depend on similar 
factors as on Moon and Earth orbit. However, the sun irradiation flux depends on 
distance of asteroid from the Sun. The orbits of Earth and Moon have low eccen-
tricity and the temperature in perihelion and aphelion positions varies  
non-significantly. The asteroid orbits have usually high eccentricity orbit or even 
more complicate irregular shape of the orbits. The temperature variations during  
“asteroid year” are higher and depend on asteroid orbit. When spacecraft is  
approaching asteroid in Perihelion position, the temperature of the irradiated 
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spacecraft will be high due to short distance to the Sun. When the spacecraft ap-
proach the asteroid in Aphelion position, the temperature of the Sun irradiated 
spacecraft will be low. If the temperature of spacecraft (Te) on the Sun side is 
known on Earth orbit, the temperature of the spacecraft under the same irradiation 
conditions near asteroid (Ta) can be calculated as following: 

Sunasteroid

SunEarth
ea

D

D
TT

−

−⋅=  (15.a) 

An example of the sun irradiated spacecraft temperature on some asteroids in Pe-
rihelion and Aphelion positions is shown in Table 15.1.  

Table 15.1 The calculated temperature of the spacecraft irradiated by Sun light nears the 
asteroids in Perihelion and Aphelion positions under the same irradiation conditions as the 
spacecraft on Earth orbit heated up to 100 0C (marked with *)  

Asteroid Distance from the Sun, million km Temperature, ºC 

 Perihelion Aphelion Perihelion Aphelion 

Adonis 66 495 283 -66 

Apollo 97 343 187 -25 

Apophis 112 164 155 86 

Bacchus 105 218 169 39 

Cerberus 86 237 215 26 

Eros 169 267 75 9 

Golevka 148 600 99 -85 

Hephaistos 54 595 345 -84 

Hermes 93 402 196 -44 

Icarus 28 294 581 -5 

Itokawa 143 254 106 16 

JM8 142 668 106 -95 

Midas 93 266 196 9 

Nereus 143 303 106 -9 

Phaethon 21 360 716 -30 

Sisyphus 131 436 123 -53 

Toutatis 140 617 109 -88 

VE68 64 153 293 99 

YU55 98 244 185 22 

Earth 147 152 100* 100* 
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The spacecraft is considered on asteroids under the same Sun irradiation and 
thermo conductivity conditions as heated up to 100 0C on Earth orbit. The temper-
ature of spacecraft on different asteroids varies from +716 0C for Phaethon in  
Perihelion position, to -88 0C for Toutatis in Aphelion position. This temperature 
difference is extremely high for the polymer materials and curing reactions.  

The space plasma is created by the galactic and Sun protons, electrons, neu-
trons and heavy particles with wide diapason of energy from some eV to GeV; 
infrared, visual, ultraviolet, vacuum ultraviolet and X-ray photons. The most in-
vestigations of polymers in space flights were done in LEO, where the fluent of 
atomic oxygen (AO) is a most significant factor for polymers in compare with 
other factors of space plasma (Walter 1987). The estimation of average AO flux 
on LEO (near 300 km altitude) during real experiments with polymer materials 
equals to 2.88⋅1013 at/cm2/sec average value by (Walter 1987), 3.88⋅1013 
at/cm2/sec in LDEF mission by (Klein and Lesieutre 2000), 1014 in MISSE mis-
sion by (de Groh et al. 2001), 5⋅1014 at/cm2/sec theoretical value and 4.3⋅1014 
at/cm2/sec on Kapton equivalent by (Pippin 1999) for ESEM mission, 5⋅1013 
at/cm2/sec by (Connell 1999) and 1012-1015 at/cm2/s by (Kiefer et al. 1999) for 
ESEM mission too, 1013-1015 at/cm2/s by (Czaubon et al. 1998). In Habble mission 
(595 km altitude) the AO flux equals to 6.86⋅1011 at/cm2/sec by (Dever et al. 
1998). The flux of AO varies due to Sun activity, season, position, longitude-
latitude and altitude of space ship, variations of Earth atmosphere and outgassing 
processes of space ship materials. The model approximation developed in (ECSS 
Space Environment Standard 2000) shows the AO flux at 400 km altitude of 
2⋅1011 atoms/cm2/s. The asteroid environment does not include AO flux. There is 
no experimental data on effect of cosmic rays in asteroids on polymers. For using 
of the flight results on polymers and for prediction of the polymer behavior near 
the asteroid, we have to consider the environmental effect on LEO.  

Vacuum ultraviolet (VUV) irradiation is the part of solar spectra of irradiation. 
The intensity of VUV light is low, but effect of VUV light on polymers is signifi-
cant higher than visual and UV light. At Earth orbit the level of VUV light can be 
estimated about 4⋅1011 photons per cm2 in second for 121.6 nm wavelength 
(Koontz et al. 1991). The Sun irradiation corresponds to 0.75 μW/cm2 in VUV 
diapason of 100-150 nm wavelength by (Koontz et al. 1989) and 11 μW/cm2 in 
VUV diapason below 200 nm wavelength by (Lura et al. 2003). The level of X-
ray on Earth orbit equals to 2.3⋅10-9 W/cm2 for 1-8 A wavelength and 1.43⋅10-10 
W/cm2 for 0.5-4 Å wavelength (de Groh and Morgana 2002). The most flux of  
X-rays is directed from sun and less from stars.  

The energetic spectrum of electron and ion fluxes at LEO and GEO is suffi-
ciently complicate. The energetic spectrum and flux of charged particles depend 
on kind of particle, seasons, Sun activity. The energy of charged particles varies in 
diapason from 0.1 eV to GeV.  

Most flight experiments with polymers were done on LEO, where significant 
part of the particles flux is shielded by Earth magnetic field. The density of elec-
trons at LEO altitude of 400 km equals to 105 e/cm3 (night side) and 106 e/cm3 
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(day side) by (Walter 1987) with energy of 0.1 eV by (Koontz et al. 1991). The 
total electrons flux at GEO mission equals to 109 e/cm2/sec for electrons with 
energy of 0-12 keV by (Lai and Della-Rose 2001). The electron density on GEO 
mission of 1.12 e/cm3 at average energy of 1.2⋅104 eV and the ion density of 0.236 
ion/cm3 with average energy of 2.95⋅104 eV are used for simple analysis of plasma 
on GEO missions in (Purvis et al. 1984). The most frequent ions are hydrogen ions 
(90%), when other 10% correspond to heavier ions.  

The asteroids don’t have sufficient magnetic field to change trajectories of the 
charged particles. Therefore, all flux of particles as in deep space will bombard the 
spacecraft. The galaxy rays flux does not depend on orbit of asteroid, while the  
solar wind intensity depends on orbit and position of the asteroid on the orbit. In 
average the intensity of solar wind depends on distance from the Sun with square 
function. However, the intensity of solar wind can change significantly in a case 
of solar events. The variation of flux particles from the Sun can be 2-3 orders  
of magnitude that make estimation of the flux during spacecraft flight very  
problematic.  

The asteroid gravity is very low and can be ignored in comparison with Earth 
gravity. Therefore all gravity effects in polymerization technology could be  
ignored.  

Meteorite fluency has strong effect on brittle materials. It can cause cracking 
and mechanical destruction of material and whole construction. In the case of 
polymer on Earth orbit the influence of meteorite fluency is low due to low mete-
orite flux. Erosion of polymer at meteorite fluency corresponds to 0.1 nm/year in 
deep space that is not significant for 20-30 years of exploitation of the composite.  

The composition of asteroids is not well known. Assuming a general similarity 
of all celestial bodies, the composition of Earth and Moon can be considered as 
examples. Lunar regolith contains of oxygen, silicon, iron, calcium, aluminum, 
magnesium, titanium, sodium, chromium, manganese, potassium and traces of 
other elements of sulfur, carbon, nitrogen, hydrogen, helium4 and helium3. The 
presence of these elements and its oxides on asteroid surface and in nearby do not 
have specific interaction with polymer matrix and it cannot disturb the curing 
reaction.  

This analysis shows, that vacuum, space plasma and temperature changes are 
most critical factors for polymerization processing on asteroids.  

15.3   Curing Reactions in Vacuum 

If the pressure is lower than the vapour pressure of individual components of the 
polymer matrix, the components evaporate. Due to evaporation a concentration of 
the reactionable components decreases and the curing reaction cannot be com-
pleted. This effect cannot be ignored when the curing reaction is considered in 
space environment.  

The space agencies released the standard tests for outgassing of the volatile 
components. For example, ESA standard ECSS-Q-70-02A requires the polymer 
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material is vacuumed up to 10-3 Pa at temperature of 125oC for 24 hours. The total 
mass loss (TML), recovered mass loss (RML) and collected volatile condensable 
material (CVCM) have to be tested. The acceptable materials must show RML < 
1,0 % and CVCM < 0,10 %. The standard requires a stable solid material for the 
test. The uncured prepreg is unstable and contains liquid components. Therefore, 
these outgassing standards cannot be applied. Another standards and requirements 
for curable materials in space vacuum should be developed.  

There are a number of vacuum simulations in laboratory experiments with po-
lymers. The pressure in simulate space environment experiments is varied: 10-7-
10-8 Pa (Grossman et al. 1999), 10-5 Pa (Bilen et al. 2001; Iwata et al. 2001), 7⋅10-5 
Pa (de Groh et al. 2001), 2.33⋅10-4 Pa (Koontz et al. 1989), 6.65⋅10-4 Pa (Dever et 
al. 2002a), 10-4 Pa (ECSS Space Environment Standard  2000; Lura et al. 2003; 
Gonzales et al. 2000), 73 Pa (Golub and Wydeven 1988). The temperature in ex-
periments is usually varied from -150 to +150 0C and even +800 0C. The combina-
tion of high vacuum and high temperature is used for analysis of outgassing 
processes in materials for space applications.  

The main influence of such vacuum is observed as evaporation of low molecu-
lar mass fractions. The rate of evaporation into high vacuum is described by 
Langmuir formula:  

T

M
PW ⋅=  

(15.1)

where M - molecular mass of vapour of fraction, T - temperature, P - equilibrium 
vapour pressure of fraction from Klausius-Klapeyron equation (Kroshkin 1969). 
At long time vacuum action the stockhiometric of low weight molecular compo-
nents in matrix can be changed (Kondyurin et al. 1998, 2001). The changes of  
active components concentration in oligomers composition are important for crea-
tion of plastic with high durability.  

Most of polymer composites certified for space application are based on epoxy 
resins compositions with carbon, organics or glass fibers. The curing includes the 
chemical reaction of epoxy group with amines, amides, anhydrides, metal-organic 
complexes or carboxyl acids as hardener. A wide number of different epoxy ma-
trix compositions were developed since discovery of epoxy resins for construction 
materials. In the curing reaction two or more components of low molecular mass 
take part and form crosslinks between molecules. General schemes of reactions 
are following: 

 
primary amine hardener 

 R1 – CH – CH2  +  H2N – R2    R1 – CH – CH2 – HN – R2 

O OH 
 

(15.2)
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secondary amine, amide and urethane hardeners 

 

R1 – CH – CH2  +  HN – R2    R1 – CH – CH2 – N – R2 

O OH 

R3 R3 

 

(15.2)

tertiary amine hardener 

 R1 – CH – CH2  +  HO – R2    R1 – CH – CH2 – O – R2 

O OH

N 

R3 R4 R5 

(15.3)

These reactions require two or more components with definite concentrations. If 
uncured prepreg is placed into vacuum, the components of the prepreg evaporate. 
The rate of evaporation depends on molecular mass of the component, intermole-
cular interactions with neighbor molecules and temperature. If the prepreg is thick 
enough, the evaporation rates depend on diffusion of the components to the  
surface of the prepreg.  

The evaporation rates of the components are different. Therefore, after expo-
sure in vacuum the concentration of the components is drifting with time from 
initial concentration. In worse case, the curing reaction could not be completed 
due to deficit of highly volatile components. In such case, the prepreg becomes 
incurable and the required exploitation characteristics of the composite could be 
not achieved.  

When the evaporation rate of some component is too high, the cavitation effect 
is observed. The matrix contains bubbles and even foams. The mechanical 
strength of cured composite drops down.  

However, a number of compositions curable in vacuum have been found. In 
experiments we tested various epoxy matrices consisted of high and low evapora-
tion rate components. The examples of the representative composites cured in  
vacuum are shown on Figs. 15.1 and 15.2.  

These composites were not covered from the top and the evaporation of low 
molecular components occurred freely into vacuum. When the curing composite is 



388 A. Kondyurin 

placed between hermetic sealings (for example, protective film), the bubbling is 
stronger and the matrix is completely transferred to a foam. This effect was ob-
served in real flight experiment on LEO. 

When the evaporation rates of all components are too high, the polymer matrix 
could disappear, the fibers could be naked and the composite material could not be 
cured.  

Our experimental and theoretical investigations of the evaporation kinetics and 
curing kinetics in vacuum at various temperatures show that the compositions with 
suitable evaporation rates of the components curable under high vacuum condi-
tions could be found (Kondyurin 1997, 2011, 2012; Kondyurin et al. 2004, 2009, 
2009a, 2010; Kondyurina et al. 2006). 

 
 

 
Fig. 15.1 Microphoto of 
composite 1 cured in vac-
uum. The epoxy matrix con-
sisted of low evaporation rate 
components. The cured ma-
trix is smooth and binds 
fibres without defects. The 
strength of composite cured 
in air and vacuum is identi-
cal.  

 
 
 
 
 
 

 
 

Fig. 15.2 Microphoto of 
composite 2 cured in vac-
uum. The epoxy matrix 
consisted of high evapora-
tion rate hardener. The 
cured matrix is foamed. 
Different size bubbles are 
observed. The strength of 
composite cured in vacuum 
is significantly less than the 
cured in air. 
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The general principles of the selection are following:  

1. The molecular mass of components should be high enough to provide low 
evaporation rate. However, the high molecular mass of the components means 
high viscosity. The viscosity of the matrix should be low enough to keep elasticity 
of the prepreg at unfolding. Therefore, the selection of the components requires an 
optimization of the molecular mass and viscosity to provide unfolding ability and 
low evaporation rate.  

2. The evaporation rates of the components should be identical to exclude defi-
cit of active components at evaporation.  

3. Any solvent should be excluded from any stage of the prepreg preparation. 
Even small traces of the solvent or other low molecular components can give foam 
structure of the matrix at curing in vacuum.  

4. The multifunctional components with 3 or more active groups in one ma-
cromolecule are preferable. One link of the molecule to hardener during first stage 
of the curing reaction can decrease the evaporation rate significantly, when other 
active groups can react later to provide required mechanical strength.  

5. The geometry of the prepreg should permit low molecular components to eva-
porate freely. Any closed volumes and covers must be excluded. If some area of the 
prepreg is covered, the evaporated fractions can form bubbles and foam structure. 
The biggest thickness of the polymer matrix in prepreg depends on volatility of the 
components. It limits the thickness of the polymer matrix in the prepreg.  

With these principles, we selected and cured epoxy matrix compositions in high 
vacuum up to 10-3 Pa without foam. A number of suitable compositions are de-
scribed in (Kondyurin 2012). The example of 5 mm thick composite plate with 
low evaporation rate epoxy matrix cured in high vacuum is shown on Fig. 15.3.  

 

Fig. 15.3 Glass fiber composite with epoxy matrix cured in vacuum 
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Therefore, the high vacuum factor of the asteroid environment is not a problem, 
if the composition of polymer matrix is selected and used correctly.  

15.4   Effect of Cosmic Rays and Sun Wind 

The effect of space radiation on polymer materials was investigated intensively in 
space flight near Earth on LEO. As observed in these flight missions the effect of 
atomic oxygen flux (AO) is most significant factor of free space environment at 
LEO. During exposition of polymer in AO flow the processes of etching and 
chemical reactions leads to formation of etched oxidised surface layer. The simu-
lation of AO effect on polymers was done in plasma and ion beam reactors. For 
uncured prepreg, a period of composition in liquid state is critical due to short 
macromolecules of resin and hardening agent. In this case the coming oxygen 
atom breaks chemical bond of backbone and the shortened molecular parts of 
macromolecule can be quickly released.  

The first period of polymerization reaction is very important for erosion activity 
of high energy particles. On other hand, our experiments showed, that plasma 
action influences on curing reaction by the way of formation of free radicals and 
movement of treated layer into bulk layers of liquid composition. In this case, the 
free radical macromolecules can take part in polymerization reaction with forma-
tion of additional crosslinks in complete bulk layer of composite. Therefore, the 
two opposite process compete during plasma in curing epoxy matrix: degradation 
(scission) and evaporation of short parts of macromolecules, and crosslinking of 
the macromolecules due to free radical reactions.  

The free radicals are chemically very active and take part in a chain of chemical 
reactions. For example, following reactions have been observed in irradiated  
hydrocarbon polymers: 

The moving of free radical along the macromolecule 

-CH•-CH2-CH2-CH2-   -CH2-C•H-CH2-CH2-    -CH2-CH2-CH•-
CH2- 

(15.4)

the jumping of free radical between the macromolecules 

-CH2-CH•-CH2-  +  -CH2-CH2-CH2-   -CH2-CH2-CH2-  +-CH2-CH•-
CH2- 

(15.5)

When two free radicals meet, they form a double bond 

-CH•-CH2-CH2-  +-CH•-CH2-CH2-   -CH=CH-CH2-  +  -CH2-CH2-
CH2-   

(15.6)

 

 



15   Curing of Construction Composite Materials on Asteroids 391 

and crosslink 

-CH2-CH•-CH2-CH2-   
               +   
-CH2-CH•-CH2-CH2-    

-CH2-CH-CH2-CH2- 
          | 
-CH2-CH-CH2-CH2- 

 

(15.7)

The free radical could break a hydrocarbon backbone 

-CH•-CH2-CH2-CH2-    -CH=CH2  +  •CH2-CH2- (15.8)

and oxygen containing backbone 

-CH•-O-CH2-CH2-    -CH=O  +  •CH2-CH2- (15.9)

The reactions (15.6)-(15.9) produce stable groups. The reaction (15.7) gives cros-
slinking of the polymer. This reaction has the same strengthen effect as the curing 
reaction. The reactions (15.8) and (15.9) give the break of the macromolecule, as 
opposition reaction for the curing. The ratio of crosslinking/scission reactions 
depends on chemical structure of the macromolecules, environmental gases, tem-
perature, kinds and density of free radicals.  

Besides that, the epoxy group can directly react with free radicals (Klyachkin 
1992; Mesyats 1999): 

         

 R1–CH–CH2  +  •R2    R1–CH–CH2–R2   

O O• 
 

         

 
R1–CH–CH2–R2  +  •R3    R1–CH–CH2–R2  

O• O–R3 
 

(15.10) 

As a result of free radical reactions, the polymer matrix disappears from the fibers 
(if etching is prevailed) or remains and deforms due to internal stresses (if cros-
slinking is prevailed). Both cases have been observed in the experiments.  

The effect of space plasma was observed in laboratory experiments on curing 
of the epoxy matrix prepreg in glow discharge plasma and ion beam.  

The effects of additional crosslinking up to carbonization of the surface layer 
were observed and investigated with a number of experimental methods such as 
gel-fraction analysis, spectroscopy, mechanical and thermomechanical analysis 
(Kondyurin and Bilek 2008). These effects depend on plasma and ion beam condi-
tions as well as on composition of the epoxy matrix.  
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On asteroid the high energy electrons and ions with VUV irradiation are the 
main destructive factors of free space environment for polymer. The high energy 
particles penetrate into polymer much deeper, than at AO flux, and cause more 
defects in macromolecules. The structure changes of polymer matrix are available 
in bulk layers in this case. 

The VUV and high energy electrons have similar effect to generate the free  
radicals in polymers. Such radicals can take part in curing reaction and increase a 
curing rate. The kinetic rate of curing reaction has non linear dependence on a 
concentration of active groups in reactionable mixture. Therefore, the actions of 
AO, VUV, electron beam together with mixing processes of liquid matrix on ki-
netic of curing reaction can not be predicted by combination of experiments with 
separate kinds of irradiation. Taken into account the non-homogeneity distribution 
of intensity of ions, VUV light and electron in polymer, the behavior of polymer 
matrix during curing depends on thickness of matrix and presence of fibers. The 
theoretical study of radiation space environment factors is sufficiently difficult. In 
this case the real space experiments have a great significance for estimation of 
space environmental effects.  

Our experiments showed, that the kinetic effect of the high energy particles is 
significant for modification of the bulk layers of liquid composition. The macro-
molecules get mechanical impulse from the upcoming particles and move into 
deep layer. With this movement, the radical products of the macromolecule de-
structions move to the bulk layer of the resin, where they are able to react with 
virgin macromolecules. 

 

 

Fig. 15.4 Microphoto of carbon fibre composite cured in plasma discharge. The amount of 
epoxy matrix on fibres is low. The cured matrix is smooth. 
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Fig. 15.5 Microphoto of carbon fibre composite cured in plasma discharge. If the amount of 
epoxy matrix is high, the top layer of matrix becomes deformed. 

 

 

Fig. 15.6 Microphoto of carbon fibre composite cured in plasma discharge. If the amount of 
epoxy matrix is distributed non-uniformly (for example, in case of satin fabric), the top 
layer of matrix is deformed non-uniformly. 
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Fig. 15.7 Microphoto of carbon fibre composite cured in ion beam. The part of epoxy resin 
is etched and the top of some fibres becomes naked. In the case of thick layer, the matrix is 
deformed. 

 

Fig. 15.8 Microphoto of carbon fibre composite cured in ion beam with fluence of 5*1015 
ions/cm2. The part of epoxy resin is etched and some fibres become naked. In the case of 
thick layer, the matrix is deformed. 
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The effect of cosmic rays on curable composites was observed in stratospheric 
flight with altitude higher than ozone layer. In 2010 first experiment with uncured 
compositions in stratosphere (40 km altitude) have been done during stratospheric 
balloon flight (Kondyurin et al. 2010a, 2013). The cassette with cured (control) 
and uncured epoxy matrix of different compositions was exposed in stratosphere 
during 3 days.  

 

 

Fig. 15.9 Cassette with cured (control) composite and uncured composites (prepreg) on 
GPS antenna bar of the payload before the launch. NASA stratospheric flight in Alice 
Springs, Australia. 

During flight the residual atmospheric pressure was 2-4 Torr that is less than the 
vapour pressure of the epoxy resin components (10-20 Torr). Because of flight alti-
tude was higher than the ozone layer, vacuum UV light and the cosmic rays of high 
flux bombarded the uncured epoxy matrix of glass and carbon fiber composites 
during the flight. Due to absence of AO flux, the conditions during stratospheric 
flight were closer to the conditions in deep space, than the conditions of LEO.  

After the flight, the samples were investigated with a number of structure me-
thods. The effects of free radical reactions, additional crosslinking, oxidation and 
depolymerization due to cosmic rays were clear observed in the flight samples 
(Kondyurin et al. 2010a, 2013).  
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Fig. 15.10 Telemetry 
image of the cassette 
with uncured epoxy 
composition in stratos-
phere (40 km altitude) 

 
 
 
 
 
 
 

 

 

 

Fig. 15.11 Micro-
photo of carbon fibre 
composite cured in 
stratosphere (27 km 
altitude). Some part 
of epoxy matrix is 
bubbled due to low 
pressure in strato-
sphere during curing. 

 
 
 
 
 
 

 
It was shown, the mechanical properties of the flight samples satisfies to the 

exploitation properties of the composites and are not far from the properties of the 
control ground samples for some of the selected compositions. Similar radiation 
effects are expected in curable composite at curing on asteroids. 

The second stratospheric flight with uncured compositions was done in 2012 in 
South Australia. The composition was cured completely during the flight. The 
effect of cosmic rays on crosslinking of epoxy matrix was observed as well as the 
effect of low molecular weight component evaporation. The microphotograph of 
the composite surface shows bubble formation in the epoxy matrix where the layer 
of the matrix is thick (Fig. 15.11). 
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Thus, the cosmic rays from Universe and from the Sun play role of additional 
hardener and it can accelerate the curing effect if the choice of the polymer matrix 
components is correct.  

15.5   Curable Constructions for Asteroids Exploitation 

An exploitation of asteroids is viewed a fantastic idea now. However, some 
projects are discussed and reviewed in scientific journals and in present book. The 
human presence on asteroid needs long-time base with self-regulated ecological 
system for food, water and air regenerations. All equipment, life-support systems, 
storage and crew life space need sufficient volume for the base and spaceship. 
There is no technology, that can provide a launch of such large volume and mass 
construction from Earth. Therefore, the large space construction must be assem-
bled in Earth orbit or on asteroid. A real way to assemble the large space construc-
tion is to use polymerization technology for construction composite materials in 
space environment.  

When human presence is not planned, the large space constructions can be as-
sembled on asteroids for different purposes as following: 

• telescope scientific mission. The asteroid is unique celestial body to carry a 
high sensitive space telescope. A large size antenna can be unfolded and 
cured on the asteroid surface to provide high sensitivity of measurements and 
communication. 

• signal transducer for deep space communication. The large size antenna can 
be unfolded and cured on the asteroid surface to provide transportation of the 
communication signals for deep space missions. 

•  mining base. When robotic missions are planned for asteroid mining, the 
storage, shielding and different structured elements can be assembled and 
fixed with the polymerization technology.  

These and other projects of asteroid exploitation become more realistic if the po-
lymerization technology is considered to create large space constructions as an 
alternative to present ready-to-use launching technologies.  

Acknowledgments. Author gratefully acknowledges NASA, ESA, RFBR and Humboldt 
Foundation for the project funding.  
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16.1   Introduction and Background 

The purpose of this chapter is to propose a spacecraft concept that may be a good 
generic framework for operations on a variety of asteroid types, shapes and sizes, 
that can be performed in a straightforward way, regardless of whether mining oper-
ations are performed on-site or the body is moved into orbit about, say, the Moon. 

The promise of treasure has energized those proposing the mining of asteroids. 
The backbone of future solar and interstellar economies will depend on the re-
sources that the asteroids can provide, as all of us who read science fiction know 
well. But with the beginning of the modern manned space program, sending min-
ing machines to the asteroids has been viewed as critical to being able to live 
beyond the Earth gravity well. Any viable in-situ resource utilization (ISRU) 
framework depends on accessing and processing the asteroidal elements. 

Pignolet (1980) briefly summarizes the benefits of asteroid resource recovery, 
in particular, as a foundation for space industrialization. Asteroids are mentioned 
as source materials for the construction of large space structures, a main source of 
water in space, and the slag – a byproduct of smelting ore with uses in that process 
– to be used, for example, as radiation shields. He refers to the literature that sug-
gested asteroid retrieval using solar sails or mass drivers. Also mentioned were 
rotary pellet launchers, a variant mass driver. 

Pearson (1980) proposes a technique for recovering asteroid resources by 
equipping it with a rotary rocket propulsion system. Proposed is a rapidly spin-
ning, tapered tube of high strength material driven electrically by solar or nuclear 
power.  

“Pellets of asteroid material would be released from the tube ends with velocities of a 
few km/s, achieving specific impulses comparable with the best chemical rockets.”  

The ejected pellets could be placed on trajectories to near Earth space for capture, 
or used as reaction mass to bring the asteroid into orbit around the Moon or Earth 
for complete processing. 

O’Leary (1982) provides an overview of space industrialization. As many of us 
were optimistic, and remain so about space exploration and settlement, the follow-
ing quote from the preface leads us to emphasize that we must view space as a 
multi-generational activity:  
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“Near-term programs will begin during the 1980s and will help to form an evolutionary 
foundation for a lunar or asteroidal materials processing enterprise that could begin as early 
as 10 years from now. Political rather than technical considerations will probably determine 
the pace of development of space industrialization. Convincing economic cases can be 
made for a wide variety of facets of space industrialization, but, for the most part, it is still 
early for industry to take the necessary risks.”  

Although industry is getting its space legs, much of that assessment holds true 
three decades later. 

Gertsch (1992) provides an overview of asteroid mining, their material proper-
ties, how an asteroid prospect is identified, the trade-offs between manned and 
automated missions, and a conceptual mining method. One conclusion is  

“because it appears to be easier and cheaper to accomplish, the lunar mine is probably a 
better first project to exploit nonterrestrial materials than is the asteroid mine.”  

This is quite interesting in today’s political and technological environment where 
the Moon has lost favor, even though it is clearly the best choice against all meas-
ures for the settlement of space and for the needed technology development and 
physiological understanding that would lead us to Mars and the asteroids. 

Lewis (1992) summarizes the composition of asteroids and the list of the poten-
tial asteroids of the day that may be suitable for mining. 

Sonter (1997) suggests near Earth asteroids (NEA) as primary targets for re-
sources to support space industrialization. This chapter discusses the engineering 
and mission-planning choices and examines the concept of probabilistic net 
present value to optimize asteroid mining designs. 

Gertsch et al. (1997) discusses the effects of the space environment on the  
mining technologies developed on Earth, and how they translate to NEO mining. 
Included are the following overviews – NEO site preparation – anchoring and 
tethering, motion control, restraints to contain the body while it is mined, operat-
ing platforms, and bagging – NEO Mining Methods – for various classes of rocks, 
including techniques for whole-NEO rubblization, - and Marketing NEO  
Resources. 

Ross (2001) discusses the resources available from NEAs as well as the engi-
neering aspects of possible mining project designs, including a survey of mission 
plans, mining and extraction techniques that may be used. He emphasizes,  

“… it is likely to be very difficult with low strength or unconsolidated material, such as 
loose asteroidal regolith or the hypothesized loose dusty covering of a dormant or extinct 
comet. … This may need very wide-area anchoring, over an extended footprint, including 
the approach of totally surrounding the target body, by wrapping it with a net or mem-
brane.” 

Huebner and Greenberg (2001) review methods for determining bulk properties 
and geologic structures of NEOs. 
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Kecskes (2002) describes four scenarios that may cause the rise of an asteroid-
based technical civilization. There are (1) a private development of an asteroid-
based colony, (2,3) an asteroid-based colony is created and eventually used as a 
kinetic energy weapon, and (4) an asteroid is moved to Earth orbit and used as a 
platform for generating and transmitting solar power. 

Garrick-Bethell and Carr (2007) discuss the challenges to operations on the sur-
face of an asteroid, especially astronauts attempting to walk on the surface. Sug-
gested is the use of tie ropes that have been placed around the asteroid. These 
provide downward forces on an astronaut, permitting mining operations such as 
drilling, excavation, hammering and documenting materials in safety.  

Taylor et al. (2008) and Taylor and Benaroya (2009) point to the Earth business 
model for oil drilling in extreme environments as a basis for the colonization of 
the comet Wilson-Harrington for habitation and development. In this approach 
Wilson-Harrington is drilled with tunnels and shafts, with the goal of creating a 
volume large enough to provide a shielded, habitable environment for 10,000 
people that will be self-sustaining. 

Blair and Gertsch (2010) provided an overview of asteroid mining, discussing 
requirements and constraints, as well as suggesting that asteroid mining and  
planetary defense are natural allies. First required will be the site preparation: 
anchoring, NEO motion control, placement of body/fragment restraint system, 
construction of operations platform and the processing system. 

Misra (2010) assesses the economic feasibility of asteroid selection for mining 
and settlement using net present value (NPV) procedures. That asteroid would be 
orbited by a modified toroidal structure.  

Sanchez and McInnes (2012) discuss the shepherding near Earth objects (NEO) 
for use as sources of useful materials for the industrialization of space. The energy 
savings as compared to launching the same materials from Earth is vast. The chap-
ter estimates the probability of finding an object that could be transferred for  
certain delta V budgets, resulting in a resource map that provides an assessment  
of the mass of material resources near Earth space as a function of energy  
investment. 

Hasnain et al. (2012) develop and implement an algorithm to determine trajec-
tory characteristics necessary to move NEAs into capture orbits around the  
Earth. Based on considerations of the time to return on investment, the time of  
retrieval is constrained to ten years. 23 asteroids are recommended for future  
capture. 

A recent study by the Keck Institute for Space Studies (2012) explored asteroid 
retrieval in some detail. Included in the study by 34 participants are target discov-
ery, flight system design and mission design. An asteroid retrieval spacecraft is 
offered for the capture of a 7 m, 500-ton asteroid, whereby it is captured into a 
bin. 

The Autonomous NanoTechnology Swarms (ANTS) program of NASA and its 
contractors have focused on distributed systems for various applications, such as  
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for surface mobility and the Prospecting Asteroid Mission (PAM). While the  
distributed architecture philosophy is similar to the proposed architecture of this 
chapter, we are suggesting a distinct concept. 

16.2   Challenges of Operations on Asteroids 

A number of architectures for accessing asteroidal resources have been proposed. 
These resources can be tapped at the source, or the asteroid can be moved to a 
more useful location, such as lunar orbit. An advantage of being in lunar orbit is 
that the lunar gravitational field can be used to advantage to control the mining 
operations on the asteroid. It has been proposed to move asteroids to Earth orbit, 
but the obvious risk is that instead of orbiting the Earth, the asteroid may enter the 
atmosphere. While the probability of such an event may be small, the resulting 
outcome would be so costly that the overall risk cost may be too high with current 
or near-term technological capabilities. 

The key engineering challenge to mining operations on an asteroid is the almost 
nonexistent gravitational field. This is not to minimize all the other difficulties, but 
zero-g operations impact all aspects of the work involved. We present a summary 
of the environmental issues in the following (Benaroya and Bernold 2008): 

• Micro/nano-gravity environment impacts all operations – as well as how dead 
and live loads are modified in a design framework 

• Safety and reliability – effects on design procedures and factors of safety; 
design robustness is critical for operations in unique and severe environments 

• Regolith and rock mechanics – effects on operations as well as foundation 
design, load-bearing capacity of a medium depends on the confining stress 
surrounding it; many classes of asteroids are so inhomogeneous that founda-
tions are not possible 

• Internal air pressurization is a bigger issue for habitable volumes; for robotic 
miners this is not as important, but beneficiation processes may have stringent 
requirements 

• Shielding against radiation and micrometeoroids – galactic and solar radiation 
are a design consideration for electromechanical systems 

• Vacuum effects on construction – drilling, blasting, and outgassing of mate-
rials; blasting on small bodies is an unlikely method due to exceedingly high 
pressures and unpredictable ejecta 

• Dust particles – are they charged and do they cling depends on the particular 
asteroid 

• Temperature cycles and gradients between dark and light sides – if the astero-
id is far from the sun then the gradients will not be a problem 

• Very low temperature effects on materials, especially exotic materials – out-
gassing may be a concern 

• Thermal management in a vacuum – likely spacecraft-type heat rejection 
systems except with a larger load due to mining operations. 



16   Architecture for an Asteroid-Mining Spacecraft 407 

Some of these issues are significant if we assume that humans are part of the min-
ing operation in-situ. As noted below, we view it very likely that asteroid miners 
will be autonomous with minimal human oversight in delayed-time. However, a 
sophisticated robotic asteroid miner will need to be designed to withstand all of 
the environmental factors listed above. 

16.3   Spacecraft Structures 

There will be little similarity between structures designed for asteroid mining 
operations and those envisioned for the surface of the Moon or Mars, whether 
fixed or rover. The difficulties associated with operations on a body with almost 
zero gravity (and of great inhomogeneities) are similar to those encountered by 
astronauts working on the space station in Earth orbit, where microgravity exists. 
But while in orbit around the Earth, advantage can be taken of being in orbit and 
of the gravity field of the central body.  By this we mean that the gravitational pull  
can be taken advantage of in the maneuvering of the spacecraft around the  
asteroid, much in the way that gravitational assist is used in long-distance trajecto-
ries to save fuel. An asteroid orbiting about the sun does not provide that  
advantage. 

While mining operations can begin while orbiting or secured to an asteroid, and 
we can envision an apparatus that permits operation of mining tools tethered to an 
orbiting craft, it does not appear that orbital mining of an asteroid is desirable. 
Depending on the size of the asteroid, various possibilities have been proposed in 
the literature for traversing and performing mining operations. The “right” answer 
has not been found – there may not be a single space miner type. Rather, a robust 
and adaptable design is needed. 

Our general criteria for such a craft are: 

• Its design should be robust in the face of a broad spectrum of asteroid sizes 
and shapes, and spin rates. In particular, the spacecraft should be adaptable to 
a reasonable range of dimensions and aspect ratios so that custom designs are 
not needed except in unique instances. 

• The craft should generally be comparatively small and not a behemoth. 
• The essential design should be suitable regardless of whether the asteroid is 

processed in-situ or is shepherded to a local orbit. On-site processing would 
necessarily require a larger craft. 

• It is assumed that the craft is autonomous. It is unreasonable, even in the near-
term, to expect astronauts in space suits to work in the almost zero-g, radia-
tion-rich environment while processing a rock in space. Even robotically as-
sisted mining cannot justify using astronauts in that venue. Additionally, the 
designs of mining craft that include life support would clearly increase costs 
and complexity of the mining venture, delaying operations and increasing 
risks. 
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16.4   A Deployable Concept 

For purposes of our discussion, we consider near- to medium-term mining activi-
ties rather than futuristic and science-fictionish solutions lacking connection 
present-day technologies and projections. Near-term is defined here as 20 years, 
medium-term as 40 years, and long-term 60 years. It is not possible to predict very 
far into the future on matters such as these.  

Specific mechanical design issues/constraints for the proposed spacecraft are: 

• Power systems (solar or nuclear) 
• Materials processing equipment 
• Mechanisms for deployable containment devices 
• Dynamics and control of craft 
• Packaging of components into a compact body 
• Thermal rejection systems 
• Shielding of equipment. 

Since the craft will ideally be comparatively small, compact power technologies 
are imperative. Deployable solar sail technology is a possibility for inner solar 
system operations, and solar thermal propulsion is a possibility. Nuclear power 
systems will likely be needed for outer solar system operations and for projects 
expected to last a significant amount of time, or those requiring enough power to 
move asteroids to closer orbits. 

Various technologies have been proposed to drill, crush, dissolve and eject 
parts of asteroids as part of a framework to process them and move the end prod-
ucts to market or for further processing. A suite of technologies is needed. The 
design and deployment of NASA’s Curiosity demonstrates a capability to package 
a variety of instruments into a relatively small craft. While it is expected that the 
asteroid miner will be larger, we can also expect that the modules within such a 
craft will be Curiosity-sized or smaller. 

We can be confident that mechanism quality and robustness of the asteroid 
miner will determine whether the concept is viable. So much of the mining opera-
tions and miner survivability will depend on mechanisms that attach the craft to 
the asteroid, mechanisms that operate on the asteroid, and mechanisms that main-
tain the systems. Project viability will rest on a family of creatively designed and 
synergistic mechanisms. 

Dynamics and control of spacecraft are always a crucial. When spacecraft must 
operate around and on a body with the characteristics and environment of an aste-
roid, the challenges to spacecraft design and control become additionally challeng-
ing. Not only will dynamics and control bring the asteroid miner to the body, once 
the miner is attached and mining operations begin, there will be dynamics and 
control issues. Mining operations will affect asteroid dynamics. As material is 
processed, asteroidal mass properties will change, requiring an adaptive control 
system. If mass is ejected, either for moving the body to a closer orbit, or to propel 
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mined asteroid volumes to another location, the asteroid will react. These beha-
viors must be understood and adaptively controlled. 

The spacecraft and its equipment must be properly shielded against radiation 
damage. Electronics can be hardened and redundancy is needed. It is unclear  
how serious an issue micrometeorite impacts are in such operations. It is likely 
that unintended impacts from rocks loosened from the asteroid are a more serious 
concern. 

Reliability and maintainability of the spacecraft underlies all the above. At this 
time it is unclear how to design for the extreme asteroid mining environment. 
When drilling on Earth or in the oceans access to replacement parts and techni-
cians is assured. How that translates a robotic asteroid site is not currently known. 
Some ideas can be gleaned from mining and drilling activities on Earth in cold 
regions, and on Mars with our limited but valuable experience. 

16.4.1   Tetrahedral Miner 

For moderate-size asteroids with essentially no gravitational pull, we require a 
new structural paradigm. Concepts have been proposed for strapping machine and 
human to the asteroid. We propose here a multi-component spacecraft/miner that 
decouples when in the vicinity of the asteroid, creating a volume within which the 
asteroid is placed. Then, the partitioned spacecraft elements, which are connected 
via ultra-strong carbon nanotube ribbons, pull together and eventually touch down 
on as many facets of the asteroid as there are spacecraft elements. 

In this position, the component miners can begin operations while secure to the 
body. Depending on the size of the asteroid, it may be possible to deploy connect-
ing ribbons on which cable cars can traverse and perform mining operations. It 
may be desirable to provide elevated cables for transport above the asteroid sur-
face, cable car-like. 

We describe the spacecraft concept that can satisfy the constraints listed above. 
Elements of this concept can be found in a few of the listed references, but the 
overall concept of a deploying spacecraft is, as best as can be determined, new. 

The essential concept is encapsulated in Fig. 16.1 below, where a mining 
spacecraft in the shape of a cube is split into six tetrahedral elements. The concept 
would be the same if the craft is rectangular or oddly shaped, and is split into an 
arbitrary number of arbitrary shapes that can be packaged into a reasonable, trans-
portable volume. The cube split into tetrahedral elements is just easy to refer to 
here. But the tetrahedral element is a shape that provides more options for mesh-
ing with an odd shaped asteroid. Since we expect these cubes to be relatively 
small, fitting inside the payload fairing. However, we do not minimize the chal-
lenges of packaging the fuel tanks, antennas, and the sensitive elements. 

Deployable structures have an extensive history. They are challenging, but an 
important solution to complex engineering problems in difficult environments. 
Also, the tetrahedral configuration has been seen in a variety of applications, unlike  
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Fig. 16.1 Cube spacecraft concept shown with tetrahedral components exploded. Each of 
these tetrahedral elements is connected to the others. Once in position around asteroid, the 
elements move out radially creating a volume within which the asteroid is placed. Then 
these tetrahedral elements pull together until all elements are in contact with the surface of 
the asteroid. Inside each element is specialized equipment that can perform anticipated 
operations on the asteroid. 

the one proposed here, where it provides optimality, for example, in Herr and 
Horner (1980), Clark et al. (2007) and Capo-Lugo and Bainum (2009). 

Suppose we could design the aforementioned spacecraft miner so that its com-
ponents can be stowed in the tetrahedral elements of a cube. These elements are 
tightly stowed for the flight to the asteroid. When the cube approaches its target it 
will split open into its component elements, which are connected to each other via 
ribbons of great strength, such as nanotube ribbons. As a possible maneuver for 
the asteroid capture, a spinning cube can be used to transform spinning energy into 
the opening motion mentioned above without the need for additional power. Con-
servation of angular momentum is the guiding principle. Also, spinning the space-
craft to match the spin speed and axis of the asteroid will ease the capture. 

The tetrahedral elements will open up as far as needed to encompass the astero-
id and, once the asteroid is encased within the volume enclosed by the elements, 
they will pull together until each element has lodged itself onto a facet of the aste-
roid and locked. The nanotube ribbons will then have been wrapped around the 
surface of the asteroid. If needed, a fine-mesh net could also be deployed around 
an asteroid composed of smaller rocks. Figures 16.2 and 16.3 illustrate the  
concept. 

In this final locked configuration, drilling, processing, and ejecting machines 
and elements will begin to operate, as per design, to process the asteroid. If the  
design purpose were to move the asteroid to a local orbit, then these tetrahedral 
elements would be equipped with thrusters and/or deployable solar sails to nudge 
the asteroid to that location.  
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Fig. 16.2 Here we see the tetrahedral elements in their deployed, connected configuration, 
having encased the asteroid. (Copyright 2012 Ana Benaroya, used with permission.) 

Certain structural and dynamics design issues are obvious at this juncture: 

• The orbital mechanics of projecting this cube spacecraft to the chosen asteroid 
needs to be designed, providing it enough spin energy that can be transferred 
to each tetrahedral element, thus allowing the asteroid to be surrounded, as 
detailed above. 

• The ribbons connecting the tetrahedral elements need to be designed for 
strength, deployment, and the connections as do the “winches” used to pull 
them all to the asteroid face. The ribbons can be used for communications as 
well as transport. 

• The placement of the spacecraft and mining components within the tetrahe-
dral elements needs to be optimized. Robustness in design suggests redundan-
cy in tetrahedral capabilities. Thus, if one or two elements fail, others can still 
proceed with the majority of the mission. 

Based on this framework, we are proceeding with a conceptual design that will 
address some of the issues listed above. There are likely a number of solutions that 
satisfy the above criteria and constraints.  
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Fig. 16.3 The tetrahedral elements have been winched to the asteroid surface. Each element 
is planted face down as per design. Drilling or other processing can proceed through either 
the face on the asteroid or through an exposed face. Cables connect the elements; in one 
case a cable is suspended, allowing cable car-like operations. (Copyright 2012 Ana Bena-
roya, used with permission.) 

16.5   Concluding Statement 

We have proposed a spacecraft architecture that identifies the key issues of astero-
id capture and mining. Clearly, the goal of placing robotic miners at asteroids is 
beyond our current technological capabilities. The lesser (or is it greater) capabili-
ty of placing people on asteroids for purposes of mining is beyond our current 
capabilities. (With people onsite, life support becomes a major burden. Being 
completely robotic places large burdens on automation.) We are able to send rock-
ets to asteroids, have some minimal interactions with the rock resulting in small 
sample return and small-scale local processing, for example, the 2003 launch of 
the Hayabusa spacecraft to the asteroid Itokawa, arriving in 2005, and returning 
samples to Earth in 2010. The framework proposed here is meant to apply to the 
generation of spacecraft whose goal is to integrate with the target asteroid and 
begin operations, whether mining or relocation. While it is difficult to accurately 
predict when a new technology can go online, it is not unreasonable to expect that 
the proposed architecture can be ready within a decade. 
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17.1   Introduction 

The number of known Near Earth Asteroids (NEAs) has increased continuously 
during the last twenty years. We now understand the role of asteroid impacts for 
the evolution of life on Earth (Alvarez et al. 1980). To ensure that mankind will 
survive as a species in the long run, we have to face the “asteroid threat” seriously. 

On one hand we will have to develop methods of detection and deflection for 
Hazardous Asteroids, on the other hand we can use these methods to modify their 
orbits and exploit their resources. Rare-earth elements, rare metals like platinum 
group elements, etc. may be extracted more easily from NEAs than from terrestrial 
soil, without environmental pollution or political and social problems. 

To change the orbit of NEAs it is necessary to develop advanced propulsion 
systems to move the huge masses of these asteroids, e.g., Deuterium-Helium-3 
fusion engines. 

For the mining process an Earth orbit beyond the Moon should enable us to 
keep the rate of mining advance equal to the rate of cargo shipping between the 
NEA and the Earth-Moon System. 

When the mining is finished some asteroids with a diameter of more than 400 
m can be used to build rotating toroidal habitats inside the remaining hull. Oxy-
gen, Hydrogen and Carbon can be extracted from C-Type and similar asteroids. 

To use asteroid resources will be a crucial step of human evolution, it will defi-
nitely establish human civilization in space. To be independent from planet Earth 
is a “life insurance” for the human species in case of global disasters caused by 
nature itself, like super volcanoes, ice ages, novae and other cataclysmic events 
that we may expect in the far future. 

17.2   Near Earth Asteroids 

This section deals with Near-Earth Asteroids (NEAs) and their potential for hu-
man activities in space. We start by giving a review on the origin of asteroids in 
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general in the context of solar system formation. Then the physical properties 
together with minerals and raw materials related to NEAs are presented. Follow-
ing that we give details on the classification of NEAs into groups based on orbital 
characteristics, and finally we consider the accessibility and potential target ob-
jects for future missions. 

17.2.1   Context 

Contemporary models of planet formation provide a scenario for forming planets 
in our solar system and in extra-solar systems, and they are also capable to explain 
the origin of asteroids and comets (Morbidelli et al. 2012; Weidenschilling 2011; 
Alibert et al. 2010). 

The basic steps consist of the growth of interstellar dust particles, embedded in-
to the gas of the nebula forming the proto-planetary system, from nanometer 
scales to centimeter sized particles. By continuous growth processes (e.g., sticking 
and collisions) these particles form meter-sized boulders, which in turn tend to 
grow further on different time-scales. Once these planetesimals reach sizes of the 
order of one kilometer, their gravitational attraction boosts their size, as they tend 
to collect smaller objects and exhibit a “runaway growth” (Aarseth et al. 1993). 
Later the proto-planets are formed by the biggest of these planetesimals, reaching 
sizes of some 1000 km. The left-over debris from this process, myriads of small 
objects ranging in size from some meters to hundreds of kilometers, forms the 
population of asteroids and comets in our solar system. 

But the picture would not be complete without additional processes that have 
been identified to contribute to the characteristics of the asteroid population today. 
First of all, not all asteroids are pristine objects from the very early days of the 
solar system but quite a lot of them are of later origin, formed by dynamical 
processes during the evolution of the solar system. Such processes include  
collisions between asteroids, tidal disruption, and rotational instabilities (Wyatt  
et al. 2010). 

As for the first and most important of the aforementioned processes, one has to 
add that although asteroids in the main-belt, between the orbits of Mars and Jupi-
ter, can achieve dynamical life-times of the order of millions or even billions of 
years (Morbidelli and Nesvorny 1999), sometimes collisions occur between them. 
The fate of the colliding asteroids depends on parameters such as the relative ve-
locity in the collision, the mass of the involved objects, and the composition 
(Leinhardt et al. 2000; Durda et al. 1998). While collisions between a relatively 
big asteroid and a smaller object might just form an impact crater on the former, a 
collision between similar sized objects can well lead to a catastrophic disruption of 
both, forming a swarm of small debris with the potential for further collisions to 
other objects. One might wonder why there are few of those planetesimals of typi-
cally 1000 km size that should be abundant during solar system formation. Today 
Ceres, the biggest asteroid (or dwarf planet) in the main-belt with roughly 1000 
km diameter, Vesta and Pallas, next in size with about 500 km diameter, seem to 
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be the only remnants of that early phase of the solar system. Other asteroids with 
sizes larger than 100 km are expected to have suffered from numerous impacts 
and collisions, which could have decreased their sizes considerably (Asphaug  
et al. 1998). 

17.2.2   Physical Properties and Mineralogy 

An important point for the understanding of the different types of asteroids is to 
consider their origin. As the proto-planets gathered more and more mass, they 
were struck by frequent impacts on the surface. In their interior radioactive iso-
topes with short half-life (e.g., Al-26) produced enough heat to completely melt 
them, thus leading to a separation of heavier and lighter elements (Moskovitz and 
Gaidos 2011). 

The geochemical analysis of meteorites found on Earth shows certain typical 
groupings of elements (Heide and Wlotzka 1995, Mittlefehldt 2003). One such 
group are the “siderophile elements” that are related to nickel-iron. Another group 
is related to FeS (iron-sulfide), characterized by the “chalcophile elements”; be-
sides there is also the group of “lithophile elements” that are related to oxygen, 
and are enriched in the silicate parts of meteorites and asteroids. Typically astero-
ids are depleted in volatile elements, such as hydrogen and helium, the primary 
components of the proto-solar nebula. 

While the heavy elements, such as nickel or iron together with siderophile ele-
ments, sank to the center of the molten proto-planet and formed the metallic core, 
the lighter lithophile elements remained in the mantle and formed various silicate 
minerals. The crust finally formed from the uppermost layers of the mantle and 
contained the lightest minerals. 

Table 17.1 Geochemical groups for meteorites with typical elements occurring in mineral 
associations 

Group Elements (selection) 
Siderophile Fe, Ni, Co, Cu, Au, Pd, Pt, Os, Ir 
Chalcophile Fe, Ag, Cd, In, Th, Pb, Bi, and S, Se, Te 
Lithophile Rb, Cs, Be, Al, Sc, rare-Earth elements, Th, U, Ti, Nb, Ta, Cr, 

Mn 
 
This shell structure, a metallic core, silicate mantle and crust, accounts for the 

different types of asteroids observed today as well as the types of collected and 
studied meteorites. Collisions with low speeds would remove the crust of the ob-
jects and produce low density fragments, while high speed impacts excavate addi-
tional material from the mantle and can mix different silicate minerals – like those 
found in achondrite meteorites. Hyper-velocity impacts and catastrophic collisions 
can lead to the destruction of the whole parent body and the release of fragments 
from the previous core, which can be found today as iron and stony-iron  
meteorites. 
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After a collision with sufficiently low velocity the fragments can re-assemble 
under the action of the mutual gravity and form a loosely bound “rubble-pile”. 
This model can explain the unusually low bulk densities of some asteroids, having 
densities of <1 – 1.5 g/cm3, while values around 3 g/cm3 for solid bodies (com-
posed of silicate minerals) are to be expected (Baer and Chesley 2008, Britt et al. 
2002). An asteroid with this rubble-pile structure would raise additional difficul-
ties for a mining mission, as the internal structure may not permit a deep mining. 

17.2.3   Asteroid Classification 

Classically, there are three major classes of meteorites: (i) stone meteorites, (ii) 
stony-iron meteorites, and (iii) iron meteorites, with each class consisting of a 
number of subclasses (Heide and Wlotzka 1995, Krot et al. 2003). This implies 
that asteroids, from which the meteorites are stemming, have the same characteris-
tics. However, based on photometric and spectroscopic observations of asteroids, 
a different classification has evolved in astronomy. By observing the reflected 
sun-light from the asteroid's surface and comparison to laboratory spectra  
of known minerals on Earth, the surface composition of an asteroid may be  
determined. 

Two examples of widely used classification schemes are the Tholen and the 
SMASS classes (Tholen 1989; Bus and Binzel 2002). The common feature of both 
is that they define three broad categories which contain the majority of objects. 
The C-group includes carbonaceous objects, i.e. carbon rich asteroids with appre-
ciable water content and some organic molecules. This group comprises about 
75% of all asteroids; they are most numerous in the outer main belt (Gradie et al. 
1989). The S-group contains silicaceous asteroids, and makes up for 17% of aste-
roids. The third is the X-group, including generally metal-rich asteroids, but also 
objects with quite different compositions. Thus there is a link between the astro-
nomical and geochemical classes: C-group is equivalent to carbonaceous chon-
drites, S-group to stony meteorites, and X-group to iron meteorites. 

17.2.4   Asteroid Populations 

The first asteroid, Ceres, has been discovered by Piazzi only in 1801. He under-
took an observational survey of the “gap” between the planets Mars and Jupiter, 
aiming to find the missing planet believed to be present on the basis of the Titius-
Bode law. Since then more objects were discovered using ground-based as well as 
space-based facilities. It became clear that there are certain “patterns” in the dis-
tribution of these small objects, which can be explained in part by dynamical 
processes (Knezevic et al. 1991; Dvorak et al. 1993), but also as an imprint of the 
early structure of the solar system. 

In the inner solar system, intersecting the orbits of the terrestrial planets Mer-
cury, Venus, Earth, and Mars, there are the NEAs, and we will return back to them 
later. The overwhelming majority of asteroids are located in the main-belt, a re-
gion ranging from 2 to 4 AU (an Astronomical Unit is the Earth's distance from 
the Sun). Millions of objects of all sizes orbit the Sun and occasionally get into  
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orbits that can lead them into the inner solar system, where they can replenish the 
NEA population. Further outwards, between the orbits of the giant planets, the 
population of Centaurs can be found. These objects have some features in com-
mon with comets. Then beyond the orbit of the outermost planet Neptune, the 
Kuiper-belt objects are located, the most prominent being Pluto. These are icy 
bodies, with high water content and generally low density that are probably unal-
tered since the very beginning of the solar system. At the outer border of our solar  
system the Oort cloud contains billions of comets, some of which occasionally  
penetrate into the inner solar system. 

17.2.5   Groups of Near Earth Asteroids 

After this short account on the inventory of minor objects let us return to the NEAs. 
From the observational point of view NEAs are not fundamentally different from 
main belt asteroids. There are, however, some distinctive points about them. First, 
NEAs are generally smaller than their counterparts in the main belt. The largest 
NEA, Ganymed, is about 32 km in diameter, and – like their main belt counterparts 
– the majority of NEAs have diameters below 2 km (Durda et al. 1998). 

 

Fig. 17.1 Graph of the size distribution of potentially hazardous objects depending on their 
diameter. The diameters are estimated based on absolute magnitudes and two different  
albedos: A=0.05 (blue), A=0.25 (red); the green boxes represent objects with known  
diameters. 
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In the past decade automatic telescopes with wide field-of-view detectors have 
monitored the sky which has led to many new detections. The purpose of these 
surveys (e.g., LINEAR, Catalina Sky Survey, etc.) is to detect virtually 100% of 
all NEAs with diameters of 1 km or larger (Stokes et al. 1998). 

There are three main classes of NEAs, the Amors, Apollos, and Atens (Shoe-
maker et al. 1979). The classes are defined on a dynamical basis, depending on the 
orbital elements of an asteroid, which are subject to changes over timescales of 
thousands to millions of years (Milani et al. 1989). 

 

Fig. 17.2 The three major classes of Near Earth Asteroids. The arrows indicate the typical 
distance range of the group. 

The Amor class asteroids are a kind of intermediate population between main-
belt and Earth crossing asteroids. While they have typical semi-major axes (aver-
age distances from the Sun) that would place them into the main-belt, nevertheless 
they cross the orbit of Mars and approach the Sun below 1.3 AU [astronomical 
unit (AU) = average Sun-Earth distance, 150 million kilometers]. These distances 
still put them in a safe region where they do not present any immediate risk to 
Earth, unless they do not become Apollo type NEAs. The Apollo group differs 
from the Amors in the minimum distances from the Sun, which does not exceed 
1.017 AU. This value is the Earth's farthest point from the Sun, so that the Apollos 
may really intersect the Earth’s orbit and could have collisions. The third group, 
the Atens, comprises asteroids that have average distances of less than 1 AU, i.e. 
they move inside the Earth's orbit. Atens move out to distances above 0.983 AU, 
crossing the Earth orbit in its Sun-nearest point. Just like the Apollos they can 
have collisions, but given their higher velocities they are more dangerous. This 
fact is compensated by the relatively low number of Atens as compared to the 
Apollos, which represent currently the most numerous NEA group 
[http://neo.jpl.nasa.gov/stats/]. 

17.2.6   NEA Accessibility and Possible Targets 

Although they are termed as NEAs, only a few of these objects really approach the 
Earth close enough to present some danger. Think of the Amor group objects that 
still stay about 0.3 AU (or 45 million km) away from Earth. 

For a NEA to be a possible target for robotic or human exploration, it has to 
fulfill certain criteria. Based on the NASA NHATS [Near-earth objects Human 
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space flight Accessible Targets Study (NHATS), http://neo.jpl.nasa.gov/nhats/] 
database we have chosen several objects. For our purpose potentially hazardous 
asteroids (PHAs) seem to be a favorable choice for the following reasons: (i) they 
have frequent close-encounters to Earth, (ii) the minimum orbit intersection dis-
tance (MOID) is less than 0.05 AU (~7.5 million km), (iii) they have diameters 
exceeding 150 meters. Additionally to the previous points the necessary velocity 
change (delta V, ΔV) for a space probe is below 12 km/s to reach targets from the 
NHATS list. 

A mission to a PHA would have the additional value of testing various deflec-
tion strategies in case that one day the mitigation of an asteroid on collision orbit 
with Earth will have to be performed. 

Table 17.2 List of NEA (PHA) objects as potential candidates for mining with their physi-
cal and orbital parameters. For the calculated mass value a spherical shape with homogene-
ous density of 3 g/cm3 has been assumed. 

Designation Diameter 
[m] 

Mass 
[kg] 

Semi-major 
axis [AU] 

Eccentricity Spectral  
type 

2004 MN4 270 3.092×1010 0.922 0.191 Sq 
1982 DB 330 5.645×1010 1.489 0.360 Xe 
1998 SF36 330 5.645×1010 1.324 0.280 S 
2005 YU55 400 1.005×1011 1.157 0.430 C 
2008 EV5 450 1.431×1011 0.958 0.084 S 
1982 XB 500 1.963×1011 1.835 0.446 S 
1999 RQ36 493 1.882×1011 1.126 0.204 C 

 
The masses and densities of these objects are poorly determined with exception 

of Apophis and Itokawa, which received special attention (Chesley 2006; Bancelin 
et al. 2012; Yoshikawa 2004). We limit the candidate's diameters to values be-
tween 150 – 500 meters, as smaller objects may not be rewarding targets for min-
ing, and much larger objects require vast amounts of energy and propellant for 
orbital maneuvers. By assuming a bulk density of 3 g/cm3 we calculate an upper 
bound for the mass of these objects. 

17.3   Robotic Prospection of NEAs 

Our knowledge about asteroids has been greatly expanded thanks to spacecrafts 
sent to some objects. These missions were either short duration fly-bys, long-term 
orbiting or sample return projects. Currently only two of these missions examined 
a NEA, while main-belt asteroids were more common targets (Shevchenko and 
Mohamed 2005). 
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17.3.1   Completed Missions 

The first mission to an asteroid was the fly-by of the Galileo space probe to Ga-
spra and thereafter to Ida. On the way to Jupiter this spacecraft passed the main-
belt asteroid 951 Gaspra in the year 1991 (Veverka et al. 1994), and 243 Ida in 
1993 (Belton et al. 1996). From the data taken it turned out that both are S-type 
objects with irregular shapes, and that Ida possesses a moon named Dactyl. 
Among other interesting physical properties, such as albedo, rotation period and 
mass, the surface minerals were determined to be olivine and pyroxene, and the 
mean densities are 2.6 g/cm3 which suggest a link to ordinary chondrites. 

A few years later the Near-Earth Asteroid Rendezvous (NEAR-Shoemaker) 
spacecraft was targeted to investigate for the first time a NEA. In 1997 it passed the 
main-belt asteroid 253 Mathilde (Clark et al. 1999), and took pictures of this very 
dark object. The low albedo and low mean density of only 1.3 g/cm3 indicate that 
Mathilde could be a carbonaceous chondrite type object. After a fly-by to the NEA 
433 Eros in 1998, the spacecraft finally began to orbit this asteroid in the year 2000. 
Eros is an Amor object and the second largest NEA. During the following year the 
surface and the gravity field were mapped, giving a mean density of 2.67 g/cm3, 
again compatible with an ordinary chondrite composition (Miller et al. 2002). 

At about the same time the Deep Space 1 mission had a successful fly-by to as-
teroid 9969 Braille (Buratti et al. 2004), again a main-belt object. The dimensions, 
albedo and spectrum of this asteroid were obtained, where the latter indicates a 
similarity to 4 Vesta. The mission continued towards the comet 19P/Borelly. 

The similar mission Stardust had also the aim to investigate a comet (81P/Wild-
2) but additionally had a fly-by to main-belt asteroid 5535 Annefrank. The mis-
sion helped to determine the dimensions of this non-spherical body and its albedo. 

The Japanese mission Hayabusa (formerly MUSES-C) targeted the NEA 25143 
Itokawa, an Apollo object. In 2005 it was the first mission to successfully orbit this 
NEA, to take samples from its surface and return them to Earth. From the collected 
small dust particles the laboratory analysis yielded the result that Itokawa is an LL-
type ordinary chondrite with a cosmic-ray exposure age of 8 million years, meaning 
a quite recent origin derived from a former parent body (Nakamura et al. 2011). 

Finally, the European mission Rosetta passed by the big main-belt asteroid 21 
Lutetia on its way to the comet Churyumov-Gerasimenko. 

 

Fig. 17.3 Timeline for completed missions to main-belt and Near-Earth asteroids. The 
spacecraft's and asteroid's name are indicated together with the year. 
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17.3.2   Future Missions 

In the near future the NASA mission OSIRIS-REx is planned to launch in 2016 
and target the asteroid 1999 RQ36 (Lauretta et al. 2011). Once arrived in the 
2020s it will orbit the C-type asteroid and attempt a landing maneuver for collect-
ing surface samples. If successful the samples will be returned to Earth giving the 
great opportunity to study a carbonaceous object and its composition, and to com-
pare it with meteorites found on Earth. 

In summer 2012 the Dawn spacecraft finished its reconnaissance of 4 Vesta and 
is heading for 1 Ceres, where it should arrive in 2015. This mission gives valuable 
data about the two largest main-belt asteroids, which have strikingly different 
composition. 

17.3.3   Mission Concept for NEA Prospection and Mining 

For the future exploitation of NEAs as proposed in this chapter, we must elaborate 
standard probes and methods to investigate the asteroid we may choose for min-
ing. Currently missions such as Dawn or OSIRIS-REx require a budget of $500M 
(resp. $800M), for being engineered and built for a unique purpose. These costs 
could be decreased significantly by a series of probes all standardized and similar 
in function. 

After the decision has been made to venture the mining of a NEA, some prelim-
inary steps will have to be made. In the first phase the target needs to be well cha-
racterized and its physical properties need to be determined thoroughly. Whenever 
this is possible ground-based observations (optical and radio measurements) will 
constrain the shape and rotational state of the asteroid; a spectrum of the target 
will enable the mission planners to derive the surface properties (spectral type). If 
the orbit of the NEA is known with sufficient accuracy, these measurements can 
be timed around the phase of minimal geocentric distance; otherwise the next 
window of opportunity depends on the orbital period of the NEA, typically 0.7 – 3 
years. As a consequence of these requirements a reasonable time scale seems to be 
10 years for the preliminary work. 

Concluding the first phase, in the adjacent second phase a small orbiter would 
be sent to the target NEA (preferably on a direct trajectory), imaging and mapping 
the surface as well as probing the gravity field, which is essential to determine the 
mass, density and porosity with good accuracy. Density and porosity are important 
parameters to exclude asteroids which are very loosely bound rubble-piles that 
cannot be used for mining. This phase – disregarding the flight-time – can be 
completed in one year (given the results of the Dawn mission at Vesta); eventually 
some sort of simple sample return process can follow. The total time allocated for 
this phase would be another 10 years, including the preparations, flight-time and 
active mission. 

In the third and main phase a group of space tugs (see the respective section) 
would approach the target and connect to it. Subsequently the orbit of the NEA 
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would be modified using the carried propellant or by converting appropriate sur-
face material into fuel. The ultimate goal is to move the target asteroid into an 
Earth orbit where it can be mined safely by a manned mining station. The asteroid 
would be placed either into orbit beyond the lunar orbit, or into a libration orbit 
about the Earth-Moon Lagrangian points L4 or L5. The duration of this final phase 
depends strongly on the orbital parameters and the mass of the asteroid. Therefore 
only a rough assessment can be given here. Provided that the proposed propulsion 
systems are technically feasible, a mission time of 10 – 20 years in envisioned 
before the asteroid reaches an orbit around the Earth. 

Given the long duration of an individual mission, we propose a “pipeline” con-
cept. While the observations of NEAs can be done in parallel, the precursor mis-
sions of the next phase can be launched in short intervals, giving time for technical 
corrections and upgrades. In this way a continuous data flow is established, and 
there are no idle times for the mission crew. Also for the last phase a parallel ap-
proach seems more adequate than a serial one. 

17.4   Orbital Maneuvers 

17.4.1   List of Maneuvers 

For an unmanned space probe to reach a NEA the flight-time is not the primary 
objective. Rather one should aim for a low fuel consuming trajectory, requiring as 
few orbital maneuvers as possible. The reverse problem – moving an asteroid 
from a solar orbit into an Earth orbit – is somewhat trickier; a number of transfer 
mechanisms would be available (Chobotov 1991). 

• Hohmann transfer 

Assuming an initially circular orbit for the NEA – this assumption is generally not 
met, as many NEAs have moderate to quite high eccentricities – a simple Hoh-
mann transfer from the original NEA orbit to Earth orbit can be applied. If the 
engine bursts are considered to be instantaneous velocity “kicks”, the engines have 
to deliver a high peak performance (high thrust). Low thrust engines, on the other 
hand, can gradually change the orbit and operate more efficiently, but the neces-
sary change in velocity will be up to 141% higher, and the mission duration will 
be longer (Hohmann 1960). 

• Bi-elliptic transfer 

A bi-elliptic transfer involves two elliptic transfer orbits, but only one half of each 
is needed. The engines have to fire three times, first for leaving the original orbit, 
second to change the elliptic transfer orbits, and finally for arriving to the final 
orbit. Under certain circumstances the bi-elliptic transfer requires less fuel than a 
Hohmann transfer, although the travel time is generally higher (Chobotov 1991). 

• Changing the orbital plane 

Another problem with some NEA's orbits is that they have high inclinations rela-
tive to the Earth's orbital plane. In such a case before successful insertion into 
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Earth orbit the inclination has to be decreased. To save fuel, the changes of trajec-
tory (plane changes) should be applied when the magnitude of the velocity is the 
smallest, i.e. at apocenter in the most distant orbital point. 

17.4.2   Swing-By Maneuver 

Today planetary flybys not only offer an opportunity to gather data and take pretty 
pictures, but also allow a spacecraft to gain extra speed. The physical principles 
governing the swing-by (or gravity assist, gravitational slingshot) maneuver are 
simple: momentum conservation and energy conservation. The flyby transfers a 
tiny amount of the planet's momentum to the spacecraft which in turn is accele-
rated, while the planet is decelerated. Depending on the encounter geometry the 
spacecraft is either accelerated or decelerated [http://www.dur.ac.uk/bob. 
johnson/SL ] (Johnson 2003). 

As demonstrated by the Galileo and Cassini missions, the braking due to the 
swing-by saves fuel. We propose to modify a NEA's orbit in such a way to arrange 
for a close-encounter with the Moon and to exploit the swing-by to put the astero-
id into Earth orbit. The mass-ratio NEA/Moon is about 10-12 such that no negative 
effects on the orbital stability of the Moon are expected. 

17.4.3   Future Propulsion Systems 

As is visible from Table 17.2 the masses of the proposed NEA targets are higher 
than 1010 kg. These huge masses pose difficulties to deal with using conventional 
propulsion systems. There is a clear need for advanced propulsion systems that are 
able to deliver high thrust and specific impulse. Such a system could be the Bus-
sard Fusion System, also known as the quiet-electric-discharge (QED) engine 
(Bussard 1997, 2002). 

This system uses electrostatic fusion devices to generate electrical power. The 
fuel consists of Deuterium and Helium-3 that are fusing to Helium-4 plus protons 
releasing 18.3 MeV of energy per reaction. The charged protons escape from the 
confinement; their kinetic energy can be converted to electricity or be used direct-
ly as a plasma beam for generating thrust. The advantage of the Deuterium-
Helium reaction is the low neutron production rate (via Deuterium-Deuterium 
reaction), as neutrons are unavailable for generating thrust; the disadvantage is 
that Helium-3 is rather rare on Earth. However, it is more abundant on the Moon 
(via solar-wind deposition), so that it first has to be gathered from there, which 
could raise the mission costs. For the reaction a specific energy of 3.5×1014 J/kg 
can be computed (Bussard 1997, 2002), i.e. orders-of-magnitude higher than for 
any existing propulsion system. 

We have calculated for the objects from Table 17.2 the differences in Kepler 
energy between the NEA's current orbit and the Earth's orbit to estimate the 
amount of (specific) energy needed for the transfer (Roy 1988, chap. 11.3).  
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Then the energy needed is this difference multiplied by the object's mass, where 
we have assumed a bulk density of 3 g/cm3 as mentioned above. The given ΔV 
values were taken from a table [http://echo.jpl.nasa.gov/~lance/delta_v/] by Ben-
ner (JPL). 

Table 17.3 gives details on the fuel mass, which is estimated by dividing the 
energy column by 3.5×1014 J/kg for the De-He-3 reaction. 

Table 17.3 Energy and fuel mass required for transfer of a NEA into Earth orbit. The del-
taV values were taken from a table of JPL. 

Designation Mass [kg] Energy [J] Fuel mass [kg] DeltaV [km/s] 
2004 MN4 3.092×1010 1.161×1018 3317 5.687 
1982 DB 5.645×1010 8.265×1018 23614 4.979 
1998 SF36 5.645×1010 6.164×1018 17611 4.632 
2005 YU55 1.005×1011 6.094×1018 17411 6.902 
2008 EV5 1.431×1011 2.778×1018 7937 5.629 
1982 XB 1.963×1011 3.984×1019 113829 5.490 
1999 RQ36 1.882×1011 9.392×1018 26834 5.087 

 

Fig. 17.4 Graphical representation of the relation between a NEA’s orbit and mass vs. the 
energy required to transfer it to a geocentric orbit. 
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17.4.4   Example Application: 2008 EV5 

The Near-Earth object with the designation 2008 EV5 is classified as an Aten 
group asteroid, with a mean diameter of 450 meters that belongs to spectral type S 
(stony asteroid). Our mass estimate (using a bulk density of 3g/cm3) is 1.4×1011 
kg. To bring it to an Earth-like orbit (a = 1 AU, e ~ 0) the energy required is esti-
mated to be of the order of 2.8×1018 J; using the presented Bussard fusion system 
the amount of fuel would be ~8000 kg. 

The figure 17.6 shows the spatial orientation of the orbits of 2008 EV5 and the 
Earth. The dark red line represents the part of the asteroid orbit below the ecliptic 
plane. The line of nodes is also plotted, as well as the resulting orbits, when the 
asteroid velocity is increased (decreased) by +/– 1 km/s. As Table 17.3 shows the 
total ΔV for this NEA is approximately 5.5 km/s. By applying the thrust from the 
Bussard fusion system the velocity is increased just enough to orient the line-of-
nodes parallel to the Earth's. The current aphelion distance is 1.038 AU which is 
large enough to allow a close encounter with the Earth-Moon system to happen 
when crossing the nodes. If the orbit is arranged in such a way that the maximum 
approach to Earth is still in a safe distance beyond the Moon's orbit, but close 
enough to it to take advantage of a swing-by maneuver, then the remaining ΔV 
can be supplied through gravity assist from the Moon (Figure 17.5). 

 

 

Fig. 17.5 Swing-by maneuver, using lunar gravity (schematic drawing) 
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Fig. 17.6 Projection onto the ecliptic plane (above) and spatial view (below) of the orbit of 
2008 EV5 together with Earth's orbit. Additionally the modified NEA orbits are shown 
when the velocity is changed by 1 km/s. 
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17.5   Asteroid Space Tugs 

To realize a “pipeline” mission concept, as discussed in section 17.3.3, it is not 
only necessary to develop and test the Bussard Fusion System but also to create an 
unmanned space tug which is propulsed by Bussard engines and can carry the 
required fuel. All components of this spaceship should be designed for series pro-
duction to reduce costs in the long run. Therefore all parts should be modular and 
easy to assemble in Low Earth Orbit (LEO). As a main supporting structure we 
propose cylindrical modules built of aluminum trapezoid sheeting, stringers, 
frames and bulkheads. Considering possible heavy lift rockets, which could be 
derived from existing launchers like Ariane 5, we may limit the size to 24 m 
length and 8 m diameter. The maximum payload for one module, containing a 
fusion engine, a drilling anchor and technical equipment, should be approx. 20 to 
25 tons. 

In LEO four modules will be assembled to a space tug as shown in Fig. 17.7. 
The fuel is filled into the cylinders in space to reduce the launch mass on Earth 
and because Helium-3 is extracted from lunar soil. This implies that a lunar base 
(Grandl 2012) has to be established before sending space tugs to the asteroids. 

 

Fig. 17.7 Asteroid Space Tugs (preliminary design) 

For the target 2008EV5 as an example the primary fuel mass is approx. 8000 kg 
(table 17.3). But we have to add the fuel needed by the tugs to reach the NEA. We 
have also to consider some fuel reserve for adjusting maneuvers after the final 
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swing-by. For these additional thrusts to stabilize the NEA we need a second 
space tug, which can apply counterforces to the first tug. So we assume a total fuel 
mass of approx. 9000 kg for the 2008EV5 mission. The missions to some of the 
NEAs in Table 17.3 will require much more fuel. In those cases we can add exter-
nal tanks between the modules. 

Thus we send a couple of Asteroid Space Tugs to the selected asteroid. When 
the tugs will reach the NEA they will deploy their drilling anchors and penetrate 
the target as shown in Figure 17.8. Once fixed to the asteroid rock the tugs can 
apply forces in any direction by firing their engines. The first tug, which carries 
the main fuel quantity, applies the primary force for the orbital maneuvers. The 
second one adjusts the flight track by short engine thrusts. 

 

Fig. 17.8 Asteroid, guided by space tugs and communication satellites 

All the maneuvers would be supervised by a mission control center on Earth. 
Therefore the tugs are accompanied by three small communication satellites, 
which orbit the NEA and enable remote control from Earth or from the Lunar 
Base. 
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17.6   Mining and Processing 

When the NEA has been stabilized in Earth orbit beyond the Moon, a manned 
mining station is docked to the asteroid. The station is built of cylindrical  
modules and nodes. It contains a drilling machine, called the Active Mining Head  
(Taylor, Zuppero, Germano, Grandl, 1995), conveying, processing machinery, 
storage and docking modules. Rotating habitat modules provide a small artificial 
gravity for the crew. Electric current is provided by solar panels and a small nuc-
lear battery. 

 

 

Fig. 17.9 Manned Mining Station (schematic drawing) 

Mining an asteroid will be much different from mining on Earth because of low 
or zero gravity. On one hand it is easier to dig tunnels and caves because one 
needs less and smaller ring beams, rock bolts, etc., to stabilize the rock. On the 
other hand in a low gravity environment it is much more difficult to convey the 
excavated rock particles, known as “muck”, which are chipped away by the Active 
Mining Head (AMH). On the asteroid’s surface these rock chips can float away 
and be lost easily. 

For this reason we prefer underground mining instead of open cast mining. The 
asteroids which we choose for mining, e. g. 2008 EV5, should have a minimum 
bulk density of approx. 2 g/cm3. At lower density the drilling could destabilize the 
structural constitution of the soil and cause dangerous fractures in the NEA. 

The Active Mining Head is a flexible drilling, digging and tunnel boring ma-
chine. The drill bits are furnished with cutting elements of sintered artificial  
diamonds. The AMH must work slower, smoother and more precisely than in a 
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terrestrial mine, not to disturb the structural stability of the asteroid rock. First it 
drills a main central tunnel of 8 m diameter to the center of the asteroid, and then 
it excavates step by step a spherical cave up to 50 % of the NEA’s volume. 

The excavated cavern is permanently filled with a pressurized gas. Thus the 
muck can be removed easily in a flexible vacuum conveyor tube. 

In the manned mining station the mined material is processed, stored and pre-
pared for transport. Unmanned cargo ships transport the material to LEO or the 
Lagrange Points of the Earth-Moon system for further industrial use, e.g., in me-
tallurgical plants. The rate of mining advance, muck removal and storage must be 
kept equal to the rate of cargo shipping, which can be done more easily, when the 
NEA is in an Earth orbit than in its original solar orbit. 

The inner surface of the tunnel and the cave cannot be lined by the use of con-
crete (shotcrete) like on Earth because of the lack of air and water. After the end 
of the mining process a smooth walling can be made by laser sintering of the rock 
surface. 

The thickness of the NEA’s remaining crust depends on the bulk density of the 
asteroid rock and on the diameter of the celestial body and the cave. It should be at 
least approx. 30 to 50 m. 

After finishing the mining process and the laser sintering of the inner surface 
the remaining hollow asteroid can be used as a shelter for industrial facilities or 
for the storage of products like water, oxygen or other gases. The rock hull pro-
vides shelter against micrometeorites, cosmic rays, solar flares and last but not 
least thermal insulation. 

NEAs with more than 400 m diameter can be used for human colonies with  
artificial gravity. 

17.7   Asteroid Colonies 

During the 20th century a number of proposals to build space colonies have been 
made, e.g., by Ziolkovsky, Noordung, Ehricke, O´Neill (1989) or Germano and 
Grandl (1993). It was obvious that the construction of a “big” space colony would 
depend on the use of the in situ resources of outer space, especially the Moon and 
the asteroids. It will be also necessary to establish heavy industry in space before 
building the first colony. 

As a first step of space colonization we can use NEAs to carry colonies. In 
1995 a paper on commercial resource development and utilization of the comet 
4015 Wilson-Harrington (1979 VA) was presented (Taylor, Zuppero, Germano, 
Grandl, 1995). 

After finishing the mining process, the caverns of the comet would be used to 
build a rotating toroidal habitat. In this concept some essential technologies like 
the AMH (mentioned above) have been described. 
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Fig. 17.10 Habitat structure inside the comet 4015 Wilson-Harrington (design: A. Germano 
and W. Grandl, 1995) 

17.7.1   A Prototype Asteroid Colony : 2008EV5 

After having exploited up to 50 % of a NEA’s volume by mining, we can build a 
rotating toroidal colony inside the remaining cave. The shell of the hollow astero-
id provides a good shelter against meteorites, cosmic rays and solar flares. The 
radius of the rotating torus should be at least 100 m, to minimize the Coriolis acce-
leration (Puttkamer 1987). 

Thus we select an asteroid with a minimum diameter of 400 m, e.g., 2008 EV5, 
for a prototype asteroid colony. 

The torus can be built of prefabricated pneumatic elements. After assembling 
the elements the whole torus is inflated. Once sheltered by the shell of the NEA 
we can use big glass panels for illumination. Natural sunlight can be beamed into 
the center of the cave by an array of parabolic mirrors. The focused sunlight is 
distributed by a central mirror cone into the torus. The parabolic mirror array is 
designed as a free floating structure outside the asteroid, with independent rotation 
to collect the sunlight. The central mirror cone is furnished with small parabolic 
facets to distribute the light. 
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Fig. 17.11 Prototype Asteroid Colony, cross section 
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Fig. 17.12 Prototype Asteroid Colony, cross section / perspective view; The rotating torus 
is driven by electromagnetic bearings in the vacuum cavern of the asteroid. The free float-
ing mirror array in space beams the sunlight into the cave, where the light is finally distri-
buted by a central mirror cone. 

The entire toroidal structure will be rotating approximately 3 to 4 rounds per 
minute by the use of circular electromagnetic bearings (magnetic levitation) and 
provide up to 90 % of terrestrial gravity. In case of a failure the habitat will be 
supported by additional mechanical bearings. The Coriolis acceleration will be 
approx. 0.05 G, still comfortable for humans. 
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The non rotating spaceport at the asteroid’s surface provides docking and sto-
rage modules and is derived from the former manned mining station. 

The inner surface of the torus is used for housing, gardening, agriculture (per-
maculture) and a public center. Vertical farms and aquaculture provide nutrition 
for approx. 2000 inhabitants. All interior buildings and furniture are light weight 
constructions, partially made by 3D plotting and similar methods. Lightweight 
materials like carbon fibers and foamed metals will be used. 

To avoid thermal overloading of the cave, a system of heat absorbers and heat 
exchangers will be installed inside and outside of the asteroid shell. Thus the sur-
plus heat can be absorbed, transformed into electrical power or radiated from the 
surface as microwaves. 

Oxygen and water are extracted from asteroid material during the mining 
process or in industrial plants in space. The goal is to generate a “closed water 
cycle” in a nearly self sufficient space colony. 

17.8   Future Scope 

In the year 2200 some dozens of asteroid colonies may orbit Earth beyond the 
Moon. Those mined NEAs, which are too small to carry rotating colonies,  
would be used for industrial facilities, farming and to store products like water, 
oxygen, etc. 

Then some hundred thousands of people could settle in the Earth-Moon system 
and constitute a new society beyond planet Earth. Solar power satellites and indus-
trial facilities would orbit Earth and Moon, producing rare products for the  
increasing mankind. Space elevators would transport materials and products be-
tween Earth and Low Earth Orbit. Spaceships would start from Lunar Orbit and 
the Lagrange Points to Mars, the Asteroid Belt and the moons of Jupiter to search 
for scientific knowledge and to use the resources of the entire Solar System for the 
benefit of mankind. 

Earth then could become a “green planet”, because most of the mining and 
heavy industry processes would be deployed in space. 

Arrays of Space Telescopes could survey the Solar System to detect and help to 
deflect hazardous celestial bodies before they approach the Earth-Moon system. 
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18.1   Introduction 

Any envisioned future for space exploration involves both a growth in large space 
structures and a human presence in space. Some possible examples of future space 
endeavours are large space solar power satellites, space tourism or more visionary 
human space settlements. This, of course, implies a much larger mass of material 
in-use in space, for both structural mass and life support. The traditional approach 
to deliver material into orbit has always been to overcome the Earth’s gravity well, 
which is, arguably, not the most effective means if we bear in mind that the energy 
cost to reach low Earth orbit (LEO) is already “half-way to anywhere”.[“Once you 
get to Earth orbit, you're halfway to anywhere in the solar system."-Robert A. 
Heinlein]. 

The utilisation of resources already in space is however not a new solution to 
decrease the large costs of access to space, but was instead conceived already by 
the first rocketry pioneers as a logical step towards space colonisation (Tsiolk-
ovsky 1903). Asteroids, and particularly near Earth asteroids, are an especially ap-
pealing source of resources because of both their accessibility from Earth and their 
potential wealth (Lewis 1996). The shallow gravity well of these objects also be-
comes an asset, which combined with the accessibility of their orbits, ensures that 
their resources can potentially be placed in a weakly-bound Earth orbit at a lower 
energy cost than material delivered from the surface of the Earth, or even the Moon. 
A myriad of different materials could then be transported and utilised in space. Wa-
ter and other volatiles, for example, could potentially be extracted from hydrated 
carbonaceous asteroids and be utilised for life support and propellant (Nichols 
1993). Humans need approximately 3 litres of water daily. Even if a significant frac-
tion of this water is recycled, current water recycling systems require periodic re-
supply.  Water and other volatiles could also be used as a rocket propellant.  The 
possibility of stationing orbital refuelling depots, for example at the Earth-Moon L1 
point, to fuel interplanetary missions towards Mars and the outer planets may reduce 
mission costs enormously. Another interesting use of water is for radiation shielding 
purposes, for which it is known to have a high efficiency. Metals for space structures 
or semiconductors for electronics applications should also be found in specific aster-
oid classes. Even for highly processed materials such as silicon wafers for solar 
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cells, the launch costs are still the largest cost fraction of their use in space. Rare 
metals, such as the platinum group metals, could potentially even find interest in 
terrestrial markets due to their relative scarcity. Finally, even raw unprocessed mate-
rial may be of value for radiation shielding. 

Asteroids and comets, and in particularly, near-Earth Objects (NEOs), are also 
of strategic importance for science. These celestial objects could potentially un-
cover the mysteries of the formation, evolution and composition of the solar sys-
tem. Fundamental debates such as the origin of water on Earth or panspermian 
theories could be settled by asteroid in-situ science. Lastly, Earth impacting aster-
oids and comets have permanently altered the characteristics of our planet to vary-
ing degrees, and will continue doing so in the long-term (Chapman 2004). 

The growing interest in these objects has translated into an increasing number 
of missions to NEOs, such as sample return missions through NASA’ StarDust or 
JAXA’s Hayabusa, future sample returns such as OSIRIS-REx, impactor missions 
such as Deep Impact or possible deflector demonstrator missions as Don Quixote 
[http://www.esa.int/ SPECIALS/ NEO/SEM9ST59CLE_0.html].  Asteroids are 
also of primary importance for near-term human exploration beyond LEO. Under 
NASA’s flexible path plan (Review of U.S. Human Spaceflight Plans Committee, 
2009), asteroids are the only “surface” that can be visited without requiring the 
capabilities necessary to land and take-off from a deep gravity well such as that 
the Moon and Mars. 

The debate on the potential for future exploitation of NEOs, and possible syn-
ergies with science (Elvis 2012) and planetary protection, is clearly intensifying in 
recent years. Evidence can be found in the growing body of scientific literature on 
the topic of asteroid exploitation, as well as in recent mission proposals,  
such as the Keck asteroid retrieval mission (Brophy and et.al 2012), and in the 
interest from the commercial space sector in their potential resources [http://www. 
planetaryresources.com]. 

This chapter will attempt to provide an insight into the feasibility of future as-
teroid exploitation. We will discuss how much near-Earth asteroid material is 
known, how much remains to be discovered, and, more importantly, how much 
can be easily accessed for future asteroid exploitation missions. The analysis pre-
sented here attempts to assess these questions by analysing the volume of Keple-
rian orbital element space from which the Earth can be reached under a certain 
specific energy threshold and then mapping this onto an existing statistical near 
Earth object model (i.e., (Bottke et al. 2002, Mainzer et al. 2011)). The specific 
energy required to transport resources back to the Earth can then be defined by a 
multi-impulsive transfer, requiring an impulse to both phase the asteroid with the 
Earth and reduce the Minimum Orbital Intersection Distance (MOID) below a 
minimum critical distance. This allows a final second insertion burn at the periap-
sis of the hyperbolic encounter with Earth. A resource map can then be developed, 
estimating the amount of material available as a function of energy investment to 
access different types of resources. 

The specific energy, or energy per unit mass, to transport a given amount of re-
sources back to Earth is proportional to the square of the change in orbital speed, 
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∆v, necessary to insert these resources into a trajectory leading to the Earth’s vi-
cinity. Hence, by using ∆v as a figure of merit, we investigate here two different 
scenarios for future exploitation of material; the transport of extracted material to 
the neighbourhood of the Earth and the transport of the entire asteroid for process-
ing. The first scenario requires less energy to transport resources, since less mass 
is transported, while it requires that the mining operations occur in-situ. This im-
plies either long duration crewed missions, with the complexity that this entails, 
or, if the mining is performed robotically, the need for advanced autonomous sys-
tems due to both the communication delay between the asteroid and Earth and the 
complexity of mining operations. Transport of the entire asteroid to the Earth’s 
neighbourhood requires moving a large mass, with the difficulty that this involves, 
but allows more flexible mining and science operations in the Earth’s vicinity. 
Recent advances in space propulsion technologies (Brophy 2011), combined with 
efficient orbit transfer techniques (Sanchez et al. 2012), are rendering this appar-
ently more ambitious scenario a more likely option for near-term missions. 

Ideally, one would like to compute the cost of transporting resources from an 
initial asteroid orbit to Earth by optimising an impulsive or low-thrust trajectory. 
This is a highly complex numerical process, to which more complexity can be 
added by considering options such as multiple gravity assists and manifold dy-
namics (Ross 2006). Here, however, we seek a statistical order of magnitude esti-
mate of the total amount of asteroid resources likely to exist in the Earth’s 
neighbourhood. Thus, we compute the transportation cost of material likely to 
exist, and not necessarily just currently surveyed objects.  An analytical bi-
impulse transfer model is thus used in order to define the region in orbital ele-
ments space from which resources are accessible given a limiting Δv cost, and to 
map this onto a near-Earth asteroid model to understand the availability of mate-
rial. This, of course, provides a conservative estimate of the transportation cost. 

18.2   Asteroid Transport Energy Costs 

The bi-impulse transfer used here to estimate the transfer costs is composed of 
interception and insertion manoeuvres. The initial interception manoeuvre is nec-
essary in order to transfer the asteroid into a trajectory that will arrive in close 
proximity to the Earth, as well as provides the necessary phasing for an encounter 
with the Earth to occur.  At the Earth encounter, a second burn, the insertion ma-
noeuvre, provides the final insertion that ensures the orbital energy with respect to 
the Earth equal to zero, or a temporarily capture orbit (Sanchez and McInnes 
2011). This final insertion can thus be approximated as the difference between the 
hyperbolic and parabolic velocities at the pericentre of the Earth fly-by:  

22 2
insertion

p p

v v
r r

μ μ⊕ ⊕
∞Δ = + −  (18.1) 
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where v∞  is the hyperbolic excess velocity of the asteroid at the encounter with 
Earth, rp is the pericentre altitude of the fly-by, which is assumed to be at 200 km 
altitude, and μ⊕  the Earth’s gravitational constant. The asteroid’s hyperbolic ex-

cess velocity at the Earth encounter can be conveniently expressed as a function of 
the semi-major axis a, eccentricity e and inclination i of the asteroid by means of 
Opik’s encounter theory (Opik 1951) as: 

( )213 2 (1 ) cosv a e iaμ∞ = − − − ⋅  (18.2) 

where μ  is the Sun’s gravitational constant and, together with the asteroid’s 

semi-major axis, must be expressed in Astronomical Units (AU) units of length.  
Regarding the initial interception maneuvre, we note that even Earth-crossing 

asteroids, which by definition have periapsis and apoapsis radius smaller and lar-
ger than 1 Astronomical Unit (AU) respectively, do not generally cross the orbit of 
the Earth, unless coplanar with its orbit plane. Thus, unless the elliptical Earth-
crossing orbit has a very particular orientation (or is coplanar with the Earth’s 
orbit), an interception maneuvre is always necessary to transfer asteroid resources 
to Earth. The interception model implemented here assumes a maneuvre such that 
the asteroid’s orbit orientation is modified to allow the asteroid to come close 
enough to the Earth to undergo a hyperbolic fly-by. The change of orientation is 
modeled as an instantaneous change of argument of periapsis ω of the orbit, a  
rotation of the orbit within its orbital plane, or a plane change maneuvre, thus a  
rotation of the inclination angle i of the orbital plane (see Fig. 18.1).  

 

 
 

Fig. 18.1 Schematic representations of the interception manoeuvres. a) Manoeuvre provid-
ing a change of orientation Δω of an orbit. Alternatively, a rotation of the orbital plane by 
Δi is also considered for convenient cases. b) Manoeuvre representation for a non-Earth 
crossing asteroid. 
 

In order to compute the required change of the argument of periapsis Δω, we 
first need to identify the four different periapsis orientations ωenc that allow an 
asteroid with Keplerian elements {a,e,i} to intersect the Earth’s orbit: 

a) b) 
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{ }enc enc enc enc encω π θ θ π θ θ= − − −  (18.3) 

where θenc is the true anomaly of the asteroid’s orbit such that the Sun is at 1 AU 
distance, thus: 

1 1
cosenc

p

e
θ − − = ±  

 
 (18.4)

where p is the asteroid’s semilatus rectum. 
Hence, for an initial argument of periapsis ω0, the orbit orientation is required 

to be changed by Δω= |ω0- ωt|, where ωt is either the closest ωenc value to ω0, or a 
close value that allows a fly-by with a given specific minimum orbit intersection 
distance (MOID) that ensures a fly-by with a given perigee altitude (Sanchez and 
McInnes 2012a). Note that the four values of ωenc enforce a MOID equal to zero, 
which is not necessary to ensure a fly-by. 

The Δv cost of rotating the orbit argument of the periapsis by a given angle Δω, 
as described by Fig. 18.1a, can be computed as: 

2 sin
2

Sv e
p

ω
μ ω

Δ
Δ Δ =  

 
 (18.5)

In general, Eq. (18.5) provides a conservative estimate of the transfer cost. In 
some occasions, for low inclinations and high eccentricities, the manoeuvre de-
scribed by Eq. (18.5) becomes a very poor option, and a simple change of plane 
such that the asteroid is inserted into the Earth’s orbit plane becomes a better op-
tion to change the orbit orientation. For these cases the manoeuvre cost is: 

2 sin( )
2

inc LoN
i

v vΔ = ⋅  (18.6)

where vLoN corresponds to the asteroid’s velocity at the line of nodes. 
Hitherto we have only considered Earth-crossing asteroids. Non-Earth crossing 

asteroids, those with either a<1 and ra<1 or a>1 and rp>1, can also be transferred 
to the Earth’s neighbourhood by applying a manoeuvre at one of the apsidal 
points, such that the opposite apsis changes in such a way that an intersection with 
the Earth’s orbit occurs (see Fig. 18.1b). 

Given a non-Earth crossing asteroid {a,e,i,ω}, the apsidal manoeuvre necessary 
to obtain an Earth intersecting trajectory can be computed as: 

2 1 2 1
s

m f m

v
r a r a

μΔ = − − −  (18.7) 

where rm is the apsidal point at which the impulsive manoeuvre is performed, thus 
the periapsis for asteroids with a<1 and the apopsis when a>1, af is the semi-major 
axis of the transfer trajectory, given by: 
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where ef is the eccentricity of the transfer trajectory, which is defined as: 
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All these formulae allow an estimate of the transport cost of moving asteroid ma-
terial from its initial orbit to an Earth-bound orbit, but also define a 4-D envelope 
in the {a,e,i,ω}-space for which transfers to Earth are ensured to be below a given 
Δv limit. Thus, for example, Fig. 18.2 shows the {a,e,i}-Keplerian element space 
defined by a Δv threshold of 2.37 km/s, which corresponds to the Moon’s escape 
velocity, and so defines an accessible {a,e,i}-space that can be exploited at 
equivalent energy to that necessary to exploit the resources of the Moon. 

 

Fig. 18.2 Accessible Keplerian space at a Δv threshold of 2.37 km/s as defined by the ana-
lytical transport model 

By 1st September 2012, there were slightly more than 9000 known near-Earth 
objects [http://neo.jpl.nasa.gov/stats/], from which 660 are found within the 
{a,e,i,ω}-space that ensures a Δv transport cost smaller than 2.37 km/s, again 
equivalent to the transport cost from the lunar surface, by means of the formulae 
described above. We are however interested in the portion of the population that 
remains undiscovered, and so a NEO orbital distribution model described in 
(Bottke et al. 2002) is used instead. The Bottke et al. model is constructed by nu-
merically propagating in time thousands of test bodies and computing steady state 
densities in different Keplerian regions. Estimating the fraction of this orbital dis-
tribution within a 4-D volume, as described above, will allow us to estimate the 
fraction of the NEO population, and thus the amount of resources, accessible for 
given a Δv threshold.  
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18.3   Available Resources 

Some 9,144 objects catalogued as Near Earth Objects (NEOs) are known today (as 
1st September 2012). By convention, an object is considered a NEO if its 
perihelion is smaller than 1.3 AU and its aphelion is larger than 0.983 AU.  This is 
a very broad definition which includes predominantly asteroids, but also a small 
fraction of comets (i.e., 92 comets). NEOs are then the closest objects to the Earth 
and therefore the obvious first targets for any resource exploitation mission 
(excluding the Moon).  

An analysis of the transportation costs for all the surveyed asteroids, by means 
of the model described above, already shows a series of interesting target objects 
for future exploitation missions that require a Δv in the order of a few hundred 
meters per second. Fig. 18.3 summarises the number of objects that could be 
exploited for a given level of Δv. The figure also shows different colour bands for 
each different type of transfer considered as part of the bi-impulse transfer model 
(i.e., change of ω versus change of i, Earth-crosser type of asteroid or non-Earth 
crosser). 

 

Fig. 18.3 Number of known objects whose resources are accessible for a given Δv thre-
shold. The set of manoeuvres are briefly described in the chapter, further details can be 
found at (Sanchez and McInnes 2012a). 

The purpose of the transfer models however is not to compute the transport cost 
of existing objects, for which more complex and less conservative transfers should 
be considered (Sanchez et al. 2012), but to delimit the Keplerian element space 
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regions from which asteroids could be transported to Earth, as shown by Fig. 18.2. 
Once the accessible Keplerian element space is known, an estimate of the total 
amount of resources can be made by means of a NEO model capable of providing 
the number and size of objects expected to be found within these regions.  

18.3.1   NEO Orbital and Size Distribution  

In order to estimate the amount of available resources, we thus require a sound 
statistical NEO population model. The NEO model used here is composed of two 
separate parts: an orbital and a size distribution. The NEO size model is based on 
NEOWISE observations (Mainzer et al. 2011), whereas the NEO orbital 
distribution is based on the theoretical distribution model published in (Bottke et 
al. 2002). 

 

Fig. 18.4 (Bottke et al. 2002) NEO distribution. The figure shows a representation of the 
NEO density function ρ(a,e,i). The 4th dimension, i.e., the density ρ at a given point (a,e,i), 
is represented by a set of grid points coloured and sized as a function of the value ρ. A 
smaller set of axis represent the projection of the total value of ρ onto the planes a=0.5 AU, 
e=1 and i=0 deg. Note that the colour code has been inverted for the smaller projection  
figure 

The size distribution model allows us to estimate the probability of an object to 
have a given size. As noted before, it is based on the latest estimates published as 
a result of NEOWISE Space infrared Survey observational campaing (Mainzer et 
al. 2011), which indicate a slight deviation from the previously assumed single 
slope power law population distribution (Stokes et al. 2003).  On the other hand, 
the NEO orbital distribution used is based on an interpolation from the theoretical 
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distribution model by (Bottke et al. 2002). The data used was very kindly provided 
by W.F. Bottke (personal communication, 2009). 

Bottke et al. (2002) built an orbital distribution of NEOs by propagating in time 
thousands of test bodies initially located at all the main source regions of asteroids 
(i.e., the ν6 resonance, intermediate source Mars-crossers, the 3:1 resonance, the 
outer main belt, and the trans-Neptunian disk). By using the set of asteroids dis-
covered by Spacewatch at that time, the relative importance of the different astero-
id (or comets) sources could be best-fitted. This procedure yielded a steady state 
population of near Earth objects from which an orbital distribution as a function of 
semi-major axis a, eccentricity e and inclination i can be interpolated numerically. 
Figure 18.4 shows a representation of Bottke’s NEO density function ρ(a,e,i). The 
remaining three Keplerian elements, not shown in Fig. 18.4, the right ascension of 
the ascending node Ω, the argument of periapsis ω and the mean anomaly M, can 
be assumed to be uniformly distributed random variables (Stuart 2003). 

18.3.2   Accessible Resource Mass 

The total mass of the population of near Earth objects, larger than 1 meter diame-
ter, is estimated to be approximately 5x1016 kg (Sanchez and McInnes 2012a). The 
question that arises now is how much of this mass can be easily accessed and ex-
ploited, which can be estimated by means of the bi-impulsive transfer model and 
(Bottke et al. 2002). Figure 18.5 shows the portion of the aforementioned total 
asteroid mass that can be accessed with a given Δv threshold. The same figure also 
shows, with a thinner dashed line, the fraction of the accessible mass that has been 
currently surveyed. The latter is only an approximate estimate of the total mass of 
surveyed objects (as on 1st September 2012) computed from visual magnitude data 
(Bowell et al. 1989) and average density values (Chesley et al. 2002). 

Figure 18.5 now provides a tool to measure the availability of resources, de-
fined here as the total asteroid mass (without distinguishing between different 
materials (Lewis and Hutson 1993)), and the difficulty of accessing them. Thus for 
example, the figure shows that at the same cost of accessing lunar resources (i.e., 
2.37 km/s) the total pool of asteroid mass available is of the order of 1014 kg. This 
of course is orders of magnitude lower than the total pool of resources at the Moon 
(i.e., the mass of the Moon, ~7.36x1022kg), although it is still a very significant 
amount.  

The main advantage of asteroid resources however is that asteroid material can 
be exploited across a wide spectrum of ∆v, rather than at a minimum threshold, as 
is the case for lunar material (i.e., 2.37 km/s).  Thus, for example, with 100 m/s of 
∆v budget, approximately 8.5x109 kg of asteroid resources could potentially be 
exploited. Note however, from Fig. 18.5, that while for higher ∆v thresholds the 
fraction of surveyed asteroids is only partially completed, many very low ∆v ex-
ploitable targets still await discovery.  
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Fig. 18.5 Estimate of the total and surveyed amount of accessible asteroid resources as a 
function of ∆v threshold 

18.4   Asteroid Resource Map 

One of the important issues not yet resolved by the results shown in Fig. 18.5 is 
the number of missions that are required to exploit all or part of the accessible 
pool of asteroid resources. This issue is of key importance, since if a given re-
source is spread over a large number of very small objects, gathering all of them 
may become a cumbersome task, and therefore not economically worthwhile. This 
section will attempt to resolve this issue by discussing the results shown in Fig. 
18.6, also referred as asteroid resource map. The map also provides an interesting 
insight into current and near term capabilities to retrieve asteroid material from the 
Near Earth Object population.  

Figure 18.6 is composed of three different elements. The principal element is 
the statistical estimates of the diameter of all the population of objects that should 
be accessible with a given Δv transport costs. These represented by the median 
asteroid diameter of the largest, the tenth largest, the hundredth largest and the 
thousandth largest object of the population of asteroids accessible with a given Δv 
threshold. These can be computed by, first, integrating Bottke’s NEO density 
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model (Bottke et al. 2002) within the volume of accessible space defined by the 
analytical transport formulae (Sanchez and McInnes 2012a) and the parameter Δv 
threshold, which yields the probability P of an asteroid to be accessible with a 
given Δv mission budget. We then assume that each single asteroid has the same 
probability P to be found in the accessible region, which allows us to define the 
probability to find k asteroids within a population of n asteroids as described by 
the binomial distribution. In this particular case, P is a very low probability and n 
is a very large number of asteroids, thus the Poisson distribution (a limiting case 
of the binomial distribution when n tends to infinity) represents a very good ap-
proximation of the statistical behaviour of the problem. Therefore, the probability 
g(k,λ) to find k asteroids when the expected number is λ can be described by: 

( ),
!

k e
g k

k

λλλ
−

=  (18.10)

The expected number λ, or average number of accessible asteroids, can be  
calculated as: 

( ) ( )min min maxD N D D D Pλ = Δ < ≤ ⋅  (18.11)

where ∆N is the total number of asteroids with diameters larger than Dmin  and 
smaller than Dmax, which is fixed at 32 km diameter as the largest existing NEO 
1036 Ganymed, and P the probability to find objects within a given accessible 
orbital region. An estimate of the population of objects with diameters within Dmin 
and Dmax can now be obtained by means of the object size distribution as sug-
gested by the NEOWISE observations (Mainzer et al. 2011). As mentioned earlier, 
the object size distribution modelled here is based on a multi-power law distribu-
tion (Stokes et al. 2003, Mainzer et al., 2011) that matches the latest population 
estimates from NEOWISE for objects larger than 100 m (i.e., 981 objects larger 
than 1 km, 20,500 objects larger than 100 m) (Mainzer et al. 2011), as well as 
Brown et al. (Brown et al. 2002) estimates for objects smaller than 10 meters.  

An integration such as:  

( ),
NEAn

g k dkλ
∞

⋅  (18.11’)

yields the probability of finding at least nNEA asteroids when the expected value, or 
average, was λ. By finding then the value of λ that yields an accumulative proba-
bility of 50%, 

( )( )min, 50%
NEAn

g k D dkλ
∞

⋅ =  (18.12)

we can then estimate the median diameter of the smallest object in the nNEA set. 
This procedure can also be repeated with accumulative probabilities of 95% and 
5% to obtain the 90% confidence region, which is also shown in Fig. 18.6.  
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Fig. 18.6 Expected size of the accessible population of asteroids as a function of ∆v budget. 
The figure shows the median asteroid size of four representative objects of the entire popu-
lation: the largest, the tenth largest, the hundredth largest and the thousandth largest. The 
overlapped grey regions represent the 90% confidence region of each one of these objects. 
Note that the 90% confidence region accounts only for the statistical variance of a popula-
tion of objects perfectly matching the population estimates (Stokes et al. 2003, Mainzer et 
al. 2011, Brown et al., 2002), not by epistemic uncertanties on the assumed distributions. 
For further details on the calculations of the figure, the reader should refer to more detailed 
work (Sanchez and McInnes 2012a).   
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The information in the asteroid resource map can be read as follows: let us set, 
for example, the ∆v transport budget, or threshold, at 100 m/s. The largest 
accessible object at this ∆v has a 50% probability of being equal to or larger than 
22 meters diameter, while we can say with 90% confidence that its size should be 
between 47 meters and 14 meters (i.e., gray area around median size line). The 
following set of data in the decreasing ordinate axis refers to the 10th largest object 
found within the region of feasible capture given by a ∆v threshold of 100 m/s, 
whose median value of the diameter is 10 meters. Thus, a population of 10 objects 
larger or equal to 10 meters should be expected to be accessible within the 100 
m/s budget. The 100th largest object is foreseen to have a diameter of 4 meters and 
1000th largest of 1 meter. This provides an overview of all the objects that could 
be exploited with a ∆v of 100 m/s or lower. 

It can then be said that the asteroid resource map provides a snapshot of the 
median asteroid size population expected to be found within the Keplerian ele-
ment space that ensures transport at a given ∆v cost. It is interesting to compare 
the statistical estimates shown in Fig. 18.6 with the growing catalogue of Near 
Earth Objects. For this purpose, we have also superimposed in Fig. 18.6 the acces-
sibility (i.e., ∆v) of all known asteroids computed by means of the analytical 
transport formulae. A size estimate of each object in the list is provided by 
(Bowell et al. 1989): 

/5 1/21329  10 H
vD km p− −= ×  (18.13)

where the absolute magnitude H is obtained from the Minor Planet Centre data-
base, and the albedo pv is assumed to range from 0.06 to 0.40 and an average of 
0.154 (Chesley et al. 2002). This comparison shows how the statistical estimates 
adjust rather well to the existing population of objects within the sizes for which a 
high survey completion has been achieved. 

Finally, the map can be used to gain some more insight in the current and near 
term capability to retrieve and exploit the accessible asteroid population of astero-
ids.  For this, a series of isolines have also been superimposed in the figure  
indicating the transport capability of a given mass in space m0, propellant mass 
fraction fp and specific impulse Isp of the propulsion system. Given a space system 
such as (m0, fp, Isp), and assuming outbound (Earth-to-asteroid) and inbound (aste-
roid-to-Earth) trajectories with cost as given by the analytical transport formulae, 
we can use the rocket equation to compute the largest asteroid that a (m0, fp, Isp)-
spacecraft could bring back to Earth (assuming all asteroids have average density 
2,600 kg/m3 and spherical shape (Chesley et al. 2002)). Some of the considered 
(m0, fp, Isp) sets are based on prior spacecraft systems such as the ESA Rosetta 
[http://www.esa.int/esaMI/Rosetta/index.html ]and NASA Dawn spacecraft 
(Rayman et al. 2006) or in mission proposals such as the recent Keck study pro-
posal (Brophy et.al. 2012) or the cancelled NASA Jupiter Icy Moon Orbiter 
(JIMO) (Langmaier et al. 2008).  
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18.5   Discussion 

According to the results shown in Fig. 18.6, a full spectrum of asteroid sizes 
awaits to be harvested at different energy levels (i.e., ∆v costs). Several missions 
have already attempted to return samples from this population (e.g., Hayabusa 
spacecraft at Itokawa (Kawaguchi et al. 2008)) and others are under development 
(e.g., OSIRIS-Rex at 199RQ36). Figure 18.6 provides the energy-cost framework, 
or resource map, of future asteroid mining ventures, and thus can be used as a tool 
for initial feasibility studies and mission planning efforts. Thus, for example, the 
asteroid retrieval capability isolines show that current spacecrafts, such as Rosetta 
or Dawn (Rayman et al. 2006), could actually provide a sufficient impulse to bring 
back asteroids with diameters of order 10 meters. Some already proposed mis-
sions, such as the Keck asteroid retrieval mission (Brophy et.al. 2012) and JIMO 
(Langmaier et al. 2008), would enhance that capability to the 30 meters diameter 
range.   

Hence, given the low transport cost expected for the most accessible objects of 
the Near Earth Asteroid population, the transport of the entire object to Earth’s 
vicinity can be seen as a feasible option for current or near-term technology. The 
ultimate value of asteroid retrieval missions would greatly depend on both asteroid  
type and key technologies, such as autonomous mining operations. In the near-
term however this type of mission serves as a stepping stone towards more  
ambitious mining scenarios, providing a unique opportunity for technology de-
monstrator missions with high scientific return. One however would expect that, 
as technologies are developed, a minimal level of processing occurs in-situ (distill-
ing, magnetic or SRP separation, etc) and thus a higher fraction of useful material 
would be transported back to Earth. 

It is important to remark that the transport costs for asteroid retrieval missions 
are here estimated by means of an analytical bi-impulsive transfer which clearly 
provides only an approximate estimate of the ∆v associated with the transport of 
material. More complex trajectories to model the material transport, such as mul-
tiple Earth fly-bys, lunar gravity assists or manifold dynamics, should be expected 
to decrease the costs of transferring asteroid material to Earth’s vicinity. The re-
sults presented here are therefore a conservative representation of the resources 
available. For example, as shown in (Sanchez and McInnes 2011), ballistic escape 
and capture trajectories with excess velocities of up to 1 km/s are possible from 
Earth. A trajectory approaching the Earth with an excess velocity v∞ of 1 km/s 
would require a ∆v of 45 m/s with a patched-conic approximation to become 
Earth-bound (i.e., inserted into a parabolic orbit). This implies that all objects 
considered here as accessible with less than 45 m/s may be suitable targets for 
ballistic capture. Indeed, as discussed in the other chapters, many objects can al-
ready be identified that can potentially be captured at a much lower cost than that 
expected by means of a patched-conic approximation  such as the one used here. 

For more ambitious scenarios of asteroid exploitation, again, as new techniques 
and technologies become available, one can envisage multiple concepts that may 
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reduce even further the costs of accessing the available pool of asteroid resources. 
Such as, for example, benefiting from asteroid-extracted propellants, such as water 
for solar thermal propulsion systems or by grazing the Earth’s atmosphere to re-
duce the asteroid’s orbital energy (Sanchez and McInnes 2012b).  

A very important component on the methodology used to compute the availa-
ble asteroid resources in Fig. 18.5 and Fig. 18.6 is the NEO orbital and size distri-
butions. A possible concern about the accuracy of these models may for example 
be raised with the assumption on the orbital distribution being independent of the 
asteroid size (Bottke et al. 2002). Non-gravitational perturbations affect objects of 
different sizes in various ways, which implies that the different asteroid sources 
(e.g., the ν6 resonance, the 3:1 resonance, etc) may be supplying different asteroid 
size distributions, since non-gravitational perturbations are the main mechanisms 
that feed the asteroid sources. It is however surprising the resemblance of the ex-
pected fireball impact frequencies computed using the NEO orbital and size distri-
butions models described here (and also a linearised impact model such as (Opik 
1951)) and the fireball impact frequencies recorded by satellite surveys (Brown et 
al. 2002). As described in Brown et al. (2002), the Earth is estimated to be struck 
with approximately 5 ktons of energy as a yearly average. The result computed 
assuming the NEO orbital and size distributions as described here is 4.2 ktons.  
Similarly the monthly average compares as 0.3 ktons in (Brown et al. 2002) and 
0.2 ktons as computed here, while the decade average is shown to be about 50 
ktons in (Brown et al. 2002) and 78 ktons computed here. Thus, despite possible 
sources of inaccuracies, the results shown in the chapter should represent good 
order of magnitude estimates of the accessible asteroid material. 

18.5.1   Available Resources 

Asteroids have a very diverse composition and, thus, the possible uses of the dif-
ferent accessible objects (i.e., as shown in Fig. 18.6) will always depend on the 
particular object characteristics. Any available space resource however can be 
envisaged to be put to good use, since for example, lacking any better option, an 
asteroid could be simply used as an “anchor” for gravity gradient stabilisation or 
its bulk material (regolith and unprocessed material) as radiation shielding, which 
would reduce the hardening requirements to survive in space. Nevertheless, one 
can envisage much more disruptive uses for some particular resources, such as 
water and volatiles, which could be used to sustain human life in space, as well as 
a propellant, semiconductors that could be used to build in-situ solar cells and 
metals used for space structures.  

Providing estimates on the amount of resources for different valuable materials 
can only be based on statistical estimates from spectroscopic surveys and meteoro-
id recoveries. While spectroscopic surveys of Near Earth Asteroids show a very 
wide diversity of spectral classes (Bus and Binzel 2002), only meteoroid recove-
ries provide an accurate account of the materials available in space (Lewis and 
Hutson 1993). The latter however have a clear body strength bias (i.e., weaker  
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objects ablate in the atmosphere) and are quickly weathered if not recover soon 
after atmospheric entry. 

It is not the purpose of this chapter to provide an accurate census of object 
types and resources availability, primarily because current knowledge of asteroid 
composition and their availability on different orbits is inaccurate. On the other 
hand, a few examples of possible resource availability at different ∆v thresholds 
may cast some more light on the usefulness and possibilities of the exploitation of 
asteroid resources. The following Table 18.1 is provided only as an example of the 
amount of material that could be found in different sized objects. Table 18.1 as-
sumes that water should be extracted from hydrated carbonaceous asteroids, while 
metals and platinum group metals (PGM) would be extracted from M-class ob-
jects. This however does not imply that these resources are only available in these 
types of objects. Quite on the contrary,  other asteroid classes, such as for example 
S-class (Nakamura et al. 2011), may contain more interesting combination of vo-
latiles, metals and semiconductors (Lewis and Hutson 1993), albeit volatiles and 
metals would likely be found at lower abundances than for the examples described 
on Table 18.1. On the other hand, some asteroids may offer lower abundances of a 
given resource but on a much more useful form. For example ordinary LL chon-
drites contains only ~1 to 5% of Fe-Ni metal but in the form of pulverized regolith 
that could potentially be easily separated from non-metallic regolith by means of 
an electromagnetic rake (Kargel 1994). 

Table 18.1 Example of possible resources on different asteroid classes 

Resource      Asteroid 
size 

 

 Ast. 
Class 

PopulationDensity Resource 
mass 
fraction 

10-m 100-m 500-m 

Water Hydrated 
C-class 

10%* 1300 
kg/m3 **

8% *** 54,000 l 54x106 l 68x109 l 

Metals M-class 5%*  5300 
kg/m3 **

88% *** 2x103 t 2x106 t 3x108 t 

PGMs M-class 5%*  5300 
kg/m3 **

35 ppm 
*** 

97 kg 97 t 12x103 t 

* (Bus and Binzel 2002);** (Chesley et al. 2002);***(Ross 2001) 

 
One can imagine many interesting scenarios for the utilisation of the resources 

shown to be accessible at low Δv-budgets. As shown in Fig. 18.6, the largest ac-
cessible asteroid at a 100 m/s Δv-budget is estimated to be a 22-m diameter object. 
Such an object could supply from 107 kg to 4x107 kg of asteroid material, depend-
ing on composition and density. As previously mentioned, the particular uses of 
the resources would depend on the asteroid composition: if the object turns to be a 
hydrated carbonaceous asteroid, a million litres of water could possibly be  
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extracted (considering, as in Table 18.1, an asteroid of density 1300 kg/m3 
(Chesley et al. 2002) and 8% (Ross 2001) of its weight in water). However, if this 
object is an M-class asteroid (density 5300 kg/m3 (Chesley et al. 2002)), of order 
thirty thousand tonnes of metal could potentially be extracted and even a tonne of 
Platinum Group Metals (PGM) (88% of metal assumed and 35ppm of PGM (Ross 
2001)). The latter resource could easily reach a value of $50M in Earth’s com-
modity markets (Crandall 2009). 

Note from the examples in Table 18.1 that hydrated C-class and M-class ob-
jects only cover 15% of the asteroid population, implying that this hypothesized 
22 m object has only a 15% probability of being one of these two classes. As pre-
viously noted, this does not mean that there is an 85% chance that the asteroid 
would be of no use, or that the 85% remaining population has less resource inter-
est. S-class asteroids, accounting approximately for 40% of the NEA objects, 
could very well become the most interesting targets to exploit since they likely 
contain relatively good abundances of semiconductors, metals and even volatiles 
such as oxygen, including perhaps water. S-class may also contain PGM, albeit at 
a lower abundance than in M-class.  One could possibly imagine the utilisation of 
a 22 m S-class object to provide between 1 to 4 thousand tonnes of iron to be used 
as a structural support for a 1.5 km2 silicon solar array surface (build from the 
same object), which would generate a minimum of 1 GW of power (O'Leary et al. 
1979; Mauk 2003). The capability to exploit small S-class objects may perhaps 
allow solar power satellites to become commercially viable. Water could also be 
possibly extracted from S-class objects. Assuming 0.15% of water (O'Leary et al. 
1979), this would account for 30 thousand litres of water, which if we assume that 
a human being requires about 3 litres of water a day, from which at least 90% is 
recovered through recycling, there should still be enough water to sustain a crew 
of 25 people for 10 years, and perhaps no resupply of water would be required for 
the crew responsible to build the solar power orbital plant. 

Nevertheless, ideally water should be extracted from asteroids with higher wa-
ter content, as for example hydrated C-class (see Table 18.1). These are assumed 
here to likely contain around 8% of water mass fraction, although higher abun-
dances are possible in hydrated C-class objects (~20%), or even ~50% if near 
earth comets are exploited instead (Lewis and Hutson 1993). Many other volatiles, 
apart from water, can also be extracted and used for life support or rocket propel-
lant (Lewis 1996). The capability to extract and use water from asteroids would 
certainly be a disrupting technology allowing much more affordable human access 
to space, since no resupply of water and oxygen would be required, and also inter-
planetary travel, if spacecraft are launched without the propellant required to reach 
their final destinations. Water could be extracted from asteroids by direct sublima-
tion of its native ice, if this is available, or by processing hydrated minerals and 
clays. Thus, most likely, this commodity in particular may represent a very impor-
tant resource for exploitation. If water is mined and finally transported to LEO, 
which would require the addition of 3.3 km/s to the ∆v cost estimated in this chap-
ter (cost estimates were only for a weakly bound Earth orbit), the total cost of  
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transportation will still be of order 3 times less than that required to transport wa-
ter from the Earth’s surface. Of course, in order for the transport of asteroid  
material to LEO to be preferable over the more traditional Earth transport, the cost 
of mining and transporting the resources back to Earth should be lower than the 
two-thirds saving on transportation costs. This figure greatly improves if the pro-
pellant is transported to the Earth-Moon Lagrangian points and used to fuel inter-
planetary missions (Lo and Ross 2001). For this latter scenario the energy cost  
leverage would initially be of 1 to 1000 (i.e., the energy required to access to 1 
litre of water from Earth allows access to a 1000 litres in the near Earth orbital 
space), and progressively reduce as the resource is consumed and larger ∆v budg-
ets are required to access the following ore. The utilisation of an orbital fuel depot 
at the L2, for example, would imply launch mass savings of at least a factor of two 
for missions to Mars. 

As seen in Fig. 18.6, and discussed so far, a myriad of small objects awaits to 
be cherry-picked and exploited. Retrieval of very small objects suffers however of 
an important disadvantage with respect exploiting larger objects. Due to their 
small size, and thus extremely faint luminosity as seen from Earth, they are very 
difficult to discover and characterise. Thus, asteroid surveys may struggle not only 
to complete a substantial census of the population of small asteroids, but also to 
obtain the accuracy required on their ephemeris to encounter an asteroid in deep 
space during a hypothetical rendezvous mission. Yet, even for those objects suffi-
ciently characterised to be encountered in deep space, we may still lack the  
compositional data required to tag the object as “of interest”, since presumably a 
mission will not be launched to a random asteroid, but to an object of potential 
compositional interest.  

18.6   Conclusions 

While the capture of near-Earth objects for future resource utilisation may seem a 
distant prospect, we have demonstrated that a significant population of low energy 
bodies exist, and can be harvested with modest energy costs. Importantly, such 
objects can be accessed across a spectrum of energy costs, unlike lunar resources 
utilisation which incurs a minimum (and significant) energy cost. It appears that 
current and emerging propulsion technologies can now enable these resources to 
be accessed. This presents an exciting range of possibilities for the capture of 
small objects for science, or for utilisation in support for future human space ex-
ploration, as advocated recently commercial space ventures (Elvis 2012). 
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Chapter 19  
Asteroid Capture 

Didier Massonnet 

Centre National d’Etudes Spatiales, France 

19.1   Introduction 

The scenario where a celestial body threatens to impact the Earth is very popular 
and many solutions have been proposed to mitigate the associated risk. Some of 
them can be considered “soft” and consist in landing on or rendez-vous with the 
incoming asteroid several years in advance of the collision and then altering its 
trajectory by various means, such as painting it in order to alter its albedo and 
therefore the radiation pressure or by pushing it gently using a gravitational tractor 
(Lu and Love 2005). The mechanical device described below could also be used to 
change the trajectory. All these scenarios need a lot of time, even discounting 
mission preparation. If the incoming body is not a near-earth object but, for in-
stance, a comet nucleus, more than ten years are likely to be necessary to reach it. 
Some “hard” solutions do not require a rendez-vous, but an interception, possibly 
with a large relative velocity. They can be implemented on a much shorter time-
frame. Detonating a nuclear device could disperse the incoming body as the gravi-
tational binding energy of an asteroid is surprisingly low. The difficulty might 
then be the timing: the explosion should take place before the impact but late 
enough to create a strong absorption of its energy (mainly X rays), which would 
turn a percentage of the mass of the asteroid into hot gases generating a shock 
wave that could disperse the asteroid and additionally creating a mean impulse 
which would alter the trajectory of the centre of gravity of the cloud of debris. In 
(Massonnet and Meyssignac 2006), a two step procedure is proposed where a 
smaller asteroid is first captured and “parked” on a L1-L2 Earth-Sun Lagrange 
orbit, and then sent into a trajectory impacting the incoming threat.   

19.2   The Concept 

The concept involves detecting an easy-to-access asteroid, sufficiently light to 
allow altering its trajectory in three phases: first to capture it into an Earth-bound 
orbit, second to monitor and correct this orbit as a parking place, third to leave this 
orbit for a trajectory impacting any oncoming, threatening celestial body. For this 
last part the piloting law remains to be studied in detail. The main challenge is the 
low level of acceleration that can be applied by the propulsion mean proposed in 
(Massonnet and Meyssignac 2006), which should nevertheless always exceed any 
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trajectory instability that may develop. This use of a captured asteroid is the sim-
plest one as the tools used for capturing the asteroid are the same as for handling it 
further. For using the asteroid as a source of extraterrestrial material such as oxy-
gen only the two first steps are required, but they must be followed by an entirely 
independent extraction process. If it appears that adequate small size asteroids are 
currently transitioning between Earth-Sun Lagrange points, the first step may be 
omitted. The capture can be regarded as a “life insurance” and be undertaken 
without any actual threat, which would result in cutting considerably our reaction 
time should a threat materialize quickly. In (Massonnet and Meyssignac 2006), a 
good candidate for capture (SG344) as well as a time frame for the capture mis-
sion (2027-2029), were identified. 

19.3   How to Push the Asteroid ? 

Here we review which options are available to create the few tens of meters per 
second we allocate for changing the trajectory on a “reasonable” time frame. By 
reasonable, we mean similar to the time required to cruise form the initial position 
to the parking position. This could last a couple of years but certainly less than ten 
years, even if the operation is conducted before any threat is materialized.  

We first discard solar sails or other devices based on the change of the albedo 
of the asteroid. These methods might only find an application for altering an 
earthbound trajectory over many years. if we consider an asteroid with a diameter 
of 10 m and with the density of liquid water, a favourable case of 10000 kg per 
square meter of cross section, submitted to 1500 W/m2, also a favourable case as it 
is the power radiated by the Sun at the level of earth orbit, then the acceleration 
will never exceed a typical 10-9 m/s2. The asteroid gains 0.3 m/s every 10 years, 
changing its semi-major axis by some 10-5 in relative terms, and in turn its period 
by about the same order of magnitude. The asteroid would then typically be offset 
by a few minutes a year on its trajectory, where a typical 200 second offset may 
suffice to make an earthbound asteroid on a highly elliptical orbit miss its target. 
However, a capture may require tens of m/s rather that a fraction of one m/s. 

Any other method of pushing the asteroid relies on the well known rocket equa-
tion which states that the logarithm of the mass ratio (the final mass plus the pro-
pellant mass divided be the final mass) equals the velocity ratio (the final velocity 
of the dry mass divided by the ejection velocity of the propellant). In short VF=VE 

ln(M0/MF) where VF is the final velocity, VE is the ejection velocity, M0 is the ini-
tial mass (propellant mass and final mass) and MF the final mass. In the case of 
rockets the final mass is the sum of the structural mass and of the payload mass. If 
the rocket consists of several stages, the rocket equation applies to each stage. 
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Fig. 19.1 Efficiency of the rocket equation as a function of the ratio of the achieved veloc-
ity on the ejection velocity. The efficiency is itself the ratio of the total energy spent in the 
fuel on the final kinetic energy of the spacecraft. 

An interesting point to consider is the efficiency of the rocket propulsion, that 
is the ratio of the final energy (half the final mass times its final velocity squared) 
and of the expended energy (half the propellant mass times its ejection velocity 
squared). Figure 19.1 plots the efficiency as a function of the velocity ratio. There 
is clearly an optimum which corresponds to a velocity ratio of about 1.6 itself 
related to a mass ratio of about 5 (meaning that the mass of propellant is 4 times 
the final mass). At best, the efficiency almost reaches 65%. We observe that the 
optimum is not very sharp. The equation tells us that, from the point of view of 
efficiency alone, fireworks rockets designed to reach an altitude of 100 m, or a 
final velocity of less than 50 m/s, should better be pressurized water rockets with 
an ejection velocity of 30 m/s rather than gun powder rockets the efficiency of 
which is 2% in these conditions. In contrast, the best chemical propellants ap-
proach ejection velocities of 5 km/s, quite close to the optimum for Earth orbit 
injection, which requires at least 8 km/s. For very high velocity ratios, the rocket 
equation can be approximated: the propellant mass divided by the final mass 
equals the velocity ratio. 

If the goal is to give an asteroid a ΔV of 50 m/s, then the most energy-efficient 
process is to propel mechanically the materials of the asteroid to ejection veloci-
ties in the order of a few tens of meter per second. In terms of mass to be brought 
from the earth, this method is also the best because the propellant is available in 
situ. If we consider an asteroid with a mass of 50 to 100kT, any scheme of chemi-
cal propulsion would require a propellant mass in the order of 1kT. 25 Saturn V 
lunar rockets, the more potent rocket successfully tested to date, would be required 
to lift this amount out of earth gravity field. Similarly, nuclear propulsion, albeit 
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standing even farther to energetic optimum, provides plentiful energy. But with 
ejection velocities of 50 km/s, the required propellant mass would still be in the 50 
to 100 T range, not counting the nuclear engine much more complex than the 
chemical one. We discard here the nuclear technologies based on nuclear blasts 
because an asteroid, mostly thought to have a granular structure, is not likely to 
withstand them. These are, however evoked later as a possible use of the aster-
oid’s material. Another important point to consider is the flexibility of the propul-
sion scheme. If the mission is decided without any prior visit to the target asteroid, 
and unless it has satellites, its mass will only be known with a large uncertainty, 
possibly by a factor of two or more. The same factor should be applied to the pro-
pellant mass, whether chemical or nuclear. In the case of mechanical propulsion, 
only the duration of the operation must be optimized after the mass of the asteroid 
has been precisely assessed once the mission has started to push it. 

Not considering cases where a tiny asteroid (less than 1kT) can be captured 
with a small ΔV, such as in (Brophy et al. 2012), there does not seem to be a prac-
tical alternative to mechanical propulsion for pushing small asteroids with this 
kind of ΔV. If we stick to the energy optimum however, 80% of the mass of the 
asteroid will be spent and dispersed in space at the end of the propulsion phase. 
While keeping close to the optimum, it seems wiser to favour the highest ejection 
velocities available, in order to minimize the loss of mass of the asteroid and the 
production of space debris, even if we are in orbit around the Sun, not around 
Earth. For the design of the spacecraft, we set a limit of 100 m/s as the maximum 
ejection velocity practically achievable with a robust mechanical system. 

19.4   A Mechanical Rocket 

The parameters of any mission can easily be deduced using the principles of the 
previous section. For instance, if a 100kT asteroid must be given a 50 m/s impulse 
in less than a year, we first compute the mass ratio using the rocket equation (with 
our preferred ejection velocity of 100 m/s) and we find it to be 1.65. We then have 
to propel 40kT to 100m/s and we will be left with the 60kT remaining after the 
operation. Now expelling 40kT at 100 m/s in a year timeframe means an average 
useful power of less than 6.5 kW. For comparison large telecommunication satel-
lites use much larger amounts of power. In addition, placing these satellites on 
their final, circular geosynchronous orbit requires more ΔV than would sending 
them toward a near-earth asteroid. The difficulty clearly does not reside here. Ex-
pelling 40kT in a year means gathering material on the surface of the asteroid at a 
rate of 1.2 kg/s. Although any man can shovel this on the long run on earth, this is 
clearly a challenge in the extremely low gravity on a small asteroid the structure of 
which is basically unknown. There comes another key design point: the rate of 
launch sequences. In our example, we can achieve the average of 1.2 kg/s by 
launching one ton every 15 mn or 120 grams 10 times a second. The more we can 
launch in one stroke, the less we will have to take care of the selection of the 
pieces of “unbreakable” rocks, however, it will result in a much larger throwing 
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device. At the other extreme, “sand-sucking” the surface of the asteroid might not 
generate enough material in total. A critical parameter is therefore the granularity 
of the asteroid. The granularity may tend to be larger in the smallest asteroids 
(Delbo et al. 2007, Mueller 2007, Murdoch 2011). It would then be safer to design 
the mechanical rocket with the capability to launch large pieces with a moderate 
launch rate. Further studies (Murdoch 2011) and simulations (Murdoch et al. 
2012, Richardson et al. 2011, Schwartz et al. 2012), as well as in situ and ground 
based observations will improve our knowledge on this point. Given the large 
proportion of the asteroid to be used as propellant, the concept needs most of the 
mass of the asteroid to be granular in nature, not only superficial layers. Without 
going into a detailed design, one can show that the orders of magnitude of the 
mechanical parameters are favourable: Assuming the goal is to launch 100 kg of 
material at 100 m/s every two minutes or so, we consider a rail-shaped mast 
equipped with a cable capable of accelerating a basket containing the material 
over its length. We consider a maximum length of 10 meter, that can be obtained 
by unfolding once a 5 meter structure, itself compatible with current launchers 
fairing. The acceleration should therefore be on the order of 500 m/s². The result-
ing 50 kN force can be given by the cable the cross section of which could be no 
more than 50 mm² if made of steel. A 20 m cable surrounding the mast with pul-
leys out of conventional steel would have a mass of only 7 kg even if using steel is 
very conservative in terms of strength and density. The rest of the mass to be ac-
celerated with the material is essentially the basket, that could take the shape of a 
metallic mesh. The later must be decelerated at the end of each launch. If we 
safely assume that the mass of the basket is 20% at most of the one of the ejected 
material, the deceleration can be at least 5 times stronger than acceleration for the 
same mechanical strain. The necessary length would also be 20% of the accelera-
tion length. Disregarding the fact that the energy of the accompanying mass could 
be recovered, we understand that generally speaking the accompanying mass does 
not change the orders of magnitude set by the material alone. For storing the en-
ergy required for a launch (roughly 500kJ) which is to be delivered in 0.2 seconds, 
using ultra capacitors is a likely option. Finally, the impetus resulting from each 
launch is uncertain as the mass loaded in the basket might not be precisely known 
prior to launch. This is not really a problem as the resulting loss of efficiency is 
negligible, regardless of the chosen option among keeping a constant acceleration, 
keeping a constant cable tension or keeping a constant energy for each launch. The 
impetus brought be each launch is, anyway, very low, which removes any urgency 
in the control and monitoring. The typical ΔV gained by the asteroid following a 
100 kg release is always much less than 1 mm/s. 

Seemingly simpler systems such as inspired by the medieval trebuchet (Hill 
1973), boosted by “slingshot effect”, have the drawback of not being able to re-
cover the energy left in the rope after launch. The resulting energy loss is a minor 
problem compared to the impossibility to dissipate this energy efficiently before 
the next launch. In addition, these devices are asymmetrical. 
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The initial rotation of the targeted asteroid might be a problem. In (Massonnet 
and Meyssignac 2006), we advocated a system capable of bouncing off the aster-
oid after grasping some material, which would then reach back to the asteroid after 
ejecting the material in the opposite direction. Such a system is quite insensitive to 
the rotation of the asteroid and capable of displacement on its surface. The shock 
of each landing might also be sufficient to overcome a limited strength of the  
surface and help gathering material. Whatever the concept selected, an asteroid 
cannot spin with a period of less than two hours (Harris 1996) unless it has a struc-
tural strength. Refinements (Holsapple 2001, Holsapple 2004) have lowered this 
value, which can be further reduced even with a very limited tensile strength 
(Holsapple 2007). By definition, a large tensile strength is hardly compatible with 
the mechanical rocket concept, so faster spinning bodies should be discarded as 
targets. Radar and optical measurements may determine the period of rotation 
from the ground. Given the size of the body we aim at (typically 40 m in diame-
ter), the equatorial velocity associated with this rotation is less than 2 cm/s. The 
spin energy is at least three orders of magnitude below the energy involved in the 
capture. Since the superficial layers of the asteroid are removed, the capture does 
not necessarily change the spinning rate of the asteroid, but such a change can be 
programmed in the launch sequences.  

19.5   What Is the Interest of Capturing an Asteroid? 

In (Massonnet and Meyssignac 2006), our main purpose for capturing an asteroid 
was the prospect of using it against an incoming, threatening body. We presented 
it as a “short term” solution as opposed to methods requiring a long preparation 
such as gravitational tugging (Lu and Love 2005). The actual piloting law used to 
redirect the captured asteroid into the incoming threat starting from the arbitrary 
halo orbit achieved after the capture remains to be found. It has to take into ac-
count the limitations of the propulsion system in terms a acceleration. Neverthe-
less it is a purely theoretical work that does not require any further technological 
development (Meyssignac 2012). Here we focus on other potential uses for a cap-
tured asteroid which would all demand an additional technological development. 

Mining an asteroid is a quite natural idea. However, it is less attractive after a 
closer look. As the primordial bricks of the solar system, asteroids are not likely to 
present the unusual concentration of rare materials that can occur in privileged 
places on Earth through tectonic forces and the action of underground water. If the 
amount of, for instance, platinum in an asteroid corresponds to the primeval level 
of this element in the solar system, which is likely, then its total amount in an 
asteroid will be extremely low. It is therefore not interesting to capture an asteroid, 
necessarily small, for the purpose of mining. In addition, high value/low mass 
element extracted from an asteroid can easily be transported from the initial orbit 
of the asteroid using conventional means. If the mining requires a human interven-
tion, one can argue that the Sun-Earth L1/L2 Lagrange point is easier to reach for 
a crew (with a possible one-month one-way trip) than any other point along the 
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earth orbit that could take years to reach. Similarly if the mining requires remote 
operations, one can argue that the 5 second radio delay of the Lagrange vicinity is 
better than the few minutes typical delay of interplanetary communications in the 
vicinity of the sun. These points are nonetheless irrelevant as we cannot tug large 
asteroids, the most likely targets for mining, if any. 

An asteroid capture may contribute to missions aimed at exploring the solar 
system. If not using nuclear technology, such missions require the launch of a 
large mass, mainly made of propellants, into trajectories whose first step is the 
liberation from earth gravity. The idea of producing part of this propellant mass in 
situ is very attractive. The Moon might be a site for production because the cost of 
putting Moon-produced material into Earth liberation trajectories (ELT) corre-
sponds to a ΔV of roughly 2.8 km/s against 11.2 km/s in the case of Earth. Simi-
larly, the surface of Mars or the surface of Phobos can be envisioned as in situ 
sources of propellant or other materials. However, even the moderate ΔV required 
to lift the material from the Moon into an ELT is a serious limitation to the useful-
ness of the process as we have shown in (Massonnet and Meyssignac 2006), even 
disregarding the effort necessary to land the “chemical factory” on the Moon. 
Therefore the advantage of the process is in the order of a factor two at best com-
pared to lifting everything from earth. The same applies for materials aimed at 
other purposes, such as mass used for shielding astronauts against cosmic radia-
tions during a long journey. 

An asteroid placed on a Lagrange parking orbit is virtually on an ELT. If a 
proper facility is placed in the vicinity of the asteroid, it could produce a large 
mass of liquid oxygen within a few years time frame assuming reasonably that a 
large fraction of the asteroid is made of oxides. This oxygen could then be loaded 
into the tanks of a planetary mission which would first reach an ELT toward this 
Lagrange gas station and then come back close to the Earth, still on an ELT, in the 
proper position for its final (and modest) acceleration to a planetary trajectory. If a 
chemical propulsion is used for the exploration of Mars or any other planet, up to 
80% of the mass of the mission could be liquid oxygen, thus offering a similar 
gain in heavy lifting requirements. The two-month or so detour to the asteroid 
does not necessarily apply to the exploration crew which could join the spacecraft 
when it grazes Earth again on its way back. If necessary, a different crew could 
manage the refill and enter the earth atmosphere directly on the way back from the 
asteroid. The cost in ΔV would virtually be zero for the massive interplanetary 
spacecraft, while the crews will have to reach the liberation velocity for rendez-
vous, but with a small capsule. In the vicinity of Mars, a similar parking scheme 
using the Mars-Sun Lagrange point could avoid the cost in ΔV for the largest part 
of the spacecraft. Although more convincing than mining, this use of a captured 
asteroid raises a number of hurdles. First, one must be sure that oxygen is avail-
able in sufficient proportion in the captured asteroid. The chemical composition of 
asteroids is not accurately known. Second, the chemical form of this oxygen must 
be known for a proper design of the chemical facility aimed at turning it into liq-
uid oxygen. Third, the mass of this facility, which must be brought from Earth, 
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must be orders of magnitude lower than its production, making the facility design 
a challenge. 

Obviously the prospects of using a captured asteroid are all the better as the 
need for transformation from the raw material is minimized. In this category we 
can think of two applications. 

1. First the bulk mass could be used as a radiation shield for deep space manned 
missions. The cost of adding a large mass to a spacecraft already almost free from 
Earth gravity might be acceptable as only a small ΔV is required for insertion into 
a planetary trajectory while grazing the Earth. The Sun-Mars Lagrange points for 
instance, could be reached using a similar strategy in reverse. We assume the 
planet would then be reached using unprotected shuttles. This use is simple 
enough, but if it is not associated to the production of chemical fuel, it might seem 
a minor improvement in mass not justifying its added complexity. 

2. Second the bulk mass could be used together with nuclear propulsion 
schemes. One metric ton of uranium contains the energy of 7 million tons of 
O2/H2 fuel within a volume of 50 litre. In theory a nuclear reactor can provide the 
energy while the bulk material provides the mass either using a power plant 
(McAndrews et al. 2003) associated with any kind of electromagnetic acceleration 
(yet to be demonstrated…) or relooking  the early concept developed by (Dyson 
2002) of using nuclear explosions focussed on a parabolic surface. As strange as it 
sounds, this use of a captured asteroid appears more likely than any other if we 
except the interception mission. The bulk material is used to boost the impetus 
resulting from the explosions themselves by adding neutral mass around the de-
vices. There are no new technological developments as the building of nuclear 
bombs is unfortunately very mature in several countries. The 30000 km/s average 
velocity of the post-reaction nuclear material is reduced to much less than 10000 
km/s by energy sharing with the bomb casing alone. Placing bulk material around 
the device increases the energy sharing and further reduces the velocities to less 
than 1000 km/s, in which case the mass of the bombs is only 1% of the spacecraft 
mass, most of the rest being made of the asteroid material. Nevertheless the 
achieved specific impulse is very high. The mission scheme for such a spacecraft 
would certainly avoid detonations in low Earth orbit and it should thus be operated 
directly from the Lagrange point. It could however, be used in low orbit around 
Mars, which unlike Earth has a weak magnetic field and no radio hams on its sur-
face ! Various studies, including some conducted during nuclear tests, suggest that 
such a vessel could be used for several missions (Dyson 2002). 

19.6   Conclusion 

Capturing an asteroid is interesting only if a large fraction of its remaining mass is 
useful, which discards the idea of asteroid mining, among other reasons. Using the 
asteroid itself as a shield against a threatening celestial body is the most straight-
forward use, provided the delicate piloting and phasing scheme for interception is 
demonstrated by appropriate theoretical studies. Using its bulk material as “mass 
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boosting” in association with pulsed nuclear propulsion can be seriously envi-
sioned as few additional technologies are required, and some of them have been 
tested on the ground. The production of liquid oxygen for ambitious planetary 
space missions can be envisioned assuming a large fraction of the asteroid mass is 
made by this element. In this case, the “chemical factory” which must be brought 
to the asteroid and put to work in the long run is the challenge, even if it is easier 
on an asteroid than on any other place, including the Moon. 

Whatever the use planned for a captured asteroid, it seems paradoxically easier 
to capture the asteroid than to make use of it. The capture by one or several me-
chanical rockets requires medium size spacecrafts in terms of mass and energy 
production capabilities, completed by significant progress in autonomous opera-
tions (selecting the material to be launched at a relatively high rate) compared to 
what has been done so far. In contrast, even the nuclear propulsion scheme  
discussed above involves launching much larger masses and developing long du-
ration space flights. Capturing asteroids would be a major trump in this direction, 
but likely a detail in terms of investments. 
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Chapter 20  
Change the Asteroid Trajectory  

Alexander A. Bolonkin 

C&R Co., New York, USA 

20.1   Introduction 

The number of asteroids in the Solar System is very large  (Friedman and 
Tantardini 2012). The vast majority are found in a swarm called the asteroid belt, 
located between the orbits of Mars and Jupiter at an average distance of 2.1 to 3.3 
astronomical units (AU) from the Sun. Scientists know of approximately 6,000 
large asteroids of a diameter of 1 kilometer or more, and of millions of small as-
teroids with a diameter of 3 meters or more. Radar observations enable to discern 
of asteroids by measuring the distribution of echo power in time delay (range) and 
Doppler frequency. They allow a determination of the asteroid trajectory and spin 
and the creation of an asteroid image. For delivery asteroid to the Earth author 
considers theory of three main methods: impact of the space apparatus to asteroid, 
explosion the conventional explosive on asteroid surface having form of plate and 
ball, explosion the small nuclear bomb on the asteroids surface, braking asteroid 
by parachute in Earth atmosphere.  

20.2   Kinetic Impact  

The impact of a massive object, such as a spacecraft or another near-Earth object, 
is one possible solution to change the trajectory of the Near Earth asteroid or Ob-
ject (NEO). Another object (for example, space apparatus) with a high mass close 
to the Earth could be forced into a collision with an asteroid, knocking it off 
course. 

When the asteroid is still far from the Earth, a mean of deflecting the asteroid to 
Earth is to directly alter its momentum by colliding a spacecraft with the asteroid. 

The European Space Agency is already studying the preliminary design of a 
space mission able to demonstrate this futuristic technology. The mission, named 
Don Quijote, is the first real asteroid deflection mission ever designed. 

In the case of 99942 Apophis it has been demonstrated by ESA's Advanced 
Concepts Team that deflection could be achieved by sending a simple spacecraft 
weighing less than one ton to impact against the asteroid. During a trade-off study 
one of the leading researchers argued that a strategy called 'kinetic impactor 
deflection' was more efficient than others. 
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20.3   Nuclear Bomb for Deflection of Asteroid 

Detonating a nuclear explosion above the surface (or on the surface or beneath it) 
of an NEO would be one option, with the blast vaporizing part of the surface of 
the object and nudging it off course with the reaction. This is a form of nuclear 
pulse propulsion. Even if not completely vaporized, the resulting reduction of 
mass from the blast combined with the radiation blast and rocket exhaust effect 
from eject could produce positive results.  

Another proposed solution is to detonate a series of smaller nuclear bombs 
alongside the asteroid, far enough away as not to fracture the object. Providing 
this was done far enough in advance, the relatively small forces from any number 
of nuclear blasts could be enough to alter the object's trajectory enough to avoid an 
impact. The 1964 book Islands in Space, calculates that the nuclear megatonnage 
necessary for several deflection scenarios exists. In 1967, graduate students under 
Professor Paul Sandorff at the Massachusetts Institute of Technology designed a 
system using rockets and nuclear explosions to prevent a hypothetical impact on 
Earth by the asteroid 1566 Icarus. This design study was later published as Project 
Icarus which served as the inspiration for the 1979 film Meteor.  

20.4   Theory of the Asteroids Movement and Changing 
Trajectory 

In Table 20.1 are computed the mass M of the ball asteroid, his energy E for speed 
V = 16 km/s and explosive power P of asteroids. One ton TNT has 4.184×109 J. 

The Hiroshima nuclear bomb had power about 15 kilotons of TNT explosive. 
The small ball asteroid having diameter 10 m has energy in 4 times more for speed 
16 km/s. 

Table 20.1 Diameter D, mass M of ball asteroid having density 3500 kg/m³, energy E for 
speed V = 16 km/s and explosive power P of asteroids 

20.4.1   Equations for Computation of Trajectory in Vacuum 
Space Near Earth 

These equations are following: 

D, m 10 m 30 m 100 m 300 m 1 km 3 km 10 km 30 km 

M, kg 1.83⋅106 16.5⋅106 1.83⋅109 16.5⋅109 1.83⋅1012 16⋅1012 1.83⋅1015 16.5⋅1015 

E, J 2.34⋅101421.1⋅1014 2.34⋅101721.1⋅1017 2.34⋅1020 21.1⋅1020 2.34⋅1023 21.1⋅1023 
P, ton 0.56⋅105 5.11⋅105 0.56⋅108 5.11⋅108 0.56⋅1012 5.11⋅1011 0.56⋅1014 5.11⋅1014 
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where r is radius from Earth center to point in trajectory, m; p is ellipse parament, 
m; e is ellipse eccentricity, e = 0 for circle trajectory, e < 1 for ellipse, e = 1 for 
parabola, e > 1 for hyperbola; β is angle from perigee, K is Earth constant, v is 
speed, m/s; ν is angle between speed and tangent to circle; M = 5.976.1024 kg  
is mass of Earth; R = 6378 km is Earth radius; ra is apogee, m; rp is perigee, m; b 
is small semi axis of ellipse, m; a is small semi axis of ellipse, m; T is period of  
rotation, sec.  

20.4.2   Change Asteroid Trajectory by Impact of Space Apparatus  

Inelastic head-on collision space apparatus (SA) in the asteroid (As): 
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where W is energy of system, J; Q is heat loss in impact, J; 1m is mass of space 

apparatus, kg; 2m is mass of asteroid, kg; 1V  is speed of SA about center mass of 

the system asteroid-SA, m/s; 2V  is speed of asteroid about center mass of system 
asteroid-SA, η  is coefficient of efficiency.  

Let us place the origin at the center of gravity of an asteroid. The speed of 
system asteroid-SA will be 
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where ΔV is change of asteroid speed, m/s; V is SA speed relative asteroid, m/s; 
ΔI is additional impulse of system As+SA. 

Example. Let us take the asteroid having diameter 10 m (m2 = 1830 tons) and SA 
having mass m1= 10 tons and speed about asteroid V = 1 km/s. From Eqs. (20.2)-
(20.3) we find ΔV = 5.43 m/s, η = 0.00543.  
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20.4.3   Change Trajectory by Conventional Plate Explosive 
Located on the Asteroid Surface 

In this case we get the impulse from the explosive gas. The maximal speed of an 
explosion gas and asteroid speed received from explosion are 
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m
VVqV ==  (20.4)

where 1V  is speed of explosion gas, m/s; q is specific energy of the explosive, J/kg 

(q ≈ 5.4 MJ/kg for TNT), 2V is asteroid speed received from explosion, m/s; 1m is 

mass of explosive, kg; 2m is mass of asteroid, kg.  

Example. Let us take the asteroid having diameter 10 m (m2 = 1830 tons) and ex-
plosive having mass m1= 10 tons and specific energy of the explosive q ≈ 4.2 
MJ/kg. From Eq. (20.4) we find the change of speed of asteroids V2= ΔV = 15.8 
m/s. 

If explosive is not plate (not optimum) and located in one point (ball) on the as-
teroid surface, the effect from the explosion will be less. Maximum speed is π/4 = 
0.785 from the plate explosion speed: V2 = ΔV = 15.8×0.785 = 12.4 m/s. 

20.4.4   Nuclear Point Explosion on the Asteroid Surface 

In this case the asteroid gets the impulse from evaporation part of asteroid. The 
asteroid rest can get the significant speed. If the energy of the nuclear bomb is E, 
bomb is located on asteroid surface, change the asteroid speed may be estimated 
by next equations 
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where 1V  is speed of evaporation gas, m/s; λ is specific energy of the asteroid 

evaporation, J/kg (heating + melting + heating + evaporation), v is the volume of a 
sold evaporation mass, m³; ρ is the asteroid density kg/ m³; I is impulse, kg m/s; 

VΔ is change of the asteroid speed received from nuclear explosion, m/s; 1m is 

the asteroid evaporation mass in explosion, kg; 2m is initial mass of asteroid, kg; r 

is radius of explosion cavity, m. 
 For basalt the λ = heating + evaporation = 1191 + 3500 = 4691 kJ/kg, ρ = 3500 

kg/ m³. For iron λ ≈ 8200 kJ/kg, ρ = 7900 kg/ m³; for ice λ ≈ 3000 kJ/kg, ρ = 1000 
kg/ m³. 

 
Example. Let us take the iron asteroid having diameter 10 m (m2 = 1830 tons) and 
energy of a small nuclear bomb is E = 1 kton = 4.2 ⋅1012 J. From Eq. (20.4) we 
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find V1 = 2863 m/s; m1=256 tons, the change of speed of asteroids V2 = ΔV = 460 
m/s. 

20.4.5   Computation of the Asteroid Trajectory 

Equations for computation of the asteroid trajectory are: 
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where r is range of ship flight, m; R0 = 6,378,000 is radius of Earth, m; R is radius 
of ship flight from Earth's center, m; V is ship speed, m/s; H is ship altitude, m; θ 
is trajectory angle, radians; D is system drag (asteroid+apparatus), N; DP is para-
chute drag, N; m is system mass, kg; g is gravity at altitude H, m/s2; L is apparatus 
lift force, N; LP is parachute lift force, N; ωE is angle Earth speed; ϕE = 0 is lesser 
angle between perpendicular to flight plate and Earth polar axis; t is flight time, 
sec.  

The quantities in Eq. (20.6) compute as: 
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where: g0 = 9.81 m/s2 is gravity at Earth surface; ρ is air density, kg/m3; Q is heat 
flow in 1 m2/s of parachute, J/s.m2; Rn (or Rp) is parachute radius, m; SP (or Sm)  
is parachute area, m2; ρSL= 1.225 kg/m3 is air density at sea level; VCO = 7950 m/s 
is circle orbit speed; T1 is temperature of parachute in stagnation point in Kelvin, 
K; T is temperature of parachute in stagnation point in centigrade, oC; T2 is  
temperature of the standard atmosphere at given altitude, K (T2 = 253 oK at H = 60 
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km) ; DP is parachute drag, N.; LP is parachute lift force That is control from 0 to 4 
Dp , N (the ram-air parachute can produce lift force up 1/3 from its drag); D is ship 
drag, N; L is ship lift force, N; CDP = 1 is parachute drag coefficient; a = 295 m/s is 
sound speed at high altitude; α = 40o = 0.7 rad is apparatus attack angle. CS = 5.67 

W/(m2.K4) is coefficient radiation of black body; ɛ is coefficient of a black (ɛ ≈ 
0.03 ÷ 0.99), ΔV is loss of speed in atmosphere on distance L. 

The control is following: if T1 is more the given safety temperature than the lift 
force LP = maximum = 4Dp. In other case Lp = 0. If T1 is less the given safety tem-
perature than the lift force LP = negative minimum = - 4Dp. When the speed is less 
the sound speed, the control parachute is also used for deliver in given point. 

The requested parachute area may be found by equations in lending study at sea 
level: 

,,,,
2

,
2

22

VV
K

V
V

C

C
KS

V
CDS

V
CL vv

D

L
pDppLp ≤==== ρρ

 (20.8) 

where CL is lift coefficient of parachute, CL≈ 2 ÷ 3; CD is drag coefficient of para-
chute , CD ≈ 0.5 ÷ 1.2; ρ = 1.225 kg/m3 is air density; V is speed system, m/s; Sp is 
parachute area, m2; K is ratio CL/CD; Vv is vertical speed, m/s. 

Example. Let us take the mass of system (asteroid + apparatus) 100 tons = 106 N, 
CL = 2.5, safety Vv = 20 m/s, K = 4, V = 80 m/s. From Eq. (20.8) we receive the 
parachute aria is Sp = 100 m2. The control rectangle parachute is 5.8 x 17.3 m. 
Result of computation the Eq. (20.7) are presented in Figs. 20.1-20.3. 

 

Fig. 20.1 Parachute temperature versus the entrance speed and altitude for mass of asteroid 
100 tons and parachute area 1000 m² 
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Figure 20.1 allows to select the entrance altitude for given safety parachute 
temperature. For example, asteroid has the entrance speed (perigee speed) 10 
km/s, safety parachute temperature is 1000 C. Figure 20.1 gives the perigee alti-
tude 80 km. 

For altitude 80 km and distance L = 6378 km the loss is about 150 m/s. The 
parachute can keep this altitude by lift force to down. In this case the asteroid 
losses about 2 km/s in during two revolutions around Earth. This allows decreas-
ing the safety altitude up 70 km and increase the speed loss up 1 km on distance L. 
Control parachute alloys by lift force up and down to decrease speed and to lend 
the asteroid in need point of Earth surface. The overload in this method is small. 
One is presented in Fig. 20.3. 

20.5   Conclusion 

For delivery asteroid to Earth we need in methods for changing the asteroid trajec-
tory and theory for an estimation or computation the impulse which produces the-
se methods. Author develops some methods of this computation. There are: im-
pact of the space apparatus to asteroid, explosion the conventional explosive on 
asteroid surface having form of plate and ball, explosion the small nuclear bomb 
on the asteroids surface and braking the asteroid by control parachute in Earth  
atmosphere. 

 

Fig. 20.2 Loss of speed via altitude for distance L = 6378 km (radius of the Earth) for mass 
of asteroid 100 ton and parachute area 1000 m² 
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That method is cheaper than conventional method: flight to asteroid, braking 
the apparatus to asteroid speed (spending of fuel), braking the asteroid for decreas-
ing of Earth perigee (up to Earth atmosphere)(spending of fuel), non parachute 
entrée in Earth atmosphere, high heating, destroying of asteroid in atmosphere, 
non-control flight in atmosphere, powerful impact to Earth surface, possible de-
structions and earthquake. Delivery of asteroid remains to a plant. 

The small control parachute allows multiple using the Earth atmosphere for the 
braking the asteroid without high heating, deliver the asteroid in given point of 
Earth and to avoid the asteroid impact to Earth.  

The delivery of the metallic asteroid to Earth will be profitable if we dramatic 
decreases the cost of the space launch (up to 3 – 10 $/kg) as it is offered in  
(Bolonkin 2005a,b, 2006b, 2011; Bolonkin and Cathcart, 2007). In present time 
we are spending 200 – 300M of USD for delivery a very small piece of asteroid 
for scientific purpose. Using the offered method we can deliver the full asteroid 
(up 3 – 50 tons) to Earth. 

 

Fig. 20.3 Overload via asteroid speed for different altitudes 

If asteroids will contain the very precious metals, their delivery may be profita-
ble. Offered method may be also used for braking of apparatus reentering in the 
Earth from a space flight. The reader finds useful information about delivery 
methods also in (Bolonkin 2005a,b, 2006a,b, 2011; Bolonkin and Cathcart 2007). 
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Chapter 21  
Opportunities for Asteroid Retrieval Missions 
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21.1   Introduction 

Recently, significant interest has been devoted to the understanding of minor bod-
ies of the Solar System, including near-Earth and main belt asteroids and comets. 
NASA, ESA and JAXA have conceived a series of missions to obtain data from 
such bodies, having in mind that their characterisation not only provides a deeper 
insight into the Solar System, but also represents a technological challenge for 
space exploration. Near Earth Objects in particular have also stepped into promi-
nence because of two important aspects: they are among the easiest celestial bod-
ies to reach from the Earth and they may represent a potential impact threat. This 
increased interest has encouraged the research community to propose further as-
teroid engineering projects, such as NEO retrieval missions, taking advantage of 
the synergies with current minor bodies search campaigns and asteroid manipula-
tion technology development initiatives.  

Various space macro-engineering projects have as a primary requirement the 
capture or shepherding of a portion or a full asteroid in useful orbits in the solar 
system (see Table 21.1).  

Early proposals for the space elevator involved the capture of a small body in 
an orbit close to GEO to serve as counterweight. The size of the counterweight 
required depends on the radius of the orbit where the asteroid would be placed, 
with size decreasing exponentially with altitude above GEO, resulting in about a 
50 ton asteroid (about 3.3 m diameter) for a counterweight at a circular orbit of 
radius 100000 km.  

The use of captured asteroids has also been proposed for geo-engineering pur-
poses as means of reducing the solar insolation on Earth by generating dust rings 
or clouds. Depending on the position of the dust cloud, either Earth ring (Pearson 
et al. 2006), Sun-Earth L1 (Bewick et al. 2012), or Earth-Moon L4/L5 region 
(Struck, 2007), and the desired reduction in insolation, the asteroid mass require-
ments and the complexity and cost of the capture transfer vary, but the minimum 
size for a target asteroid is never below 500 meters diameter. Retrieving objects of 
this size is probably beyond nowadays technological capabilities. The required 
mass could be reduced by more than one order of magnitude by the use of space 
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manufactured solar reflectors instead of dust rings or clouds (Pearson et al. 2006), 
but that would involve a large manufacturing infrastructure on orbit.  

Much smaller asteroids can already be of interest for resources exploitation. 
The in-situ utilisation of resources in space has long been suggested as the means 
of lowering the cost of space missions, by, for example, providing bulk mass for 
radiation shielding or distilling rocket propellant for interplanetary transfers 
(Lewis, 1996). Although the concept of asteroid mining dates back to the very first 
rocketry pioneers (Tsiolkovsky, 1903), evidences of a renewed interest can be 
found in the growing body of literature on the topic (Baoyin et al. 2010, Sanchez 
and McInnes, 2011a, Hasnain et al. 2012), as well as in high profile private 
enterprise announcements such as by Planetary Resources Inc [http://www. 
planetaryresources.com/]. A recent asteroid retrieval mission study (Brophy et al. 
2012) proposed the capture of a 2-4 m diameter asteroid around the Moon with 
current technologies, which could serve as test-bed for the development of tech-
nologies for in-situ resource utilisation (ISRU). Other proposals (Massonnet and 
Meyssignac, 2006) suggest a larger asteroid to be used as a NEO shield in 
combination with resource exploitation. These technologies could become a 
potentially disruptive innovation for space exploration and utilisation and enable 
large-scale space ventures that could today be considered far-fetched, such as 
large space solar power satellites or sustaining communities in space. Fuel depots 
or permanent space stations that use a small asteroid as a base can be envisaged in 
the near future. The use of asteroids in cycler orbits to provide structural support 
and radiation shielding for interplanetary transfers can be considered a more 
futuristic enterprise also found in literature (Lewis, 1996).  

Table 21.1 Macro-engineering projects proposing asteroid capture. To estimate asteroid 
sizes, given in diameter, an average NEO density of 2.6 gr/cm3 (Chesley et al. 2002) was 
used when neccesary. 

Project Target orbit(s) Size or mass required Reference 

Space Elevator ~GEO 52 x 103 kg (> 3.3 m) (Aravind, 2007) 

Geo-engineering: 
Dust ring LEO 

~LEO 2.3 x 1012 kg  
(> 1190 m) 

(Pearson et al. 2006) 

Geo-engineering: 
Dust cloud L1 

Sun-Earth L1  1.9 x 1011 kg  
(> 515 m) 

(Bewick et al. 2012) 

Geo-engineering: 
Dust cloud L4/5 

Earth-Moon L4/L5 2.1 x 1014 kg  
(> 5.3 km) 

(Struck, 2007) 

Tech. demo 
ISRU/Fuel depot 

L1, L2, Moon or-
bit… 

> 2 m (Brophy et al. 2012) 

Space station L1, L2, L4, L5 > 10 m  
NEO shield Sun-Earth L1, L2  20-40 m (Massonnet and 

Meyssignac, 2006) 

Cyclers Earth-Mars reso-
nant orbit 

> 100 m (Lewis, 1996) 
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In all these studies, the Sun-Earth Lagrangian points repeatedly appear as one 
of the preferred destinations for captured asteroids. This is relevant as they can 
also serve as natural gateways to other destinations in the Earth-Moon system 
through the use of heteroclinic connections (Koon et al. 2000). There are however 
several main challenges to overcome: the development of techniques to modify  
asteroid trajectories, the improvement in the minor body census in order to find 
the most suitable candidates of the appropriate size, and the design of low-cost 
transfers to the desired final orbits. 

Current technologies and methods for deflection of Earth-impacting objects 
have experienced significant advances, along with increasing knowledge of the 
asteroid population. While initially devised to mitigate the hazard posed by global 
impact threats, the current impact risk is largely posed by the population of small 
undiscovered objects (Shapiro et al. 2010), and thus methods have been discussed 
to provide subtle orbital changes to these small objects, as opposed to large-scale 
interventions, e.g. the use of nuclear devices (Kleiman 1968). This latter batch of 
deflection methods, such as low thrust tugboat (Scheeres and Schweickart 2004), 
gravity tractor (Edward and Stanley 2005) or small kinetic impactor (Sanchez and 
Colombo 2012) are moreover based on currently proven space technologies. They 
may therefore render the apparently ambitious scenario of manipulating asteroid 
trajectories a likely option for the near future. 

With regards the accessibility of asteroid resources, recent work by Sanchez 
and McInnes (2011a) (see also Chap. 18 in this book) demonstrates that a substan-
tial quantity of resources can indeed be accessed at relatively low energy; on the 
order of 1014 kg of material could potentially be harvested at an energy cost lower 
than that required to access the resources of the Moon. In their work, the accessi-
bility of asteroid material is estimated by analysing the volume of Keplerian or-
bital element space from which the Earth can be reached under a given energy 
threshold by means of a bi-impulsive transfer. This volume of Keplerian element 
space is then mapped into existing NEO orbital (Bottke et al. 2002) and size dis-
tribution models (Mainzer et al. 2011). As discussed in Sanchez and McInnes 
(2011a) it is perhaps more important that asteroid resources can be accessed across 
a wide spectrum of energies, and thus, as shown in Chap. 18, current technologies 
could be adapted to return to the Earth’s neighbourhood objects from 10 to 30 
meters diameter for scientific exploration and resource utilisation purposes.  

Advances in both asteroid deflection technologies and dynamical system  
theory, which allow new and cheaper means of space transportation, are now ena-
bling radically new mission concepts, including but not limited to asteroid  
retrieval missions. These envisage a spacecraft reaching a suitable object, attach-
ing itself to the surface and returning it, or a portion of it, to the Earth’s orbital 
neighbourhood. Moving an entire asteroid into an orbit in the vicinity of Earth 
entails an obvious engineering challenge, but may also allow a much more flexible 
exploitation phase in the Earth’s neighbourhood.  

The work presented here aims to provide a feasibility assessment of the latter 
mission concept by defining a set of preliminary mission opportunities that could 
be enabled by invariant manifold dynamics. Missions delivering a large quantity 
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of material to the Lagrangian points are of particular interest. The material can be 
used in a first stage as test bed for ISRU technology demonstration missions and 
material processing at affordable costs. The science return is also greatly im-
proved, with an asteroid permanently, or for a long duration, available for study 
and accessible to telescopes, probes and even crewed missions to the Lagrangian 
points. Finally, it sets the stage for other future endeavours, such as the ones listed 
in Table 21.1. 

21.2   Low Energy Transport Conduits 

Current interplanetary spacecraft have masses on the order of 103 kg, while a 
small body of just 10 meters diameter will most likely have a mass of the order of 
106 kg. Hence, already moving such a small object, or an even larger one, with the 
same ease that a scientific payload is transported today, would demand propulsion 
systems orders of magnitudes more powerful and efficient; or alternatively, orbital 
transfers orders of magnitude less demanding than those to reach other planets in 
the solar system.  

Solar system transport phenomena, such as the rapid orbital transitions experi-
enced by comets Oterma and Gehrels 3, from heliocentric orbits with periapsis 
outside Jupiter’s orbit to apoapsis within Jupiter’s orbit, or the Kirkwood gaps in 
the main asteroid belt, are some manifestations of the sensitivities of multi-body 
dynamics. The same underlying principles that enable these phenomena allow also 
excellent opportunities to design surprisingly low energy transfers.   

It has for some time been known that the hyperbolic invariant manifold struc-
tures associated with periodic orbits around the L1 and L2 collinear points of the 
Three Body Problem provide a general mechanism that controls the aforemen-
tioned solar system transport phenomena (Koon et al. 2000). In this analysis, we 
seek to benefit from these mathematical constructs in order to find low-cost trajec-
tories to retrieve asteroid material to the Earth’s vicinity. This work assumes the 
motion of the spacecraft and asteroid under the gravitational influence of Sun and 
Earth, within the framework of the Circular Restricted Three Body Problem 
(CR3BP) (Koon et al. 2008). The well known equilibrium points of the system are 
shown in Fig. 21.1. The mass parameter µ  considered in this analysis is 
3.0032080443x10-6, which neglects the mass of the Moon. Note that the usual 
normalised units are used when citing Jacobi constant values (Koon et al. 2008). 

21.2.1   Periodic Orbits and Manifold Structure 

In particular, we are interested in the dynamics concerning the Sun-Earth L1 and 
L2 points (see Fig. 21.1), as they are the gate keepers for potential ballistic capture 
of asteroids in the Earth’s vicinity.  
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Fig. 21.1 Schematic of the CR3BP and its equilibrium points 

During the last half a century there has been an intense effort to catalogue all 
bounded motion near the libration points of the Circular Restricted Three Body 
Problem (Howell 2001). The principal families of bounded motion that have been 
studied are planar and vertical Lyapunov periodic orbits, quasi-periodic Lissajous 
orbits, and periodic and quasi-periodic halo orbits (Gómez et al. 2000, Koon et al. 
2008). Some other families of periodic orbits can be found by exploring bifurcations 
in the aforementioned main families (Howell 2001). 

Theoretically, an asteroid transported into one of these orbits would remain 
near the libration point for an indefinite time. In practice, however, these orbits are 
unstable, and an infinitesimal deviation from the periodic orbit will make the as-
teroid depart asymptotically from the libration point regions. Nevertheless, small 
correction manoeuvres can be assumed to be able to keep the asteroid within the 
periodic orbit (Simó et al. 1987, Howell and Pernicka 1993).  

The linear behaviour of the motion near the libration points is of the type centre 
x centre x saddle (Szebehely 1967). All bounded motion near these points arises 
from the stable centre x centre behaviour, while the saddle dynamical behaviour 
ensures that, inherent to any bounded trajectory near the libration points, an infi-
nite number of trajectories exist that asymptotically approach, or depart from, the 
bounded motion. All these sets of trajectories, both bounded and unbounded mo-
tion, associated to a libration point form what is called the invariant manifold 
structure (Gómez et al. 2005).  

There are two classes of invariant manifolds: the central invariant and the hy-
perbolic invariant. The central invariant manifold is composed of periodic and 
quasi-periodic orbits near the libration points, while the hyperbolic invariant mani-
fold consists of a stable and an unstable set of trajectories associated with  
orbits of the central invariant manifold. The unstable manifold is formed by the 
infinite set of trajectories that exponentially leaves the periodic or quasi-periodic 
motion to which they are associated. The stable manifold, on the other hand, con-
sists of an infinite number of trajectories exponentially approaching the periodic 
or quasi-periodic orbit. 
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It is well known (e.g. Koon et al. (2008)) that the phase space near the 
equilibrium regions can be divided into four broad classes of motion; bound mo-
tion near the equilibrium position (i.e. periodic and quasi-periodic orbits), asymp-
totic trajectories that approach or depart from the latter, transit trajectories, and, 
non-transit trajectories (see Fig. 21.2). A transit orbit is a trajectory such that its 
motion undergoes a rapid transition between orbiting regions. In the Sun-Earth 
case depicted in Fig. 21.2, for example, the transit trajectory approaches Earth 
following a heliocentric trajectory, transits through the bottle neck delimited by 
the halo orbit and becomes temporarily captured at Earth. An important observa-
tion from dynamical system theory is that the hyperbolic invariant manifold struc-
ture defined by the set of asymptotic trajectories forms a phase space separatrix  
between transit and non-transit orbits.  

It follows from the four categories of motion near the libration points that peri-
odic orbits near the Sun-Earth L1 and L2 points can not only be targeted as the 
final destination of asteroid retrieval missions, but also as natural gateways of low 
energy trajectories to Earth centred temporarily captured trajectories or transfers to 
other locations of the cis-lunar space, such as the Earth Moon Lagrangian points.  

This work will focus in capture opportunities to periodic orbits near the libra-
tion points, which will be enabled by the hyperbolic stable manifold trajectories 
associated with them. In particular, we will focus on three distinct classes of peri-
odic motion near the Sun-Earth L1 and L2 points: Planar and Vertical Lyapunov 
and Halo Orbits, from now on referred to as a whole as libration point orbits 
(LPO). This analysis seeks a first insight into the future feasibility of asteroid re-
trieval missions, and thus we will limit our search to these three classic families of 
 

 

Fig. 21.2 Schematic representation of the four categories of motion near the L2 point  
(represented by the set of axes in the figure): periodic motion around L2 (i.e. halo orbit), 
hyperbolic invariant manifold structure (i.e. set of stable hyperbolic invariant manifold 
trajectories), transit trajectory and non transit trajectory. 
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bounded motion near the Sun-Earth L1 and L2 points. Future and more compre-
hensive searches however should extend to capture trajectories to quasi-periodic 
orbits, such as Lissajous and quasi-halos. These more exotic families of eventually 
periodic orbits and their associated sets of asymptotic trajectories will likely in-
crease the range of options for gravitational capture of asteroids. 

21.2.1.1   Lyapunov Orbits 

As noted earlier, the linear behaviour of the motion near the L1 and L2 points is of 
the type centre x centre x saddle. The centre x centre part generates a 4-
dimensional central invariant manifold around each collinear equilibrium point 
when all energy levels are considered (Gómez et al. 2005). In a given energy level 
the central invariant manifold is a 3-dimensional set of periodic and quasi-periodic 
solutions lying on an invariant torus, together with some chaotic or stochastic 
regions in between (Gómez et al. 2001). There exist families of periodic orbits 
with frequencies related to both centers: pω

 
and vω  (Alessi 2010). They are 

known as planar Lyapunov family and vertical Lyapunov family, see Fig. 21.3, and 
their existence is ensured by the Lyapunov center theorem. Halo orbits are 3-
dimensional periodic orbits that emerge from the first bifurcation of the planar 
Lyapunov family. 

To generate the entire family of planar and vertical Lyapunov periodic orbits, 
we start by generating an approximate solution with the associated frequency very 
close to the libration point (Howell 2001). This initial solution is corrected in the 
non-linear dynamics by means of a differential correction algorithm (Koon et al. 
2008) over a suitable plane section that takes advantage of the known symmetries 
of these orbits (Zagouras and Markellos 1977). Once one periodic solution has 
been computed, the complete family can be generated by means of a numerical 
continuation process that uses the previous solution as initial guess for a periodic 
orbit on which one of the dimensions on the phase space has been perturbed 
slightly. By properly choosing the phase space direction that we want to extend; 
and by repeating the process iteratively, one can build a family of periodic orbits 
with increasing Jacobi constant, as shown in Fig. 21.3. 

21.2.1.2   Halo Orbits 

The term halo orbit refers to the orbit’s ring shape and its position relative to the 
secondary mass, which reminds of the ring of light commonly used in religious 
iconography to denote holiness. The term was coined by Robert Farquhar, who 
advocated the use of these orbits near the Earth-Moon L2 point to obtain a con-
tinuous communication relay with the far side of the Moon during the Apollo  
programme (Farquhar 1967). 

As previously noted, this type of orbit emerges from a bifurcation in the planar 
Lyapunov orbits. As the amplitude of planar Lyapunov orbit increases, eventually 
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a critical amplitude is reached where the planar orbits become vertical critical, as 
defined by Hénon (1973), and new three-dimensional families of periodic orbits 
bifurcate. Thus, the minimum possible size for halo orbits in the Sun-Earth system 
is approximately (240 x 660) 103 km at L1 and (250 x 675) 103 km at L2, sizes 
denoting the maximum excursion from the libration point in the x and y directions 
respectively. At the bifurcation point, two symmetric families of halo orbits 
emerge at each libration point, here referred to as the northern and southern family 
depending on whether the maximum z displacement is achieved in the northern 
(i.e. z>0) or southern (i.e. z<0) direction, respectively (see Fig. 21.3).    

 

Fig. 21.3 Series of Planar and Vertical Lyapunov orbits (left) and northern and southern 
halo orbits (right) associated with the Sun-Earth L1 and L2 points. Lyapunov orbits are 
plotted ranging from Jacobi constant 3.0007982727 to 3.0000030032. Halo orbits are plot-
ted ranging from Jacobi constant of 3.0008189806 to 3.0004448196. The thicker red line 
corresponds to a Jacobi constant of 3.0004448196, which corresponds to half the distance 
between the energy at equilibrium in L2 and L3. 

Similarly to planar and vertical Lyapunov, the set of halo orbits, also shown in 
Fig. 21.3, was computed by means of the continuation of a predictor-corrector 
process. The initial seed was computed by means of Richardson (1980) third order 
approximation of a halo orbit. A differential corrector procedure is used to trim 
Richardson’s prediction and obtain the smallest halo possible (Zagouras and 
Markellos 1977, Koon et al. 2008). We then continue the process by feeding the 
next iteration with a prediction of a slightly larger displacement in z. Iteratively 
repeating this process provides a series of halo orbits with increasing energy, or 
decreasing Jacobi constant.  

The process can only be continued until a Jacobi constant not far below 3.0004. 
At this point the direction of the continuation should be changed to the x direction, 
or a more sophisticated processes of continuation on which the direction is modi-
fied at each iteration should be used (Ceriotti and McInnes 2012). For this analysis 
however we chose to stay on the range of halo orbits that can be continued using 
only the z direction to ensure that each halo orbit is defined by a single Jacobi 
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constant. If halo families are continued beyond that point, they become degenerate 
in energy since a particular Jacobi constant defines more than one halo orbit.     

21.3   Asteroid Retrieval Missions 

In the past few years, several space missions have already attempted to return 
samples from the asteroid population (e.g. Hayabusa (Kawaguchi et al. 2008)) and 
others are planned for the near future [http://www.nasa.gov/topics/solarsystem/ 
features/osiris-rex.html (last accessed 02/05/12)]. As shown by Sanchez and 
McInnes (2011a) (see also Chap. 18 in this book), given the low transport cost 
expected for the most accessible objects, it is also possible to envisage the possi-
bility to return to Earth entire small objects with current or near-term technology. 
The main challenge resides on the difficulties inherent in the detection of these 
small objects. Thus, for example, only 1 out of every million objects with diameter 
between 5 to 10 meters is currently known and this ratio is unlikely to change 
significantly in the coming years (Veres et al. 2009). 

In this section then, we will focus our attention to the surveyed population of 
asteroids in search of the most accessible candidates for near-term asteroid re-
trieval missions by means of invariant hyperbolic stable manifolds trajectories.  

For this purpose, a systematic search of capture candidates among catalogued 
NEOs was carried out, selecting the L1 and L2 regions as the target destination for 
the captured material. This gives a grasp and better understanding of the possibili-
ties of capturing entire NEOs or portions of them in a useful orbit, and demon-
strates a method that can be applied to newly discovered small bodies in the future 
when detection technologies improve.  

21.3.1   Invariant Manifold Trajectories to L1 and L2 

The design of the transfer from the asteroid orbit to the L1 and L2 LPO consists of 
a ballistic arc, with two impulsive burns at the start and end, intersecting a hyper-
bolic stable invariant manifold asymptotically approaching the desired periodic 
orbits. These results consider only the inbound leg of a full capture mission.  

Planar Lyapunov, vertical Lyapunov, and halo orbits around L1 and L2 gener-
ated with the methods described in previous sections were considered as target  
orbits. The invariant stable manifold trajectories leading to each of these LPO, 
computed by perturbing the periodic solutions on the stable eigenvector direction 
(Koon et al. 2008) by a magnitude of 10-6, in normalized units, were propagated 
backwards in the Circular Restricted 3-Body Problem until they reached a fixed 
section in the Sun-Earth rotating frame. We refer to this propagation time as the 
invariant manifold transfer time. The section was arbitrarily selected as the one 
forming an angle of ±π/8 with the Sun-Earth line (π/8 for the L2 orbits, see Fig. 
21.4, the symmetrical section at -π/8 for those targeting L1). This corresponds 
roughly to a distance to Earth of the order of 0.4 AU, where the gravitational  
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influence of the planet is considered small. No additional perturbations were con-
sidered in the backward propagation.  

In this analysis, Earth is assumed to be in a circular orbit 1 AU away from the 
Sun. This simplification allows the orbital elements of the manifold trajectories 
(and in particular at the selected section) to be independent of the insertion time 
into the final orbit. The only exception is the longitude of the perihelion, i.e. the 
sum of the right ascension of the ascending node and the argument of perihelion, 
which varies with the insertion time with respect to a reference time with the  
following relation: 

 ( ) ( ) 2
( )REF REF REFt t

T

πω ωΩ + = Ω + + −  (21.1) 

where REFΩ  and REFω  are the right ascension of the ascending node and the 

argument of perihelion at the ±π/8 section for an insertion into a target orbit at 
reference time tREF, and T is the period of the Earth. This variation along the Earth 
orbit has direct implications in the phasing costs and influences the optimal point 
for final insertion. 

For orbits with non-zero inclination, the argument of perihelion of the mani-
folds is also independent of the insertion time and Eq. (21.1) indicates a variation 
in Ω . However, in the case of planar Lyapunov with zero inclination, Ω  is not 
defined and an arbitrary value of zero can be selected, resulting in the equation 
representing a change in argument of perihelion.  

The transfer between the NEO orbit and the manifold is then calculated as a he-
liocentric Lambert arc of a restricted two body problem with two impulsive burns, 
one to depart from the NEO, the final one for insertion into the manifold, with the 
insertion constrained to take place before or at the ±π/8 section.  

The benefit of such an approach is that the asteroid is asymptotically captured 
into a bound orbit around a collinear Lagrangian point, with no need for a final 
insertion burn at arrival. All burns are performed far from Earth, so no large grav-
ity losses need to be taken into account. Furthermore, this provides additional time 
for corrections, as the dynamics in the manifold are “slow” when compared to a 
traditional hyperbolic approach.  

Finally, this type of trajectory is then easily extendable to a low-thrust trajec-
tory if the burns required are small. 

The shape of the manifolds in the r r−   phase space (with r being the radial 
distance from the Sun) at the intersection with the ±π/8 section is shown in Fig. 
21.5 for a particular Jacobi constant. For an orbit with exactly the energy of L1 or 
L2, the intersection is a single point; while for lower Jacobi constants, the shape of 
the intersection is a closed loop. The intersection corresponding to the bifurcation 
between planar and halo orbits is also plotted. A few capture candidate asteroids 
have been included in the plot (+ markers) at their intersection with the π/8 plane 
near their next closest approach to Earth. In a planar case, this would already pro-
vide a good measure of the distance of the asteroid to the manifolds. However, as 
we are considering the 3D problem, information on the z component or the  
inclination would also be necessary. 
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Fig. 21.4 Schematic representation of a transfer to L2 

 

Fig. 21.5 Shape of the manifolds in the r r−   phase space for a Jacobi constant of 
3.0004448196. The manifolds are represented at their intersection with a plane forming a 
±π/8 angle with the Sun-Earth line in the rotating frame. Manifolds on the left correspond 
to L1, on the right to L2. Candidate NEOs are indicated with a + marker. 
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Figure 21.6 provides a more useful representation of the manifolds in terms of 
perihelion radius, aphelion radius and inclination for the two collinear points. The 
point of bifurcation between the planar Lyapunov and halo orbits, when they start 
growing in inclination, can easily be identified. Halo orbits extend a smaller range 
in aphelion and perihelion radius when compared to planar Lyapunov. Vertical 
Lyapunov orbits have even smaller excursions in radius from a central point, as 
can already be seen in the smaller loops of vertical Lyapunov in Fig.21.5, but on 
the other hand they extend to much lower values of the Jacobi constant and cover 
a wider range of inclinations. 

 

 

 

Fig. 21.6 Minimum and maximum perihelion and aphelion radius (top) and inclination 
(bottom) of the manifolds leading to planar Lyapunov, vertical Lyapunov and halo orbits 
around L1 and L2. 
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Several asteroids are also plotted with small markers in the graphs. Their Jacobi 
constant J is approximated by the Tisserand parameter as defined in Eq. (21.2): 

 ( )21
2 1 cosJ a e i

a
≈ + −  (21.2)

where a, e and i are the semi-major axis (in AU), eccentricity and inclination of 
the asteroid orbit. 

This illustrates the proximity to the manifolds of a number of NEOs. In particu-
lar, asteroid 2006 RH120 has been highlighted, due to its proximity to the L2 
manifolds. From these graphs and ignoring any phasing issues, it can already be 
identified as a good capture candidate, as its perihelion and aphelion radius is 
close to or within the range of all the three types of manifolds, and its inclination 
lies also close to the halo orbit manifolds. The manifold orbital elements appear to 
be a good filter to prune the list of NEOs to be captured. 

21.3.2   Asteroid Catalogue Pruning 

For the calculation of capture opportunities, the NEO sample used for the analysis 
is JPL’s Small Bodies Database [http://ssd.jpl.nasa.gov/sbdb.cgi (last accessed 
27/07/12)], downloaded as of 27th of July of 2012, containing 9142 small bodies. 
This database represents the catalogued NEOs up to that date, and as such it is a 
biased population, most importantly in size, as already noted. A large number of 
asteroids of the most ideal size for capture have not yet been detected, as current 
detection methods favour larger asteroids. Secondly, there is an additional detec-
tion bias related to the type of orbits, with preference for Amors and Apollos in 
detriment to Atens or Atiras, as object in Aten/Atira orbits spend more time in the 
exclusion zone due to the Sun. 

Even with this reduced list, it is a computationally expensive problem and pre-
liminary pruning becomes necessary. Previous work by Sanchez et al. (2012) 
showed that the number of known asteroids that could be captured from a hyper-
bolic approach with a total Δv less than 400 m/s is of the order of 10. Although 
their hyperbolic capture approach, which roughly estimates Δv-cost for capture as 
the Δv necessary to reduce the asteroid two-body energy to zero, ensuring a tem-
poral capture, is inherently different than the manifold capture presented in this 
work, the number of bodies that could be captured in manifold orbits at low cost is 
expected to be of the same order.  

Without loss of generality, it is possible to immediately discard NEOs with 
semi-major axis (and thus energy) far from the Earth’s, as well as NEOs in highly 
inclined orbits. However, a more systematic filter needed to be devised. 

As a first approximation of the expected total cost in terms of Δv, a bi-
impulsive cost prediction with both burns assumed at aphelion and perihelion was 
implemented. Either of the two burns is also responsible for correcting the 
inclination. The Δv required to modify the semi-major axis can be expressed as: 
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0
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where µS is the Sun’s gravitational constant, a0 and af are the initial and final 
semimajor axis before and after the burn, and r is the distance to the Sun at which 
the burn is made (perihelion or aphelion distance). On the other hand the Δv 
required to modify the inclination is given by: 

( )*

0

Δ 2 Δ / 2s
iv r sin i

a

μ=  (21.4) 

where
 
Δi is the required inclination change, and r* corresponds to the ratio of 

perihelion and aphelion distance if the burn is performed at aphelion, or its inverse 
if performed at perihelion. These formulas only take into consideration the shape 
and inclination of the orbits, ignoring the rest of the orbital elements: right ascen-
sion of the ascending node and argument of pericentre. It is then implicitly as-
sumed that the line of nodes coincides with the line of apsis and the inclination 
change can be performed at pericentre or apocentre. This can result in an underes-
timation of the plane change for some cases. 

The total cost is then calculated as: 

2 2 2 2
1 1 2 2Δ Δ Δ Δ Δt a i a iv v v v v= + + +  (21.5) 

with one burn performed at each of the apsis, and one of the two inclination 
change Δv assumed zero.  

The estimated transfer Δv corresponds thus to the minimum of four cases: 
aphelion burn modifying perihelion and inclination followed by a perihelion burn 
modifying aphelion, perihelion burn modifying aphelion and inclination followed 
by an aphelion burn modifying perihelion, and the equivalent ones in which the 
inclination change is done in the second burn.  

It is important to note that these formulas are only first order approximations 
intended for the pruning of the database, and they will not be used to calculate the 
final transfers. In particular, the plane change is only valid for small changes in 
inclination and large deviations from the values provided by the filter are expected 
to be observed for high inclinations. Nevertheless, we are interested in low cost 
transfers which imply a small plane change, so the approximation is acceptable for 
filtering purposes. 

For simplicity, the target manifold final perihelion, aphelion and inclination 
values are selected as ranges or bands obtained from Fig. 21.6. For example, 
planar Lyapunov orbits at L2 have range of {rp, ra, i} ∈  {1.00-1.02, 1.02-1.15,0}, 
or {1.01-1.02, 1.025-1.11,059-0.78} for halo orbits at L2. Note that the inclination 
range for halos was given as the range corresponding to the highest energy. This is 
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due to the fact that most candidate asteroids have higher energies that the mani-
folds, and the lowest cost is assumed to take place where the energy difference is 
minimum. In the case of vertical Lyapunov orbits, due to the narrow ranges and 
strong dependency with J, polynomial fits for {rp, ra, i} as a function of J were 
used. 

With this filter, it is then possible to calculate the regions of a three-
dimensional orbital element space (in semi-major axis, eccentricity and 
inclination) than can be captured under a certain Δv threshold. These regions are 
plotted in Fig. 21.7 for transfers to LPOs around L2 with a Δv of 500 m/s, and any 
asteroid with orbital elements inside them could in principle be captured at that 
 

 

 

Fig. 21.7 Regions in the orbital element space with total estimated cost for capture into an 
LPO around L2 below 500 m/s. The manifolds corresponding to the LPOs are plotted in 
solid colours. 
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cost or lower. The figure shows a three-dimensional view of the surfaces that 
delimit the regions for planar Lyapunov, vertical Lyapunov and Halo, as well as 
two-dimensional projections in the a-i and e-i planes. There is a significant 
overlap between the regions of different LPO target orbits; therefore, it is expected 
that several asteroids would allow low-cost captures to more than one family of 
LPO. A similar plot can be generated for the case of L1. Figure 21.8 presents the 
regions for L1 and L2 compared to the definitions of the 4 families of NEOs. 
Objects from all four families seem to be adequate candidates for asteroid retrieval 
missions, particularly the ones closed to the Apollo-Amor and Aten-Atira divides.  

The filter approximation provides in general a lower bound Δv estimate, as it 
ignores any phasing issues, and assumes the burns can be performed at apocentre 
or pericentre. Moreover, there is no guarantee, and in fact it is quite unlikely, that 
a combination of the extremes of the ranges of {rp, ra, i} used in the filter 
correspond to proper manifold trajectories. Finally, the plane change does not 
include a modification in right ascension of the ascending node. Although the final 
Ω  can be tuned by modifying the phasing with the Earth, this is not completely 
free as the final insertion will take place around a natural close approach of the 
asteroid with the planet. The combination of this constrained phasing and the 
plane change will also incur in additional costs. North and south halo obits provide 
two opportunities with opposite Ω  for each transfer, which should result in two 
different costs, while the filter provides a single value. 

 

Fig. 21.8 Semi-major axis and eccentricity map of the capturable regions for L1 and L2. The 
boundaries of the main 4 families of NEO objects are also indicated. The manifold orbital 
elements are enclosed in the capturable regions and closely follow the Apollo-Amor and 
Aten-Atira divides. 
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For a few cases, with high initial inclination and associated plane change cost, 
the filter can over-estimate the Δv. As the inclination increases, solutions splitting 
the large plane change into the two burns can potentially result in a lower cost. In 
cases where the filter favours solutions with larger burns at pericentre, it can also 
incur in higher costs estimation for the plane change than the optimal solution. 

21.3.3   Capture Transfers and Mass Estimates 

For each of the filtered NEOs with estimated Δv below 1 km/s, feasible capture 
transfers with arrival date in the interval 2016-2100 were obtained. The NEO or-
bital elements in JPL’s database are only considered valid until their next close 
encounter with Earth.  

The problem can thus be defined with 5 variables: the Lambert arc transfer 
time, the manifold transfer time, the insertion date at the final target orbit, the 
Jacobi constant of this target orbit, and a fifth discrete variable determining the 
point in the target orbit where the insertion takes place. The manifolds are discre-
tised in terms of their Jacobi constant and their insertion point. Five hundred inser-
tion points are considered for each LPO, which propagated backwards translate 
into 500 sets of orbital elements at the ±π/8 section. 

The Lambert transfers between the asteroid initial orbit and the manifolds were 
optimised using EPIC, a global optimisation method that uses a stochastic search 
blended with an automatic solution space decomposition technique and can handle 
both continuous and discrete variables (see (Vasile and Locatelli, 2009) for de-
tails). Single objective optimisations with total transfer Δv as the cost function 
were carried out. Trajectories obtained with EPIC were locally optimised with 
MATLAB’s built-in function fmincon. Lambert arcs with up to 3 complete revolu-
tions before insertion into the manifold were considered. For cases with at least 
one complete revolution, the two possible solutions of the Lambert problem were 
optimised. This implies that 7 full problem optimisations needed to be run for each 
NEO. 

Figure 21.9 plots the results of the optimisation for the L2 case together with the 
filter estimates. It can be observed that the filter provides in general a good ap-
proximation of the total cost to be expected. It is a useful tool to select candidates 
and prioritise lists of asteroids for optimisation, and to quickly predict if any 
newly discovered asteroid is expected to have low capture costs. Dotted lines have 
been added to the plot as indicators of the ideal cost of just the inclination change 
at a circular orbit at 1 AU. Predicted and optimised results are expected to fall 
above or close to these lines. The filter does however provide a quick and much 
more accurate estimate of the costs taking into consideration the shape of the 
original orbit as well as the inclination. Asteroids with capture costs smaller than 
500 m/s are indentified in the plots. 

Table 21.2 shows the asteroids with costs lower than this selected threshold of 
500 m/s. Twelve asteroids of the whole NEO catalogue can be captured at this 
cost, ten of them around L2 plus two Atens around L1.  
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Fig. 21.9 Filter cost estimates and results of the optimisation for planar Lyapunov (top), 
vertical Lyapunov (middle) and halo orbits (bottom) around L2. Dotted lines indicate the 
cost of changing just the inclination. 
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Table 21.2 NEO characteristics for transfer trajectories with Δv below 500 m/s. The type of 
transfer is indicated by a 1 or 2 indicating L1 or L2 plus the letter P for planar Lyapunov, V 
for vertical Lyapunov, and Hn or Hs for north and south halo. 

 a 
[AU] 

e i 
[deg] 

MOID 
[AU] 

Diameter 
[m] 

Type Δv 
[m/s] 

2006 RH120 1.033 0.024 0.595 0.0171 2.3-  7.4 

2Hs 
2Hn 
2V 
2P 

58 
107 
187 
298 

2010 VQ98 1.023 0.027 1.476 0.0048 4.3-13.6 
2V 
2Hn 
2Hs 

181 
393 
487 

2007 UN12 1.054 0.060 0.235 0.0011 3.4-10.6 

2P 
2Hs 
2Hn 
2V 

199 
271 
327 
434 

2010 UE51 1.055 0.060 0.624 0.0084 4.1-12.9 

2Hs 
2P 
2V 
2Hn 

249 
340 
470 
474 

2008 EA9 1.059 0.080 0.424 0.0014 5.6-16.9 2P 328 

2011 UD21 0.980 0.030 1.062 0.0043 3.8-12.0 
1Hs 
1V 
1Hn 

356 
421 
436 

2009 BD 1.062 0.052 1.267 0.0053 4.2-13.4 
2Hn 
2V 

392 
487 

2008 UA202 1.033 0.069 0.264 2.5·10-4 2.4-  7.7 
2Hn 
2P 
2Hs 

393 
425 
467 

2011 BL45 1.033 0.069 3.049 0.0040 6.9-22.0 2V 400 
2011 MD 1.056 0.037 2.446 0.0018 4.6-14.4 2V 422 

2000 SG344 0.978 0.067 0.111 8.3·10-4 20.7-65.5 
1P 
1Hs 
1Hn 

443 
449 
468 

1991 VG 1.027 0.049 1.445 0.0037 3.9-12.5 
2Hs 
2V 

465 
466 

 
The table provides the orbital elements, minimum orbit intersection distance 

according to the JPL Small Bodies Database, and an estimate of the size of the 
object. This estimate is calculated with the following relation (Chesley et al. 
2002): 

/5 1/21329  10 H
vD km p− −= ×  (21.6) 
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where the absolute magnitude H is provided in the JPL database, and the albedo pv 
is assumed to range from 0.05 (dark) to 0.50 (very bright icy object). 

As expected, planar Lyapunov orbits are optimal for lower inclination NEOs, 
while NEOs with higher inclination favour transfers to vertical Lyapunov. Fig-
ure 21.10 shows an example trajectories in a co-rotating frame where the Sun-
Earth line is fixed for a transfer of asteroid 2006 RH120 to a south halo orbit 
around L2. Close-ups of the final parts of the trajectory are plotted in a three-
dimensional view in order to appreciate the shape of the final orbit and manifolds.  

 

  

Fig. 21.10 Capture trajectory for asteroid 2006 RH120 to a south halo orbit. Sun and Earth 
are plotted 10 times their size. 
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Table 21.3 presents the best trajectory for each type of transfer for L2 and L1. 
The cheapest transfer, below 60 m/s, corresponds to a trajectory inserting asteroid 
2006 RH120 into a halo orbit. Solutions to planar and vertical Lyapunov were also 
found for 2006 RH120 at higher costs. This agrees well with the interpretation of 
Fig. 21.6. The pruning method was also predicting that this transfer would be the 
cheapest, with a minimum estimated Δv of 15 m/s. It is worthwhile to emphasise 
that the total Δv comprises both burns at departure from the asteroid and insertion 
into the manifold, but it does not include any navigation costs or corrections. The 
NEO orbit may intersect the manifold directly, and in that case the transfer to the 
target orbit can be done with a single burn, as in this particular case.  

The total duration of the transfers range from 3 to 7.5 years. For the longer 
transfers it is possible to find faster solutions with less revolutions in the Lambert 
arc at a small Δv penalty. 

Table 21.3 Capture trajectories for the lowest cost transfers to each type of LPO 

  Date [yy/mm/dd] Jacobi 
constant 
manifold 

Total 
Durat. 
[yr] 

 Δv [m/s] 

Asteroid 
departure 

Manifold 
insertion 

Li 
arrival 

Dep Ins 

2006 RH120 2Hs 21/02/01 21/02/01 28/08/05 3.000421 7.51 58 0 

2006 RH120 2Hn 23/05/11 24/02/20 28/08/31 3.000548 5.31 52 55 

2010 VQ98 2V 35/02/14 35/09/01 39/11/15 3.000016 4.75 177 4 

2007 UN12 2P 13/10/22 13/10/22 21/02/19 3.000069 7.33 199 0 

2011 UD21 1Hs 37/11/20 38/07/03 42/07/19 3.000411 4.66 149 207 

2011 UD21 1V 36/07/20 38/11/16 41/06/21 3.000667 4.92 226 196 

2011 UD21 1Hn 39/10/24 40/06/15 43/08/30 3.000504 3.85 210 226 

2000 SG344 1P 24/02/11 25/03/11 27/06/18 3.000357 3.35 195 248 

21.3.3.1   Retrieved Mass Estimates 

The results presented in the previous section could be used to calculate a limit in 
the mass that can be captured with current space technology. In order to obtain a 
first estimate of the size of the asteroid that could be retrieved, we can consider a 
basic system mass budget exercise. Assuming a spacecraft of 5500 kg dry mass 
and 8100 kg of propellant at the NEO (as proposed in the Keck study report for 
asteroid retrieval (Brophy et al. 2012)), it is possible to estimate the total asteroid 
mass that can be transferred. A full system budget would require a larger fuel 
mass to deliver the spacecraft to the target, and thus an analysis of the outbound 
leg, but that is beyond the scope of this work. 

Results are presented for each trajectory on Table 21.4 for two different 
propulsion systems. The total mass for a high thrust engine of specific impulse 
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300 s ranges from 44 to about 400 tons, which represents 3 to 30 times the wet 
mass of the spacecraft at arrival to the NEO. The trajectories presented assume 
impulsive burns, so in principle they are not suitable for low-thrust transfers. 
However, due to their low Δv and long time of flight, transformation of these tra-
jectories to low-thrust is in principle feasible, and will be considered in future 
work. If a similar cost trajectory could be flown with a low-thrust engine of higher 
specific impulse (3000 s) the asteroid retrieved mass would be over ten times that 
of the high-thrust case, up to an impressive 4000 tons in the case of a hypothetical 
transfer from the orbit of 2006 RH120 to a halo orbit. That is beyond the maxi-
mum estimated size of this particular asteroid. Even if losses of 600% were as-
sumed in the transformation from high to low thrust (and this could well be the 
case given the mass of the object intended for transfer) the estimated diameter 
would still be greater than the 7.4 m maximum expected size of asteroid  
2006 RH120. 

Table 21.4 Retrieved mass estimates with current space technology 

  Total 
Δv  
[m/s] 

Isp = 300s Isp = 3000s 

Mass 
[kg] 

Ø 
[m] 

Mass 
[kg] 

Ø 
[m] 

2006 RH120 2Hs 58 398144 6.64 4067256 14.40 

2006 RH120 2Hn 107 213657 5.39 2222273 11.77 

2010 VQ98 2V 181 121879 4.47 1304330 9.86 

2007 UN12 2P 199 110313 4.33 1188630 9.56 

2011 UD21 1Hs 356 57441 3.48 659549 7.85 

2011 UD21 1V 422 47017 3.26 555160 7.42 

2011 UD21 1Hn 436 45236 3.21 537325 7.34 

2000 SG344 1P 443 44380 3.19 528741 7.30 

 
For the average NEO density and assuming spherical bodies, the equivalent di-

ameter of the asteroid that can be captured is also included in the table. This shows 
that reasonably sized boulders of 3-7 m diameter, or small asteroids of that size, 
could be captured with this method. The capture of entire bodies of larger size is 
still challenging, but the derived size of a few of the candidates fall actually within 
this range. With the higher specific impulse, the only NEO in the table that fails to 
meet the capturable range shown in Table 21.4  is 2000 SG344, with a derived 
size in the range of 20 to 65 meters. 
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21.3.4   Overview of the Selected Candidates 

The capture candidates are all of small size (perhaps with the exception of 2000 
SG344), which is ideal for a technology demonstrator retrieval mission. In fact, 
seven of them fit the small-Earth approachers (SEA) definition by Brasser and 
Wiegert (2008). They showed, focusing on object 1991 VG,  that the orbit 
evolution of these type of objects is dominated by close encounters with Earth, 
with a chaotic variation in the semi-major axis over long periods of time. A direct 
consequence of this is that reliable capture transfers can only be designed with 
accuracy over one synodic period, before the next encounter with Earth changes 
the orbital elements significantly. One could argue that finely tuning these 
encounters could also be used to shepherd these objects into trajectories that have 
a lower cost to be inserted into a manifold (Sanchez and McInnes 2011b). 

The candidates NEOs in Table 21.2 are well-known, and there has been 
speculation about the origin of a few of them, including the possibility that they 
were man-made objects (spent upper stages), lunar ejecta after an impact (Tancredi 
1997, Chodas and Chesley 2001, Brasser and Wiegert 2008, Kwiatkowski et al. 
2009), or even an alien probe (Steel 1995). In particular  object 2006  RH120 has 
been thoroughtly studied (Kwiatkowski et al. 2009, Granvik et al. 2011), as it was a 
temporarily captured orbiter that was considered the “second moon of the Earth” 
until it finally escaped the Earth in July 2007. Granvik shows that the orbital 
elements of 2006 RH120 changed from being an asteroid of the Atens family pre-
capture, to an Apollo post-capture, having followed what we refer to in previous 
sections as a transit orbit inside Earth’s Hill sphere. An additional object in the list, 
2007 UN12, is also pointed out by Granvik as a possible candidate to become a 
TCO (Temporarily Captured Orbiter). 

Regarding their accessibility, a recent series of papers (Adamo et al. 2010, 
Barbee et al. 2010, Hopkins et al. 2010) considered up to 7 of the above objects as 
possible destinations for the first manned mission to a NEO (and the other 5 were 
not discovered at the time). They proposed human missions during the same close 
approaches as the capture opportunities calculated. However, the arrival dates at 
the asteroids are later than the required departure date for the capture, so their 
outbound legs could not apply to our proposed capture trajectories. An additional 
study by Landau and Strange (2011) presents crewed mission trajectories to over 
50 asteroids. It shows that a mission to 6 of the  considered asteroids is possible 
with a low-thrust Δv budget between 1.7 and 4.3 km/s. The costs presented are for 
a return mission of a spacecraft with a dry mass of 36 tons (including habitat) in 
less than 270 days. A longer robotic mission with a final mass at the NEO of 
13,600 kg and a manifold capture as the one proposed would result in much lower 
fuel costs as the thrust-to-mass ratio increases. NASA also publishes the Near-
Earth Object Human Space Flight Accessible Target Study (NHATS) list (Abell et 
al. 2012), which will be continuously updated and identifies potential candidate 
objects for human missions to asteroids. The NEOs are ranked according to the 
number of feasible return trajectories to that object found by an automated search 
within certain constaints. Eleven of our 12 capturable objects appear in the top 25 
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of NASA’s NHATS list as of September 2012, seven of them in the top 10. This 
seems to indicate that the objects found by our pruning and optimisation are 
indeed easily accessible, even if the outbound part of the trajectory was not 
considered in our calculations.  

21.3.5   Method Limitations 

One of the first objections that can be raised to the approach presented involves 
some of the simplifications in the model. The main simplifying assumptions are 
placing the Earth in a circular orbit, assuming Keplerian propagation for the NEOs 
orbital elements until the next close encounter with Earth, and not including other 
types of perturbations, in particular the Moon third body perturbation. While the 
influence of the first two assumptions should be relatively small, and the trajecto-
ries obtained can be used as first guesses for a local optimisation with a more 
complex model with full Earth and NEOs ephemerides, not including the Moon as 
a perturbing body can have a much greater influence. Granvik (2011) shows that 
the Moon plays an important role in the capture of TCO, and so the trajectories of 
the manifolds would be also affected by it. The lunar third body perturbation can 
also strongly influence the stability of LPOs, in particular large planar Lyapunov 
orbits, and it could render some of them unsuitable for target orbits. However, the 
general behaviour and the type of NEOs that can be captured are not expected to 
change. Other perturbations, such as the changes in the orbit of small bodies af-
fected by solar radiation pressure are of little importance within the timescales 
considered. 

Other capture possibilities, e.g. by means of a single or double lunar swingby, 
have not been studied and are outside of the scope of this chapter, but they may 
provide even cheaper asteroid retrieval opportunities. 

21.4   Conclusions 

The possibility of capturing a small NEO or a segment from a larger object would 
be of great scientific and technological interest in the coming decades. It is a logi-
cal stepping stone towards more ambitious scenarios of asteroid exploration and 
exploitation, and possibly the easiest feasible attempt for humans to modify the 
Solar System environment outside of Earth, or attempting any large scale macro-
engineering project. 

This analysis has shown that the retrieval of a full asteroid is well within to-
day’s technological capabilities, and that there exists a series of objects that can be 
easily captured into libration point orbits. Taking advantage of this, the utilisation 
of asteroid resources may be a viable means of providing substantial mass in Earth 
orbit for future space ventures. Despite the largely incomplete survey of very 
small objects, the current known population of asteroids provides a good starting 
platform to begin with the search for easily capturable objects. With this goal, a 
robust methodology for systematic pruning of a NEO database and optimisation of 
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capture trajectories through the hyperbolic invariant stable manifold into different 
types of LPO around L1 and L2 has been implemented and tested. Twelve possible 
candidates for affordable full asteroid retrieval missions have been identified 
among known NEOs with capture opportunities during the next 30 years with a 
cost below 500 m/s. Transfers to the libration points region have been calculated 
for all these targets. These transfers enable the capture of bodies within 3-7 meters 
diameter with low propellant costs.  

The proposed method can be easily automated to prune the NEO database on a 
regular basis, as the number of objects in orbits of interest is expected to grow 
asymptotically with the new efforts in asteroid detection. Any new occurrence of a 
low-cost candidate asteroid can be optimised to obtain the next available phasing 
and transfer opportunities and the optimal target LPO. 

Moreover Sun-Earth LPOs can also be considered as natural gateways to the 
Earth system. Thus, the problem to transfer an asteroid to an Earth or Moon cen-
tred orbit can be decoupled into the initial phase of inserting the asteroid into a 
stable invariant manifold and then providing the very small manoeuvres required 
to continue the transit into the Earth system. While a method to find optimal Sun-
Earth LPO capture trajectories and possible targets has been defined, the transit 
trajectories can potentially allow the asteroid to move to the Earth-Moon L1/L2 or 
other locations within cis-lunar space taking advantage of heteroclinic connections 
between collinear points.  

This analysis has also shown the costs of accessing the capture material at the 
Sun-Earth collinear equilibrium points. Given the costs associated with reaching 
the Sun-Earth LPOs, one can imagine the scientific and exploitation advantages of 
bringing asteroids close to Earth, as oppose to reaching them on their unperturbed 
heliocentric orbits.  
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22.1   Introduction 

Michel Verne (1861-1925), son of the famous storyteller Jules Verne (1828-1905), 
rewrote and posthumously published The Chase of the Golden Meteor (1908). An 
entirely gold metal asteroid of enormous size, the public announcement of its 
“out-of-the-blue” coming to rest on the Earth’s surface provokes an epic world-
wide financial crisis. In 1941, Georges Prosper Remi (1907-1983), also widely 
known by his penname “Herge”, published a newspaper serialized children’s tale 
featuring his internationally beloved child-adventurer, the boy TINTIN, perform-
ing in “The Shooting Star”, and considering the effects on fiercely rival capitalist 
financiers competing over possession of the strange solid body containing a ficti-
tious mineral, “phostlite”, which exhibits previously unknown, environmental-
active globally influential properties.  

Nowadays, in our non-fictional real-world commercial contexts, 
cosmochemists seek to examine fallen solid bodies as well as those seen coming 
to rest on our Earth’s land or dredged from bodies of freshwater and seawater, to 
increase their laboratory-derived factual understanding of such strange extraterres-
trial materials (MacPherson and Thiemens 2011). Along with others, 
cosmochemists presume prudently that extra-Earth raw materials, possibly from 
our Solar System’s Asteroid Belt, when apprehended as a natural potential human 
infrastructure, will someday become valued collector’s items. In a sense, the As-
teroid Belt performs the same sociological function for moderns that Philolaus’s 
rendition of the Pythagorean system of cosmology, which included a fabled 
“Counter-Earth”, did for the ancients before the Asteroid Belt was observed and 
mapped (Burch 1954). 

In the past, wealthy and imaginative hobbyists (techno-philanthropists) fi-
nanced the blossoming of science and technology, including astronomy and bal-
looning. Moneyed 21st Century investors have funded Planetary Resources, Inc. 
based in Seattle, State of Washington, USA (Efrati 2012; Elvis, 2012). Planetary 
Resources Inc. (see http://www. planetaryresources.com.) intends to finance new 
means to both characterize and examine targeted object-asteroids close to Earth’s 
solar orbit (Granvik et al. 2012). The company may be the international  
financial community’s first major response to worldwide Green “sustainability” 
propagandized insistence that only natural Earth-biosphere energy and materials 
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flows serve a basic-style human civilization. The concept of human Earth-biosphere 
dependence stems from 19th Century science, specifically the Earth Science view of 
our planet as a unified energetic and biogeochemical system. Alfred Lotka (1880-
1949) called our homeland “…the world engine” (Lotka 1924). Meantime, some 
ambitious budding astromineralogists during the 21st Century continue to gather and 
document systematically mineralogical facts remotely by using asteroid-focused 
astronomical spectroscopy and powerful radars (Henning 2010). 

When cosmic material and energy was aggregating to form a Solar System 
planet, the early Earth surface was seeded with precious gold by asteroid bom-
bardment (Willbold et al. 2011). Although no asteroid has ever been discovered 
mostly consisting of socially (over-)valued gold, the 2 km-diameter, 4 x109 m3 
near-Earth Asteroid 1986 DA is known to be composed primarily of un-rusted 
iron and ~8% nickel, both are industrially valuable metals (Kargel 1994). Class M 
meteorites, typically composed of iron, nickel, cobalt and platinum-group metals, 
could become resources valuable to a 21st Century asteroid-mining based human 
civilization in the Earth-biosphere during our species’ Anthropocene. In this re-
gard, it is interesting to note that the temporary and economically costly Interna-
tional Space Station orbiting Earth already has all the essential features that archi-
tecture’s futurists often propound to soon characterize Earth’s ever more “sentient 
cities” (Shepard 2011): artifacts and systems that humans normally interact with 
on a daily basis store and process information about individuals and are activated 
by our movements and normal survival and business transactions. Future space-
ship and human space colonies will always be aimed at the biological survival of 
their human occupants, an ethic that only recently has come to dominate the con-
sciousness of the world-public (Hendricks and Mergeay 2007). To transition from 
one state of like-mindedness, today’s Earth-centric macro-engineers must begin to 
refer to the total use of asteroids such as 1986 DA, which may have a 2012 USD 
market value of 87.2 trillion (Clark 2012) as if all of it were brought to the Earth-
surface, coupled or inter-operable with widely dispersed industrial artifactual sys-
tems. If, instead, mankind attempted to concentrate metals dug from the Earth’s 
average bedrock, then “…the estimated [production] costs exceed current prices 
by orders of magnitude” (Steen and Borg 2002). About 6.6% of all found, recov-
ered and analyzed small-sized object-meteorites (aerosiderites class) consist only 
of iron. Vast desert-sited solar-powered automated metal processing and fabrica-
tion factories are a distinct possibility. 

As we will demonstrate herein, even Green marketers, before 2050, may come 
to tout and sell asteroid-derived stuff that can be advertised as truly “Green” [oli-
vine] (Cruikshank and Hartmann 1984; Schuiling 2006; Olsson et al. 2012). 
Therefore, macro-engineering, as it is currently being developed by organized 
wealthy entrepreneurs such as Planetary Resources Inc.’s leaders, is likely to fos-
ter a world-public zest (a possibly new acronym, ZEST, for “zero emission stuff 
transport”) for timely and profitable investment outcomes in infrastructure pro-
duced with a production plan for uniformity (units of product can be traded on the 
globalized commodities market), where Earth-surface delivered, cheaply space-
shaped metal iron ores as well as other raw materials sell strictly on the basis of 
bid price. 
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Allegedly if the world’s people enjoyed identical per capita metal stock levels 
like persons living in the Earth’s few fully industrially-developed eco-system 
states, using all technologies currently available, the volume of “…global in-use 
metal stocks required would be 3-9 times those existing at present” (Gerst and 
Graedel 2008). Approximately 45% of global iron entering use is dedicated to 
construction, ~24% is devoted to transportation equipment, and ~20% is formed 
into industrial machinery (Wang et al. 2007). [As of mid-2012, China  is the larg-
est consumer of iron ore.] The energy use per freight metric ton-kilometer (i.e., 
J/ton-km) for various transport modes is remarkable: aircraft transport is ~29 times 
more costly than by river or sea-going barge; potentially, ballistic delivery of 
shaped asteroid-derived iron ore to arid lands such as Australia or the Sahara 
could have energy use that is nearly zero. Possibly, the Gobi Desert will be more 
convenient for iron deliveries destined for China. In effect, our proposed outer 
space-made iron aerospace cargo vehicles are the equivalent of unusually formed 
ingots that are structurally sound enough not to splinter during ground impact. 
(Ballistic deliveries, as a major primary operation, or useful secondary side-effect, 
could excavate capacious surface crust voids in remote land regions, fillable with 
recoverable “urban ores”, and ultimately sustainable geosynthetic fabric-lined 
landfill cells. Tapped groundwater rock formations must never be penetrated  
unnecessarily, of course. Splinters of iron won’t be wasted because they can be 
gathered by magnets.) 

Within a century there likely will be a significantly different world-economy, 
one that may be forced by pressing geophysical and social circumstances to deal 
quickly with abrupt global climate change, more limited Earth-crust availability of 
some metallic and energy resources (Driscoll 2007; Rauch 2009) and Earth-
biosphere degradation instigated by a prosperous human population’s worldwide 
natural increase. In other words, people may encounter some difficult infra-
structure (Earth-biosphere) and ultra-structure (outer space) choices and forward-
looking macroproject plans must be initiated soon to meet these impending  
macro-problems; Valero et al. (2011) have even defined Earth’s ultimate satura-
tion limit under a scheme excluding all extra-terrestrial resource utilization. Their 
final end-state planetary environment implies a mandatory modified social appre-
hension of the late-20st Century predictive slang-like geoscience term 
“Anthropocene” (Vince 2011). The word technology also has many diverse defini-
tions—so many, in fact, that its popular conceptualization has become deemed 
usefully “hazardous” (Marx 2010; Machado 2006). The dynamics of radical tech-
nical innovation/invention to our world’s economy seems to be one of creative 
destruction: as first proposed comprehensively by Joseph Alois Schumpeter 
(1883-1950), often referred to as “Schrumpter’s Gale”, the creative destruction is 
the key mechanism for global economic development (Thurner et al. 2010). Self-
correction is inherent to capitalistic democracy, as is a capacity to fail economical-
ly and socially during an unexpected “Schrumpter’s Gale” civilizational event. It 
may be that “Cliodynamics”, as it is perfected, will come to support 
“Schrumpter’s Gale” theory more completely than is presently possible (Spinney 
2012). Herein, we seek to meld the past natural destruction to the Earth-surface 
caused by meteorite and asteroid impacts with tolerable induced near-future  
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physical destruction, instituted mainly to promote the advancement of an expand-
ing human, mostly Earth-biosphere lodged civilization. Since the mantra of effi-
ciency and the worldwide prevailing human standard of living [coined in 1902] 
can vary markedly, the growing global “Middle Class” of humanity allows for 
greater political awareness, expanding that increasingly stable group’s desire for 
accountable and representative governmental bodies at all levels of any society, 
and even a demand for free-markets in goods and service (Ali and Dadush 2012). 

Taking into account the above considerations, the goal of this chapter is to inves-
tigate the physical interaction of iron asteroids with human society and to propose 
some methods for putting the valuable mineral asteroids resources in the service of 
our terrestrial needs. These methods consist of safely bringing the asteroids (or  
pieces of them) to the Earth, so that the removal of potential asteroid threat on func-
tioning human societies is transformed into a useful economic action. 

22.2   Generalities 

22.2.1   Brief Information about Asteroids 

The vast majority of asteroids are found in a ring-like swarm called the Asteroid 
Belt, located between the orbits of Mars and Jupiter at an average distance of 2.1 
to 3.3 astronomical units (AU) from the Sun. Scientists know of approximately 
6,000 large asteroids of a diameter of 1 kilometer or more, and of millions of 
small asteroids with a diameter of 3 meters or more. The largest asteroid, Ceres, is 
785 km in diameter. Others range all the way down to dust mote size. The Martian 
moons (already seen close up) may be asteroids, captured by Mars.  

22.2.2   Asteroid Belt 

The mass of all the objects of the asteroid belt is estimated to be about 2.8-
3.2×1021 kg, or about 4 percent of the mass of the Moon. Of this, Ceres comprises 
0.95×1021 kg, a third of the total. The number of asteroids  increases rapidly as 
their individual masses decrease. 

22.2.3   Near-Earth Asteroids 

Near-Earth asteroids, or NEAs, are asteroids that have Solar System orbits that 
pass close to that of Earth’s. The approximately 1,000 asteroids that actually cross 
the Earth's orbital path are known as “Earth-crossers” and are considered to be 
threatening to our Earth-biosphere’s integrity. These are objects of 50 meters or 
more in diameter in a near-Earth orbit without the tail or coma of a comet. As of 
May 2012, 8,880 near-Earth asteroids are known to science, ranging in size from 
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one meter up to ~32 kilometers (1036 Ganymede). The composition of near-Earth 
asteroids is comparable to that of asteroids from the Asteroid Belt, reflecting a 
variety of asteroid spectral types.  

 NEAs survive in their orbits for  millions of years; eventually they are  elimi-
nated by planetary perturbations which cause NEAs to be ejected from our Solar 
System or sent on a collision with the Sun or another celestial body, such as a 
planet. With orbital lifetimes short compared to the Solar System’s age, addition-
ally asteroids must be constantly moved naturally into near-Earth orbits to explain 
the newly-observed asteroids found to be present. The accepted origin of these 
asteroids is that voluminous Asteroid Belt debris is gravitationally pushed into the 
inner Solar System through orbital resonances with Jupiter. The interaction with 
Jupiter through the resonance perturbs the asteroid's orbit and it then comes into 
the inner Solar System. The asteroid belt has gaps, known as Kirkwood gaps, 
where these resonances occur as the asteroids in these resonances have been 
moved onto other orbits. New asteroids migrate into these resonances, due to the 
effect first recognized by a Polish civil engineer during 1888, Ivan O. Yarkovsky 
(1844-1902) that provides a continuing supply of near-Earth asteroids (Beekman 
2006). Earth does have a small population of close-by asteroids that orbit our 
planet temporarily and it is estimated that 0.1% of all known meteors eventually 
impacting the Earth were before such impacts temporarily-captured orbiters 
(Granvik et al. 2012).    

22.2.4   Near Earth Objects (NEOs) 

A near-Earth object (NEO) is a Solar System object whose orbit brings it into 
close proximity with the Earth. All NEOs have an apsis distance less than 1.3 AU. 
They include a few thousand near-Earth asteroids (NEAs), near-Earth comets, a 
number of solar-orbiting spacecraft, and meteoroids large enough to be tracked in 
nearby outer space before striking the Earth. NEOs have become of increased 
interest since the 1980s because of increased awareness of the potential danger 
some of the asteroids or comets pose to the Earth and its biota, and active mitiga-
tions are being currently researched. In a well coordinated joint effort, the USA, 
the countries forming the extant European Union and other interested nations are 
systematically scanning the sky for NEOs, especially those endangering human 
civilization. The NASA has a USA Congressional mandate to catalogue all NEOs 
that are one kilometer in diameter. Potentially hazardous objects (PHOs) are cur-
rently defined based on parameters that measure the outer space solid asteroid-
object's potential to move in threatening close approaches to our inhabited Earth-
biosphere—truly, the human predicament in the Anthropocene. Mostly objects 
with an Earth minimum orbit intersection distance  of 0.05 AU and corresponds to 
a 150 m diameter are considered PHOs.  

 Some NEOs are of high interest to technology-minded, wealthy capitalist indi-
viduals as well as other investors because they can be physically explored with 
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lower mission velocity even than the Moon, due to their combination of low ve-
locity with respect to Earth (ΔV) and almost absent gravity, so they may present 
interesting scientific opportunities both for direct geochemical and astronomical 
investigation, and as potentially economical sources of extraterrestrial materials 
for human exploitation. This makes them an attractive target for mineral explora-
tion. By 2008, two near-Earth objects have been visited by spacecraft: 433 Eros by 
NASA's Near Earth Asteroid Rendezvous probe, and 25143 Itokawa by the JAXA 
Hayabusa Mission. The Japanese space agency JAXA—Japan Aerospace Explora-
tion Agency, founded 2003--plans to land a spacecraft onto an asteroid in 2018. 
The spacecraft, Hayabusa 2, will be launched during 2014 with a goal of landing 
on the targeted asteroid, 1999 JU3, by mid-2018 before arriving at Earth for  
re-entry in 2020. (While comets are named to honor their discoverers, asteroids 
are named for scientists, geographic places, celebrities and all manner of other  
criteria.) 

22.2.5   Near-Earth Meteoroids 

Near-Earth meteoroids are smaller near-Earth asteroids having an estimated diam-
eter less than 50 meters. They are listed as asteroids on most asteroid tables. The 
JPL Small-Body Database lists 1,349 near Earth asteroids with an absolute magni-
tude (H) dimmer than 25 (roughly 50 meters in diameter). The smallest known 
near-Earth meteoroid is 2008 TS26 with an estimated size of one meter.  

22.3   Sociometeoritics 

The formalized study of the physical and psychical interactions of meteor-
ites/asteroids with living persons housed by Earth’s biosphere and various thriving 
societies encompassed by our world’s human civilization is professionalized as 
“Sociometeoritics”. Stone tool-making African predecessors of modern humans, 
about 1.07 million years ago, experienced the violent central Ghana creation of the 
10.5 km-diameter Bosumtwi Crater  and early Americans, if any were present 
perhaps 50,000 years ago, could have witnessed, perhaps only momentarily, the 
awesome instant formation, Earth-surface “weathering” of a disastrous kind, geo-
morphological process of Meteor Crater in Arizona, USA, by the impact of an iron 
object arriving suddenly from outer space. More and more the world-public has 
become interested, even somewhat entranced, by the fascinating potential for 
Earth-surface asteroid impacts and asteroid mineral utilization by various indus-
tries, some supported by national governments as well as multi-national techno-
philanthropist operators (Lee 2012; Marriner et al. 2010). So much so, in fact, that 
the infamous 25 October 2009 Latvia meteorite hoax was perpetrated by Tele2, a 
Sweden-based telecommunications company as a globe-wide gimmick to gain 
public notoriety, a case of media stunt-making rights trumping legitimate meteor-
ite investigators for the fickle world-public’s attention and money. Perhaps 
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this hoax was a copycat project since Chinese artist Cai Guo-Qiang (born 1957) 
had earlier pioneered this kind of faux meteorite land impact with his 7 July 1990 
outdoor artwork at Pourrieres, Aix-en-Provence, France 45.5 Meteorite Craters 
Made by Humans on Their 45.5 Hundred-Million-Year-Old Planet: Project for 
Extraterrestrials No. 3 (Friis-Hansen et al. 2012) during the exhibition “Chine 
demain pour hier”.  

Since there are functioning nuclear reactors orbiting Earth in man-made satel-
lites, the fall of any large chunk of space junk elicits grand-scale public attention 
that is little different from other extreme events, both experienced (earthquakes, 
volcanic eruptions, and Solar Cycle 24 magnetic storms) and imagined (global 
warfare’s postulated Nuclear Winter). Civilization’s existing nearly globalized 
populace now demands that geoscientists, space scientists and macro-engineers 
increasingly undertake complex predictions—that is, macro-project decision-
making under conditions of uncertainty that requires an increasingly multi-
disciplinary, yet simplified approach to the projection of extended human actions 
and future Solar System products or byproducts (Reimold and Gibson 2010). 

Circa 1970 the biochemist Albert Lehninger (1917-1986) observed that there 
are very high concentrations of calcium and phosphate in human body fluids—so 
much he asserted that each of us could imitate Lot’s Wife, petrifying if natural  
inhibitors in our bodies did not actually prevent us from turning into stone. The 
Monolith Monsters is a good example of the 1950s era science fiction-monster 
movie. In that popular feature film, small black crystals—fragments of an ficti-
tious asteroid strewn widely and anciently over a hot and dry southern California 
desert impact zone—when wetted transform into gigantic towering rocky obelisks, 
unintelligible by down-to-earth geoscientists except in the crystals’ apparent seek-
ing of global domination, accomplished by parading relentlessly over a mostly 
uninhabited localized arid landscape. Their growth and movement is supposed by 
script-writers and movie-goers to function by the subduction of silicon atoms from 
the surrounding desert’s dune sand. For hapless humans, who unknowingly stray 
too close physically to the immobile small crystals, the result is that they turn to 
stone too. Natural salt, and salt-laden water, seems to inhibit crystal growth and it 
is hinted these materials even destroy the crystals eventually. But the answer to 
that question is left unresolved as it is not part of the exciting cinematic finale; 
only seemingly temporary immobilization and collapse of the rock towers is 
demonstrated. We wonder if The Monolith Monsters screenplay, authored by Rob-
ert M. Fresco (b. 1930) and Jack Arnold (1916-1992) may have stimulated Albert 
Lehninger’s provocative geobiochemical (cryptobiological?) assessment more 
than a decade later. Their screenplay postulated a horrific rock-making 
bioinvasion existential threat that has not yet been experienced by humans, unless 
the ancient Greek’s myth of the Gorgons set a precedent based on some long-
forgotten factual event-process. B-movie scripts swamped with pseudoscience 
have impressed the world-public, and presage humanity’s now prevalent fears 
about anything incoming from outer space that enshrouds our Earth.  
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Fig. 22.1 The in situ Hoba iron meteorite. (Copyright free Photo courtesy of J.M.H., 2012.) 
Notice its flatness, almost wing-like natural shape. Valued only as a chunk of iron scrap 
metal (average open-market commodity price as of May 2012), Hoba is worth approximate-
ly USD 6,000 yet the cost of moving it to an industrial site would probably be exorbitant. 

People wandering Earth’s glaciated wild-lands harvested iron from a Greenland 
meteorite (Buchwald 1992) and numerous pure green-glass shards, glass formed 
from Saharan sand by an aerial bolide explosion above the desert dunes was in-
corporated as centerpieces in magisterial Egyptian Pharaoh’s regalia (Wright 
1999); settled people in Canada and South Africa continue to abstract valuable 
metals—chiefly iron—from very ancient terrestrial impact craters by digging 
deeply into the Earth-crust (Grieve 1994). Virtually unharmed by human action, 
the >60 metric ton Hoba meteorite (Fig. 22.1) in Namibia (190 35’ 32.9” South 
latitude by 170 56’ 1.2” East longitude) is the largest known single piece of pure 
meteoric iron resting on land; it has a flat shape on both major surfaces (“top” and 
“bottom”) and, possibly by skipping through Earth’s atmosphere during its entry, 
it appears to have fallen to its terminal velocity. It apparently, and evidently, blast-
ed no crater in the landscape upon final impact, possibly 80,000 years ago 

When material is removed by quarrying, natural landforms are destroyed but 
when mine wastes are mounded they accumulate to form unnatural positive land-
forms. Such anthropic landforms are part of our present-day definition of the 
Anthropocene. Mining Nature-deposited impact/explosion detritus such as iron 
often is easier, less dangerous and more profitable, than from geographically iso-
lated excavations such as the abandoned Canadian lead and zinc mine at Little 
Cornwallis Island, active from 1981 until 2004, or the ongoing rhenium extraction 
effort at an active volcano vent on Iturup Island, Russian Federation (Jones 2000). 
Very few, if any, mines are without contaminated liquids and solid waste (Chen 
and Graedel 2012; Sen and Peucker-Ehrenbrink 2012; Reck and Graedel 2012; 
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Bian et al. 2012) and piled, environmentally exposed gangue of all kinds and mu-
tability affects vast stretches of sub-aerial landscape on the ~15% of Earth’s crust 
imprinted by Homo sapiens’ metal-use activities (Kennelly 2011; Hudson-
Edwards et al. 2011). Aside from space-weathering, asteroids do not have strong 
internal alterative “geologic processes” and, therefore, the effects of mining in 
outer space cannot affect Earth’s aquatic ecosystems (the ocean, lakes and rivers) 
since, herein, only a product (such as, for example, agglomerated and aerodynam-
ically formed pure iron called the lifting-reentry configured “Mega-ASSET” 
(Powell and Hengeveld 1983), is to be brought to Earth for use in civilization’s 
possibly solar-powered factories located nearly everywhere (Schmidt et al. 2012), 
by Green-styled establishment of outer space-oriented enterprises. 

But, what if human civilization’s technology progresses to a new, advanced 
technology state allowing humans, certainly by mid-21st Century, to look almost 
exclusively to the sky and beyond for metallic wealth (Muller et al. 2006) made to 
artificially fall from outer space at near nil post-2012 USD transportation cost for 
further exploitation? The term exploitation refers to a wide variety of human activ-
ities of either internationally legally-sanctioned ecosystem-state or private opera-
tors necessary to put Solar System asteroids to use, from prospection to removal of 
the resource from its initial location to, finally, its deposition upon the accessible 
Earth-surface. 

The macro-engineer Samuel Florman (born 1925), in his techno-thriller epic 
The Aftermath (2001), novelized the post-impact Earth-biosphere recovery process 
headed by macro-engineers, preserved by being aboard a sturdy ship on the safest 
side of our planet, to rebuild a crippled civilization after a comet’s surprising cata-
strophic collision with humanity’s Solar System homeland. Surprisingly, the  
astronomer Samuel Herrick (1912-1974) put forth his original idea in 1971 that 
outer space rock 1620 Geographos, a 5 km by 2 km Paleolithic arrowhead-shaped 
S-type asteroid (Fig. 22.2), could be used to abruptly excavate an inter-oceanic 
sea-level canal along the water-eroded valley course of the Atrato River in north-
western Columbia sometime after 1994 but before the turn of the 30th Century 
(Gehrels 1980). [1620 Geographos will closely pass Earth on 23 August 2051 and 
on 27 August 2119.] Herrick’s undeniably unique single-use macro-engineering 
concept was destined to become outmoded by technology’s progress, especially 
should canals like the Panama Canal in the Americas and the Suez Canal in Eura-
sia (Finkl et al. 2012) become unwanted or unneeded infra-structures. Since the 6-
12 May 2010 closing of some southern Europe airports due to the ash cloud 
spreading aerially from the erupting Iceland volcano Eyjafjallajokull, it is known 
that volcanic dust ejections cause havoc with schedules and fixed route interna-
tional air services. The reflective dust cloud suddenly raised by any impact of an 
intact 1620 Geographos (Fig. 22.2) would, probably like Mount Pinatubo in 1991, 
cool the Earth by ~0.5 K within a year following its violent touchdown. (In fact, it 
would replicate to some degree a “Method and Apparatus for Cooling a Planet”, 
USA Patent Application Publication 2011/0005422 A1 issued to Stephen 
Trimberger or a horrible global or regional post-conflict Nuclear Winter.) Howev-
er, Samuel Herrick’s macro-project plan is not really an outrageous consideration 
as at that time, circa 1969, the public-empowered Atlantic-Pacific Interoceanic 
Canal Study Commission was reviewing the possibility for the employment of 250 
synchronized nuclear fission device explosions—which if used yielding overall 
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~120 Megatonnes—to create a series of connected craters producing a massive 
continuous crustal wave of industrial earthmoving from seacoast to seacoast. Fur-
thermore, two macro-engineers have offered the idea that a wide trans-Panama  
sea-level seaway must be dug in future to cause “…the restoration of the ancient 
circum[-]global equatorial [ocean seawater] current…using conventional and nu-
clear civil engineering methods” in order to control anticipated impending  Earthly 
atmospheric heat fluxes that could obtain during abrupt climate change event-
processes (Stevens and Ragheb 2010). For sure, humanity is likely to encounter 
entirely new ecosystem combinations everywhere by circa 2100 (Williams et al. 
2007). Such macro-project thinking is unhelpful because it is equivalent to propos-
ing that the potentially huge natural rock landslide from the slope of the active 
volcano Cubre Vieja, located on the island of La Palma in the Canaries be sudden-
ly triggered artificially through impact of human-directed multiple meteorites, or a 
single very large asteroid, tried as a substitute for the laborious and costly applica-
tion of earthmoving machines to that expensive task (McGuire 2005). Hydraulic 
rock fracture is the means of accomplishment and extra-terrestrial rock-caused 
blast is the immediate stimulation mechanism, anthropogenic seismicity. The tsu-
namis generated would, at least, equal those foreseen for a hypothesized Atlantic 
Ocean impact of the 0.8 x 109 m3 Type M asteroid 1950DA, thought to be rich in 
the platinum group metals, on 16 March 2880 (Ward and Asphaug 2003; Abadie 
et al. 2012).  

 

Fig. 22.2 NASA image of 1620 Geographos (copyright free). Foreseen by Samuel Herrick 
as an instrument not of wanton, doom-like societal anthropogeomorphological destruction 
but rather of an instantly created negative landform, 1620 Geographos still remains availa-
ble for other uses. Someday it might be mined. Could it possibly be used to excavate a Kra 
Canal? 

Then, of course, there is the frighteningly awesome possibility for a macro-
engineered program of deliberate weaponization of asteroids and/or meteorites as 
well as manufactured metallic rods dropped from some orbiting outer space plat-
form. Meteors have been postulated as dramatic death-dealing weapons by the 
popular B-cinema films, as in The Monolith Monsters, but also even earlier as, for 
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instance, in the moving picture This Island Earth (1955). Accurate geosynchro-
nous Earth-satellite GPS signals make it feasible for modern war-planners and  
war-gamers (von Hilgers and Benjamin 2012) to ponder the applied use of scored 
tungsten rods fabricated somewhere within the Earth-biosphere and projected 
spaceward, released into a place-to-place sub-orbital path and then shed their  
containers  (ground-to-ground or submarine-launched missile warheads) in the ter-
minal phase of re-entry flight, showering a selected fixed or moving military target 
with a destructive metallic storm approximating an instantaneous hail of vertically 
descending explosive 50-caliber bullets, or worse (Preston et al. 2002). We do not 
intend to enlarge humanity’s negative cultural actionable choices herein (Hupy and 
Koehler 2012). Certainly, such self-imposed destruction done by raining lethal 
masses could never be termed an “act of God”, even though some judicial experts 
have defined “act of God” explicitly as an “unusual [material] volume” that pushes a 
natural Earthly event to the status of an acknowledged act of God (Fraley 2010; 
Pierazzo and Artemieva 2012).  

22.4   Delivery Methods 

In this section two delivery methods are proposed. The first is based on cutting the 
metal-rich NEAs into many pieces and processing these fragments into shaped 
metallic flight bodies (Thompson and Peebles 1999; Reed et al. 2011) through 
difficult extra-terrestrial mining and fabrication operations. Further, these finished 
selected bodies are sent towards the Earth, and in the dense layers of the Earth’s 
atmosphere they are air broken by deployment of attached AB carbon fiber para-
chutes. The second method proposed is to capture the NEAs in outer space 
(somewhere along their natural Solar System trajectories) with the aid of some 
appropriate-to-the-task smart apparatus launched from Earth. After interception, 
the kinetic energy of the proposed apparatus is used to fracture the asteroid, so that 
the whole delivery system (artificially comminuted asteroid and intact smart appa-
ratus) changes the trajectory and enters into the upper layer of the Earth’s atmos-
phere. Below the Karman Line, the aggregate delivery system is slowed in the 
same manner, by opened AB carbon fiber parachutes.  

22.4.1   Mega-ASSET Based Method of Delivery 

22.4.1.1   Mining Asteroids 

Our civilization, which inhabits only a single, but nevertheless singular, terrestrial-
type Solar System planet, soon must cope with the asteroid threat to the human 
species’ native land. The daily observable occurrence of innumerable meteor 
smoke trails in Earth’s upper stratosphere (~90-100 km, in the immediate vicinity 
of the Karman Line) is a powerful reminder to humans that we are being pelted by 
solid objects originating some place elsewhere than our planetary biosphere. The 
infall of ablating micrometeorites that exude ~2400 tonnes of sulfur dioxide  
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annually into Earth’s air has some measurable, if rather modest, climate change 
effect (Court and Sephton 2011).  

Probably there are ~104 objects bigger than 10 cm in diameter impacting Earth 
yearly. On 31 January 2012, the 32 km-long non-PHA asteroid Eros made its 
closest flyby of our planet in 37 years and it was distinctly visible to astronomers, 
both amateur and professional, using even small low-resolution backyard tele-
scopes. It was Harvey Harlow Nininger (1887-1986) who first established, in 
1942, that asteroid impactors hitting Earth could cause mass extinctions of life; the 
astronomical odds that people alive today will face a major asteroid impact are 
still, despite the near ubiquity of supercomputers, incalculable and the global  
social effect of a Torino Impact Hazard Scale warning remains unfathomable 
(Binzel 2000). [1942 was the year the V-2 rockets first reached outer space so that 
humans could then and subsequently claim to be on their way to becoming an 
outer spacefaring species after passing upwards and downwards through the Kar-
man Line.] 

Metal-rich asteroids can be used as mineral resources to supply Earth-based 
needs, allowing the conservation and preservation of scenic landscapes and unmo-
lested wildlife. But the first exploitation of an asteroid is never likely to be a fi-
nancially profitable venture so that means that Earth’s defense from PHOs may be 
the stimulus that induces humans to forego the tried and true efforts of traditional 
terrestrial metal mining in usually remote regions of the planet and progressively 
project our species outwards from the presumed safety of our Earth-biosphere. 
Encouraging an extensive wild-catting commercial mining operation to piggyback 
on a United Nations Organization planetary defense operation could accomplish 
those twin risky tasks synergistically. How the mining of chosen and well-placed 
near-Earth resources is done is best left to the expertise of the technical and geo-
political elites contributing informative and fascinating chapters to this textbook. 
Commercial-minded capitalist elites, such as the founders of Planetary Resources 
Inc. are not to be ignored for sure. For our purpose in this chapter, we assumed the 
presence of many aggregated containers filled with natural iron and smelted 
iron—that is, melted or fused ore from which impurities have been extracted—
simply await transfer to the Earth-biosphere’s surface, whether land or ocean.  

22.4.1.2   Description of Tested ASSET Reentry Vehicles 

About the same time as the USA’s Plowshare Program—the planned peaceful use 
of nuclear explosives for large-scale geographical alterations of the Earth-
surface—was forming, 1960, the USA began its ASSET Program. ASSET signi-
fied “Aerothermodynamic Elastic Structural Systems Environmental Tests”. 
ASSET gliders, such as the tested ASV (“Aerothermodynamic Structural Vehi-
cle”), were intended to be winged controlled-reentry vehicles based on a dynamic 
gliding principal. They featured a bi-conic form with an extremely reduced wing 
that offered a lift/drag equal to 1.0-1.5. and these vehicles visually resembled the 
USA’s 104,000 kg Space Shuttle. ASSET vehicles, however, had no vertical stabi-
lizers (Fig. 22.3). 
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Fig. 22.3 ASV-3, a height of 1.79 m, wing span 
of 1.53 m, a gross mass of 540 kg, and a volume 
of 0.56 m3. Six vehicles were launched from 
1963 until 1965. (Copyright Free Image: courtesy 
of Encyclopedia Astronautica; http://www. 
astronautix.com/craft/ asset.htm downloaded 
12/28/11) 

 

 

 

 

 

22.4.1.3   Proposed Mega-ASSET Vehicle 

Based on the ASSET vehicles, one of the authors, in a brief popular magazine 
essay, first proposed a “Mega-ASSET” machine macro-project entailing the 
forced descent (fall) of controllable “Directed Meteorite Excavators” (DME), not 
retarded by any kind of deployed parachute device or rocket blast, for mineral 
delivery at the Sahara and Central Australia as anthropogenic aerial agents of rap-
id strip-mining (Cathcart 1981). Central Australia is famous for its five explored 
large impact structures—Gosse’s Bluff, Henbury, Boxhole, Kelly West and Ame-
lia Creek and numerous surface recoveries of small meteorite fragments from 
shattered meteorites have occurred mainly since about 1971. Interestingly, the 
Henbury geomorphic feature was initiated by an iron object about 4,200 years ago 
and it is possible that the Arrernt [aboriginal] people of Central Australia wit-
nessed its impact firsthand (Gammage 2011). From 1986 until the present in 
northwest Africa—especially in Libya, Algeria and Morocco—uncounted small 
meteorites, some metal and some stone, have been found and sold commercially, 
especially at the trading cities of Erfoud and Rissani. Collecting fragments alleged 
to have fallen from the sky has even become an advertisement-promoted foreign 
tourist activity. Many of the fragmental finds were gathered from the Saharan 
regs, spacious  and almost featureless flat regions of that vast northern Africa de-
sert. The temporary world-public craze was fostered by e-Bay sales made feasible 
by the Internet. These scientifically undocumented meteorites are sometimes sold 
at the major annual international meteorite showcases in Tucson, Arizona and 
Denver, Colorado in the USA and at Ensisheim in the FRG. Ultimately, the crude 



520 R.B. Cathcart et al. 

 

1981 Cathcart DMEs, early conceptual forerunners of the proposed “Mega-
ASSET” machines proposed in this chapter, were then considered to be little more 
than slightly ablative nosecones; the material source for prospective DMEs would 
likely be the near-Earth asteroids, so DMEs would be shaped by mankind’s ma-
chines in the realm of outer space surrounding our planet. In the absence of any 
braking device below the Karman line, the use of perfected DMEs—i.e., 21st Cen-
tury “Mega-ASSET” machines—must be coordinated globally, perhaps through 
the auspices of the United Nations Organization, since the terminal blast/potential 
excavation of one DME might be mistaken by the uninformed and inexpert mem-
bers of the world-public for a mini-nuclear warhead’s detonation (Chyba et al. 
1998). However, there is another possibility: the use of AB carbon fiber para-
chutes (see Sect. 22.4.1.4) could make the terminal impact far less devastating to 
the landscape directly affected by such Cathcart-postulated DME landings. Such 
extraordinary, man-caused impacts of extra-terrestrial materials would be a new 
form of weathering, additional to those usual forms already existing (Hall et al. 
2012); as macro-engineers we can foresee landscapes classified in terms of how 
they can be shaped or gouged by artificial meteor impacts. Could a future Kra 
Canal  be excavated rapidly in Thailand by a well-controlled DME (Cathcart 
2008)? Such impacts would, of course, be far less than Samuel Herrick’s 2.4 mil-
lion megaton extravaganza of pure earthly destruction.  Hazardous materials 
would never be delivered in this manner (Cidell 2012). Asteroid mining and mate-
rial shipments to the other celestial bodies, as well as anywhere in this Solar Sys-
tem, is a far-ranging vision since the delivery systems proposed herein could be 
used at other planetary places with the potential to be terraformed (Mars etc.). It is 
worth noting that the NASA Curiosity, arriving at Mars on 5 August 2012, ejected 
75 kg of Earth-mined tungsten weights that allowed the atmosphere entry capsule 
to perform the first planetary lifting-body entry.  

It is our intent to further adapt the Mega-ASSET configuration, but with a sig-
nificant change. Instead of pre-figuring an inhabited aerodynamic aerospace vehi-
cle such as the X-20 Dyna-Soar, tested 1958-1963, upgraded “Mega-ASSET” 
machine-vehicle designs could be transformed into more robust, completely solid 
flight bodies that are maneuverable remotely (Hallion 1983). Lashing a cargo of 
asteroid-mined iron, or other metals, would be no problem simply because the 
modernized ASSET-type vehicle is the cargo, and it cannot shift position or 
morph its exterior shape unexpectedly. Or, alternatively, the cargo could be 
pelletized iron ore derived from a mined asteroid, even possibly more-valuable-
than-iron platinum group metals safely secured inside the sturdy thick ironwalled 
“Mega-ASSET” machine-styled cargo vehicle. 

21st Century upgraded “Mega-ASSET” machines might be shaped by com-
pressing beneficiated iron ore in automated outer space factories that would then 
ablate somewhat during atmospheric entry (Blanchard 1972), possibly fertilizing 
the less productive Tropic Zone ocean with iron flakes digestible by phytoplank-
ton. The USA’s self-powered, non-ballistic, Hypersonic Technology Vehicle-2 
test on 11 August 2011 had to be aborted, even after the vehicle had demonstrated 
stable aerodynamically controlled flight, because, at about Mach 20, the vehicle’s 
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skin commenced to peel, thereby inducing a strong official concern about its con-
tinued autonomous flight safety and operations system. This is a strong indicator 
that bluff-tip solid bodies composed of iron will possibly fair such stressful, short-
duration flight circumstances much better. (In the USA, it was Harry Julian Allen 
(1910-1977) who is credited with devising the blunt missile nosecone as a superior 
means for high-velocity vehicle atmosphere entry.) Our post-ASSET-3 vehicles, 
the “Mega-ASSET” machines, will be nowhere near as complex in terms of both 
structure and controllability as the 4,990 kg, 8.9 m-long X-37B Orbital Test Vehi-
cle used by the US Air Force and even less complicated than the original 540 kg 
ASSET-3.  

22.4.1.4   Deceleration System of MegaASSET-AB Carbon Fiber Parachute 

Upon entrance to the Earth-atmosphere, large meteoroids have initial velocities 
ranging from 11-73 km/s and can produce strong shock waves while ablating, 
fragmenting and decelerating. These cause a kind of noise pollution (sonic 
booms). The now honorably retired Space Shuttle fleet, all of which nowadays rest 
in museums, was said by some of its pilots to have the fly-ability of a “brick”. It 
served the USA and some foreign clients from 1981 until 2011. Almost immedi-
ately after its atmospheric entry it was often tracked by seismologists due to the 
measurable ground shaking it instigated (Kanamori et al. 1992).  

For most natural metals the lower limitation for hypervelocity impact on the 
land is on the order of only ~3 km/s, hence the need for the AB carbon fiber para-
chute device attachment to the “Mega-ASSET” machine since greater speed 
would result in splattering. According to Martyn John Fogg (b. 1960), famed for 
his pioneering scientific work in penning our world’s first macro-engineering 
textbook devoted to Terraforming, a science-fiction author, Peter F. Hamilton (b. 
1960), in one of the episodes of his The Night’s Dawn Trilogy published from 
1996 until 1999, elucidated a scheme to form and bring nickel-iron ingots into 
atmospheric entry stage. However, Hamilton added an interesting twist to this 
feat—by foaming the ingots with induced gas the result was a kind of anthropo-
genic pumice far less dense than, say, seawater. Thus, after splashing down in an 
Earth ocean, such floatable non-toxic bodies might be rounded-up by roving tug-
boats and towed/pushed to some nearby seaport.  As Fogg told the authors: “The 
idea is certainly more elegant than smashing solid masses of iron into land surfac-
es…” (Fogg 2012). As it turns out, closed-cell iron foam is a metal cellular struc-
ture with a large volume fraction of gas-filled pores and a porosity typically of 
from 75% to 95%. This type of material is not, to the best of our knowledge, 
found in natural meteors. Closed-cell metal foam was first announced in 1926 by 
M.A. DeMeller in his French Patent 615,147. In outer space, manufacturing of 
foamed iron Mega-ASSET machines would entail the use of CO and CO2 foaming 
gases, resulting in a massive gray-colored ingot-vehicle with a porosity of 55% 
that could indisputably survive Earth-atmosphere entry temperatures up to 1543 K 
(Murakami et al. 2007). And, upon landing, it would float like a well-crafted boat 
or ship, just as Hamilton foresaw during the late-20th Century.  
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The AB carbon fiber parachutes were first proposed by Alexander 
Alexanderovich Bolonkin in the first years of the 21st Century before the USA’s 
Space Shuttle fleet had been retired from active service (Bolonkin 2006). His 
strong air-resisting parachute device determined by Bolonkin to slow the descent 
of heavy objects from outer space must, ideally, be attached to balanced solids 
with a maximum measured mass. Interestingly, the USA’s NASA has, since 1960, 
postulated and tested developed exo-atmospherically deployable inflatable aero-
dynamic deceleration technology—blunt nosecones, in fact—appropriately de-
signed to greatly increase drag on entry vehicles (or objects) at hypersonic speeds 
(Mach Number >5) that are reliably capable of surviving high frictional heating 
during mitigated Earth-atmosphere entry. IRVE-3 (The Inflatable Reentry Vehicle 
Experiment) test flight conducted on 23 July 2012 was part of the NASA macro-
project called HIAD, standing for Hypersonic Inflatable Aerodynamic Decelera-
tor. Roger Bacon demonstrated the first high-performance carbon fibers in 1958 
and published his findings two years later. Nowadays, NASA is testing the proper-
ties of many strong, heat-resistant fibrous materials: for example, Kapton, Kevlar 
29, Kevlar 49, Nomex (type 430), PBO Zylon, Spectra 2000, Technora, Upilex-
25S, Vectran (HT) and M5. The strong carbon fibers utilized mimic asbestos and 
fiber-glass in that they do not ignite. Further testing and wise selection will be 
necessary to realize a proper material of the AB carbon fiber parachute system. All 
parachutes rely on tethers to steady the device and permit it to function as it was 
meant to function. However, some experts have proposed that a single 20 km-long 
trailing carbon fiber tether, a mere one mm diameter, with a total area of ~20 m2 
be employed to decelerate spacecraft from low-Earth orbit (Krischke et al. 1995); 
the AB carbon fiber parachute could easily be blossomed after the worst period of 
the rapid heating caused by rapid descent is past during the atmospheric entry 
process. 

Using the AB carbon fiber parachute permits the safe and controlled landing of 
any harvested Hoba-type bodies of iron ore that are deemed to be of the correct 
mass matched to the parachute attached. The long-tether and carbon fiber AB 
parachute remote-operation smart package will be locked to the rear end of the 
iron object, where it will be maximally shielded from entry heating and erosion, 
being delivered regularly to adept and proficient ground-based receiving crews 
living in two of the Earth-biosphere’s largest deserts—the Sahara and Central 
Australia. Appropriate industrial-scale processing and fabricating facilities, as well 
as efficient ground/rail/air transportation, must certainly be present at, or very 
near, both suggested remote desert landing zones to make the entire outer space 
asteroid mining enterprise economical, not to say profitable as a purely trajectory-
based industrial operation. Managers of the author’s proposed delivery systems 
might follow the flights and landings of the ingot-like cargo vehicles by using 
globular electronic virtual globes (Cathcart 1997; Brovelli and Zamboni 2012). 
Blessed with enormous subsurface oil, natural gas and fresh groundwater deposits, 
the Sahara is the fastest changing, most dynamic and wealthiest region of  
Africa—so much so, in fact, that nowadays it is a major intrinsic component of 
international commerce. 
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22.4.1.5   Technology of Delivery  

Let’s imagine for example that Asteroid 1986 DA has been thoroughly examined 
for possible contaminants by qualified prospectors in order to completely prevent 
any significant bio-invasion of the Earth by unwanted anti-biotic organisms. Many 
reputable astro-biologists currently regard the entire known Universe as an enor-
mous cryogenic habitat for active and dormant microbial life-forms, some of 
which might be dangerous to the long-term maintenance of human civilization in 
the Earth-biosphere (Wickramasinghe 2004). Therefore any celestial object-
asteroids selected for Earth delivery have to be thoroughly examined for possible 
contaminants either by qualified prospectors or by some automated devices 
launched by rockets, in order to completely prevent any significant bio-invasion of 
the Earth by unwanted organisms. In the first steps of asteroid delivery actions, 
our choice is to use the qualified prospectors in order to both have an on-the-spot 
human decision and to acquire or gain the human experience instead of transfer-
ring the judgment to some software blindly written on the Earth. 

Let’s suppose that after inspection and decontamination (if necessary) the as-
teroid was fractured into a billion equally sized chunks of material, each piece 
would be valued at 2012 USD 25,000. However, if we then imagine that fragment 
as being composed of 30,000 kg of only meteoric iron (density = 7.8 g/cm3), then 
that segment would have a volume of ~38.5 m3, or slightly more than 68.7 times 
the bulk of the ASSET-3 test nosecones from the early-1960s. Since the USA’s 
Space Shuttle weighed 104,000 kg, our AB carbon fiber parachute, as currently 
designed and calculated, is more than adequate to accomplish our stated Earth-
surface delivery task. In other words, our “Mega-ASSET” smart machines are 
eminently feasible in virtually all phases of the macro-project as outlined herein. 
We encourage others to pursue its completer definition and final realization as 
soon as possible in order to foster the capitalistic development of Asteroid Belt 
mining businesses on behalf of Homo sapiens. 

22.4.2   Kinetic Method of Asteroid Capture and Delivery  

22.4.2.1   Description 

The smart apparatus for delivery of processed, shaped asteroids to the Earth con-
tains the rocket, computer, devices for definition of asteroid composition (for ex-
ample, the laser spectrometer), radio receiver/translator, capture net, a useful long 
cable and a mechanical energy accumulator, heat-resistance control rectangular 
parachute and so on. 

22.4.2.2   Work of Smart Delivery Apparatus  

The smart delivery apparatus works the following way. Most asteroids captured by 
our planet are moving in the elliptic orbits having a focus at the Earth (Fig. 22.4a). 
Also, the smart delivery apparatus, in most cases, will also have an elliptic orbit. 
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The elliptic orbit has the perigee–the nearest point to focus (Earth) and apogee–the 
most far point from its focus (Earth). The asteroid-objects speed is maximum in 
the perigee, minimum in the apogee. An object-asteroid captured by Earth com-
monly has a velocity  between 8 km/s and 11 km/s. If its speed is less than 8 km/s, 
it will likely fall uncontrollably to the Earth’s surface. If the asteroid-objects speed 
exceeds  11 km/s, then the asteroid will probably fly off to the far reaches of outer 
space.  

 

Fig. 22.4 Cheapest method, perhaps, for regular delivery of asteroid-objects to the Earth. 
(a). Elliptic trajectory of any asteroid captured by Earth. (b) Capture and delivery of aster-
oid. 1 – Earth; 2 – elliptic trajectory of asteroid; 3 – perigee; 4 - apogee; 5 – asteroid speed 
in apogee; 6 - asteroid in perigee; 7 – asteroid and the point of meeting the asteroid and 
delivery apparatus (DA); 8 – delivery apparatus; 9 – trajectory of delivery apparatus; 10 – 
initial trajectory of asteroids; 11 – speed of DA; 12 – asteroid/DA trajectory after its brak-
ing by DA and connection; 13 – Earth atmosphere; 14 - asteroid/DA trajectory after the first 
parachute braking in Earth atmosphere; 15 - asteroid/DA trajectory after the second para-
chute braking in Earth atmosphere; 16 - asteroid/DA trajectory after it’s third parachute 
braking in Earth atmosphere; 17 – lending of asteroid/DA by control parachute. 

The speeds in apogee and perigee are connected by the following mathematical 
relation: 

raVa = rpVp (22.1)

where ra, rp are radius of apogee and perigee, respectively, and Va ,Vp are speeds in 
apogee and perigee, respectively. To decrease the perigee (for the object-asteroid), 
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the minimum impulse (minimum of fuel consumption) will be in the apogee; to 
increase the apogee (for meeting the capture/delivery smart apparatus) the mini-
mum impulse will be induced in the perigee.  

If the altitude of smart asteroid/apparatus system (AA) is less than 100 km 
above the r Earth’s surface, the Earth atmosphere decelerates the asteroid by colli-
sion with its component gases. The apogee decreases (Fig. 22.4b). After some few 
grazing contacts of AA with our planet’s atmosphere, its trajectory becomes a 
circle, and the smart asteroid/apparatus package enters the denser layers of our  
planet’s atmosphere. After the launch, the smart delivery apparatus 8 (Fig. 22.4b) 
must meet the suitable asteroid 7. At the correct/desired meeting point in outer 
space the apparatus has a speed 11 opposed to the asteroid. The authors propose 
using the kinetic energy of the smart apparatus itself for breaking the asteroid’s 
velocity as well as  for charging the flywheel energy accumulator powering the 
smart  apparatus. The smart apparatus 22 (Fig. 22.5a), by extension of a net 21, 
then captures the asteroid 20.  

   

 
 
Fig. 22.5 Capturing of asteroid by Delivery Apparatus (DA). (a) Capture of asteroid; (b) 
braking of asteroid by kinetic energy of Delivery Apparatus and charging a flywheel energy 
storage; (c) – final connection DA and asteroid; (d) Lending version of asteroid/DA with 
control lifting parachute for flight in Earth atmosphere. Notations: 20 – asteroid; 21 – cap-
ture net; 22 – delivery apparatus; 23 – asteroid into the capture net; 24 – delivery apparatus 
in position after braking and charging of mechanical energy storage; 25 – brake cable con-
necting the asteroid to delivery/drive apparatus; 26 – control parachute; 27 - lift/drag force 
of parachute. 

After asteroid-object capture the smart apparatus unwinds the cable 25 and, 
thus, decreases the asteroid’s speed to something eventually for correct  for its 
entry into the Earth’s upper  atmosphere (Fig. 22.5b). One also decreases its own 
speed until its value equals the asteroid speed. If the kinetic energy of system AA 
is very large, the smart apparatus initiates the use of a rocket engine. Further the 
cable is reeled out/in (Fig. 22.5c), depending on need, and delivery of the smart 
apparatus is used for object-asteroid trajectory corrections. After entry into Earth’s 
atmosphere, the smart apparatus package opens the controllable lifting/braking 
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parachute 26 (Fig. 22.5d). This parachute is named an AB carbon fiber parachute. 
[“AB” stands for Alexander Bolonkin, its inventor.] It slows the system in the 
Earth’s thin upper atmosphere, decreases the apogee of elliptic orbits (Fig. 22.4b) 
up to circular orbit (speed is less than 8 km/s). If the smart apparatus package 
temperature goes beyond its safety value, the smart apparatus package in response 
then increases the ratio lift/drag of control parachute and causes lifting in the up-
per atmosphere, where the nose flow is less (air resistance markedly reduced). As 
a result, the object-asteroid and smart delivery apparatus package cannot overheat 
and the controlling AB carbon fiber parachute delivers the asteroid-object at a  
given Earth-surface place. The AB parachute is small in both material bulk and 
deployed diameter because the lift parachute has a smaller vertical speed and the 
landing speed of the integrated smart system is allowed to be high by comparison 
to a man-used parachute (Fig. 22.6). 

 

Fig. 22.6 Lending of system with limited heating: Asteroid/DA on Earth surface. Notations: 
30 – Earth; 31 – Earth atmosphere; 32 – landing trajectory. 

The parachute surface is opened from the asteroid-objects  backside so that it 
can emit heat radiation steadily and efficiently to the enveloping Earth-
atmosphere. The temperature of the AB carbon fiber parachute may be as much as 
1000-1300o C. Without any problem, the carbon fiber is able to keep its function-
ality up to a temperature of 1500-2000o C. The offered delivery method and sys-
tem has the following advantages: 

1) The system uses for the induced slowing of the asteroid and apparatus the 
harvested kinetic energy of the asteroid-object and the smart apparatus. In all 
likelihood that may save a large amount of expensive rocket fuel.  
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2) The system uses kinetic energy to charge an energy-storage system (this stor-
age/accumulator may be mechanic, electric or chemical and so on). That defi-
nitely permits a large amount of energy to gradually accumulate during a long 
flight time. 

3) It is alleged that the offered method of decreasing the high speed of asteroid-
objects by a series of entering and re-entering grazing movement into the at-
mosphere, with serial decreasing of apogee up to circular orbit. That also 
saves costly rocket fuel and does not need high-quality nose guard protection 
(note that the heat-shield protection for the manned Apollo Mission space-
ships was ~40% of its overall take-off weight). 

4) The system has a special cable and brake mechanism for it alone. The fly-
wheel retains/saves energy because outer space is a natural hard vacuum and 
the gravitational force therein is nil. 

5) The system has a control AB fiber carbon parachute with high ratio lift/drag, 
which allows its operators to avoid too much heating,  delivers the asteroid-
object to a pre-selected given geographical place and avoids a shock of sys-
tem touchdown/landing on the Earth-surface. 

6) The delivery apparatus may be quickly re-used. Foamed iron bodies, for in-
stance, can be melted to become denser iron ingots used for the common in-
dustrial purposes humans practice.  

22.4.2.3   Theory of Asteroid Capture, Movement in Outer Space 

The speed change of the smart space apparatus or of the packaged aster-
oid/apparatus system, due to the ignited rocket engine is: 

M

M
VV

f
g ln−=Δ  (22.2)

where ∆V is change of speed, Mf and M represent the final and the initial mass of 
the system, respectively, and Vg is the discharge velocity of exhaust gas from the 
rocket engine (for solid fuel Vg ≈ 2500 – 2800 m/s, for liquid fuel it is either Vg ≈ 
3000 – 3200 m/s (kerosene + O2), or Vg ≈ 4000 m/s (hydrogen + O2)). 

In the omnipresent near-Earth vacuum of outer space, the package’s trajectory 
is computed as follows. The radius R from Earth center of mass to a point on the 
trajectory is given by: 

βcos1 e

p
R

+
=  (22.2’)

where β is the angle from perigee, while p and e are the ellipse parameter and  
eccentricity, respectively (e =0 for circle trajectory, e < 1 for ellipse, e = 1 for 
parabola, e > 1 for hyperbola). Note that the apogee ra and the perigee rp of elliptic 
trajectory are given by: 
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The ellipse parameter and eccentricity are computed as: 
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where c and H are expressed by: 
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In the above relations, K is the Earth constant (K=3.98 x 1014 m3/s2), v is the 
speed, ν represents the angle between the speed and the tangent of the circle, 
ME=5.976x1024 kg is the mass of the Earth and R0=6378000 m is Earth radius. The 
period of rotation is computed as: 

2/32
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where: 

21,, eabrbra pa −===  (22.10)

After connection, the velocity of asteroid-connection apparatus ensemble, V, is 
computed as 

21
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where m1, V1 and m2, V2 are the masses and velocities of asteroid and connection 
apparatus, respectively. Denoting by s the length of the cable, the force F can be 
computed from the following relation: 
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22.5   Economical Efficiency of Asteroid-Object Delivery to 
Earth-Surface 

Only about 10% of known asteroids contain metal. In many cases it is molyb-
denum and cobalt. Some asteroids, like meteorites, are composed of iron, nickel 
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and various types of stony rock. In composition, they are close to that of the famil-
iar Solar System terrestrial planets. The other main component—nickel-ferrous 
iron,, which is a solid solution of nickel in iron, and, in any solution, the nickel 
content in the blend is different-from 6-7% to 30-50%. Occasionally, non-nickel 
iron objects exist. Sometimes there are significant amounts of iron sulfides Other 
minerals are also found in small quantities. It was possible to identify a total of 
about 150 minerals, and it is clear that the number of minerals in the asteroids and 
meteorites examined is small in comparison with an abundance  in the rocks of the 
Earth, where more than 1,000 known minerals exist, with more being discovered 
every now and then. 

The capture and delivery of a big iron asteroid to Earth requires a huge amount 
of energy (costly rocket fuel sent to outer space from petroleum refineries in the 
Earth’s biosphere). The delivery of one kilogram of asteroid, by current technolo-
gy, needs 1 – 5 kg of additional fuel and the launch of one kilogram of the smart 
delivery apparatus/fuel costs approximately 2012 USD 30-100 thousands. The AD 
2012 real cost of purchased metals mined and processed exclusively on Earth is 
shown in Table 22.1. 

Table 22.1 Average cost of metals on 16 May, 2012. 1 lb=0.453 kg 

Metal Price $/Lb Metal Price $/Lb Metal Price $/Lb 
Iron ore 0.063 Nickel 7.69 Silver 27.2 
Iron scrap 0.124 Magnesium 1,44 Palladium 592 
Molybdenum 13.8 Copper 3.5 Platinum 1433 
Cobalt 14 Aluminum 0.9 Gold 1539 

 

The profitable exploitation of outer space metallic resources is possible only  
after a dramatic decrease of the delivery cost  to humans living socially in the 
ever-changing Earth-biosphere. Our proposal is associated with our strong desire 
to instigate a maximum decreasing of the current rocket launch costs. One means 
is offered by Alexander Bolonkin (2011), in an entirely different but relevant outer 
space exploration and exploitation context, which allows reduction of the rocket 
launch costs by 3 ÷ 10 $/kg.  

22.6   Theory, Computation and Estimation of the Delivery 
Systems 

The entry to Earth atmosphere and the braking by AB carbon fiber parachute are 
the common actions of both delivery methods. Some theoretic considerations 
about these processes are presented below. 
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22.6.1   Theory of Entry to Earth Atmosphere 

The distance of ingot-ship’s flight, r , is computed with the relation 

θcos0 V
R

R
r =  

(22.13)

where R is the radius of ship flight from the Earth’s center of mass, V represents 
the Mega-ASSET vehicle’s speed and θ is the angle of its trajectory. The change 

rate of ship altitude H , is expressed by: 

θsinVH =  (22.14)

The lift force L and the drag force D of the delivery system are computed by: 

aVSL αρ2= , 4/LD =  (22.15, 16)

In the above relations α = 40o = 0.7 rad is the apparatus attack angle, a = 295 m/s 
is sound’s speed through air at high altitude and ρ [units: kg/m3] denotes the air 
density at the given altitude H [units :m] which is computed as: 

6719/)10000(414.0 −= Heρ  (22.17)

On the other hand, the drag force Dp and the lift force Lp of the AB carbon fiber 
parachute can be expressed as: 

PDPP aVSCD ρ5.0= ,  4 pP DL =  (22.18, 19)

where CDP = 1 is parachute drag coefficient and Sp represents the parachute’s de-
ployed area. Note that the lift force of the AB carbon fiber parachute is controlled 
from 0 to 4 Dp (the ram-air parachute can produce lift force up 1/3 from its drag). 

The acceleration during object-asteroid atmospheric entry can be computed as: 

θsing
m
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(22.20)

where g is the acceleration gravity at the given altitude H. Considering g0=9.81 
m/s2, the variation of g with H is computed as: 
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Further, the angular velocity is expressed by: 
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In the above relation, ωE is the angle of the Earth’s speed and Eϕ  is the smallest 

angle between a plane perpendicular to flight and Earth polar axis. 
Due to intense and unrelenting air friction, the AB carbon fiber parachute is 

rapidly heated. The specific heat flux [units: W/m2] generated by air friction phe-
nomena may be expressed by:  
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In Eq. (22.23), ρSL= 1.225 kg/m3 is the air density at Earth’s sea level datum, VCO 

= 7,950 m/s is circle orbit speed and: 

π
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The cooling of the parachute fiber is mainly due to radiation. Therefore, the stag-
nation point temperature of the AB carbon fiber parachute surface, T1, can be ex-
pressed by:  
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where T2 represents the temperature of the Standard Atmosphere at a given alti-
tude H, CS = 5.67 W/(m2.K4) is coefficient of black-body radiation and ɛ is the 
emissivity of the employed AB carbon fiber parachute’s surface. Control is as  
follows: if T1 is higher than a given temperature, then the lift force LP = maximum 
= 4Dp. In other case Lp = 0. When the speed is less than the speed of sound, the 
control parachute is also used for deliveries designated in given absolute geo-
graphical location terms (latitude and longitude as furnished constantly by GPS  
attachment. 

22.6.2   Theory of AB Carbon Fiber Parachute Calculus 

Let’s express now the lift and drag forces of the parachute as defined by Eqs. 
(22.18) and (22.19) as functions of the lift and drag co-efficients, CL and CD, re-
spectively. At sea level, the corresponding relations are: 
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2

2ρ=  (22.26, 27)

Usually, CL=2÷3 and CD=0.5÷1.2. The vertical speed Vv and the absolute speed V 
of the systems are linked by the relation: 
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where, obviously, Vv≤V and: 
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Let us consider the system’s mass  (smart delivery system and parachute) m=100 
tons , CL = 2.5, Vv = 20 m/s and K C = 4 (V = 80 m/s). From Eqs. (22.26)- (22.29) 
we find that the parachute area is Sp = 100 m2. The control rectangle parachute is 
5.8 m x 17.3 m.  

22.7   Some Environmental Impacts of Asteroid-Object Delivery 
Methods 

Earth-surface rocks with low resistance (e.g., rhyolite and tuff) are fractured by 
lightning while those with high mechanical resistance (e.g., granite) are not usual-
ly shattered: lightning does break rocks and bedrock (Wakasa et al. 2012). Until 
properly-done full-scale outdoor experiments are conducted, it is unknown wheth-
er natural iron asteroids, descending via AB carbon fiber parachutes, or as shaped 
aerodynamic “Mega-ASSET” smart ingot-machine gliders will attract destructive 
lightning. Civil fireworks displays pollute the air with chemicals rapidly dispersed 
in the air by rapid combustion and cause booming noises. Some of the chemicals 
burnt to create brilliant color aerosol clouds in the sky (barium, strontium, copper, 
radium and sodium, for instance) are bad for humans to breathe (Steinhauser and 
Musilek 2009). These human-mined chemicals are, of course, additional to Na-
ture’s Earth-normal infalling aerial complement: satellite observations suggest that 
100-300 metric tons of cosmic dust enters the Earth-atmosphere daily. Metals 
injected into the atmosphere everyday from evaporating dust particles colliding 
with the Earth at high speed do cause climate change—as, for example, by affect-
ing the ozone chemistry in the stratosphere and fertilization of the upper layers of 
ocean seawater with iron. Intentional anthropogenic heating of the planet’s strato-
sphere via injection of aerosols consisting of sulfate, titanium, limestone and soot 
has been proposed as a climate control activity possibly conducted in the immedi-
ate future by the macro-engineering elite (Solomon et al. 2011). In sum, metal 
importations from extra-Earth places in our Solar System may well change the 
contents and dynamics of our Earth’s atmosphere. 

22.8   Conclusions 

Sociometeoritics is studying the physical and psychical interactions of meteor-
ites/asteroids with living persons and various efficiently organized human  
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societies. During the modern-day history of human civilization, the world-public has 
become interested by the fascinating potential for 21st Century Earth-surface asteroid 
impacts and by asteroid utilization by various industries working for the first time in 
the outer spaces of our Solar System. In order to make available the economic po-
tential of object-asteroids, in this chapter two delivery methods were proposed. 

The first method is a macro-project encompassing extraterrestrial mining, re-
motely controlled procedure for Earth delivery and the final slowing of delivered 
material in the lower atmosphere layer (troposphere). So, through the extraterres-
trial mining, the iron ore is extracted from the targeted asteroid and is compressed 
in automated outer space factories to obtain the “Mega-ASSET” smart machines 
(solid bodies shaped in aerodynamic form) which are sent to Earth. In the dense 
atmosphere layers the “Mega-ASSET” machines are safely brought to the Earth’s 
surface by the aerially flight-effective AB carbon fiber parachute system. Foamed 
iron may be used to allow maritime deliveries of Mega-ASSET vehicles. 

The second method uses an electronic smart delivery apparatus to capture the  
entire targeted NEA on its own trajectory and to break the ensemble, the package 
as it were, by using the kinetic energy of the rocket-launched smart apparatus. 
This energy is used also for charging the apparatus’s energy storage device and 
batteries. The small AB carbon fiber parachute allows multiple encounters with 
the Earth atmosphere for breaking the harvest/processed/shaped asteroid without 
high front-end (nose) “ingot” heating, delivering the selected asteroid-object on 
time at a given Earth-surface place and to avoid any destructive asteroid impact 
onto the Earth. The AB carbon fiber parachute system was originally devised, in 
part, to safely bring the USA’s Space Shuttles to their main servicing bases locat-
ed in Florida and California but also their alternate landing sites distributed 
worldwide. The delivery of the metallic asteroid to Earth will be profitable if we 
dramatically decrease the cost of the space launch (up to USD 10 per kg), as it is 
offered in the essay of Bolonkin (2011). At the present time, AD 2012, America is 
spending USD 20 –300 millions for delivery of a very small piece of asteroid for 
scientific laboratory study purposes. Using this chapter’s offered method, we can 
easily and safely deliver an asteroid weighing about 50 metric tonnes to the Earth-
surface.   

Earth’s gravity challenged humans and inspired many artists throughout rec-
orded history. The often recounted ancient myth of Sisyphus strenuously shoving 
a boulder uphill only later to see it roll uncontrollably downhill where it then rest-
ed somewhat menacingly, ready to be pushed uphill again by the tortured  
Sisyphus, is a myth of humanity’s frustration with its homeland environment. If 
humans begin to mine highly mineralized valuable asteroids in this Solar System, 
then the castle situated atop the large gray boulder hovering over the Earth-surface 
in Rene Magritte’s painting La Chateau des Pyrenees could come to truly symbol-
ize Homo sapiens’ 21st Century relationship with Nature and Macro-engineering, 
both extra-terrestrial, outer space and Earth-biosphere. We fancy Magritte’s paint-
ing as an ideal evocation for the AB carbon fiber parachute concept we have  
documented herein. 
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Chapter 23  
Artificial Gravitation on Asteroids 

Alexander A. Bolonkin 

C&R Co., New York, USA  

23.1   Introduction 

People have dreamed about a flying freely without any apparatus for many 
centuries. Physicist knows only two methods for creating repulsive force: 
magnetism and electrostatics. Magnetism is well studied and the use of 
superconductive magnets for levitating a train has been widely discussed in 
scientific journals, but repulsive magnets have only a short-range force. They 
work well for ground trains but are bad for air flight. Electrostatic flight needs 
powerful electric fields and powerful electric charges. The asteroids’ electric field 
is very weak and cannot be used for levitation. The main innovations presented in 
this chapter are methods for creating powerful static electrical fields over surface 
and powerful, stable electrical charges of small size which allow levitation (flight) 
of people and vehicles over asteroid surface. The author also shows how this 
method can be utilized on an asteroid surface for creating artificial gravity.  

Magnetic levitation has been widely discussed in the literature for a long time. 
However, there are few scientific works related to electrostatic levitation. 
Electrostatic charges have a high voltage and can create corona discharges, 
breakthrough and relaxation. The asteroids electrostatic field is very weak and 
useless for flight. That is why many innovators think that electrostatic forces 
cannot be useful for levitation. 

The author’s first innovations in this field which changed this situation were 
offered in (Bolonkin 1982), and some practical applications were given in 
(Bolonkin 1983). The idea was published in Bolonkin (1990 p. 79). In the 
following presented work, these ideas and innovations are researched in more 
detail. Some projects are also presented to allow estimation of the parameters of 
the offered flight systems. 

Currently there is only one method of creating artificial gravity on spacecrafts - 
rotation. Rotation method cannot be applied to asteroids (the centrifugal force is 
directed from the center). 

23.2   Brief Description of Electro-Gravity Innovation 

It is known that like electric charges repel, and unlike electric charges attract (Fig. 
23.1a,b,c). A large electric charge (for example, positive) located at altitude  
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induces the opposite (negative) electric charge at the asteroid surface (Fig. 
23.1d,e,f,g). Between the upper and lower charges there is an electric field. If a 
small negative electric charge is placed in this electric field, this charge will be 
repelled (or attracted) from the like charges (on the asteroid surface) and attracted 
to the upper charge (Fig. 23.1d). That is the electrostatic lift/gravity force. The lift 
force is mainly determined by the asteroid charges because the small charges are 
conventionally located near the asteroid surface. As shown below, these small 
charges can be connected to a man or an apparatus and have enough force to lift 
and supports them or attracted them to asteroid surface.  

  

Fig. 23.1 Explanation of electrostatic levitation: a) Attraction of unlike charges; b,c) 
repulsion of like charges; d) Creation of the homogeneous electric field; e) Electrical field 
from a large spherical charge ; f,g) Electrical field from a tube (side and front views). 
Notations are: 1, 9 – column, 2 – asteroid surface charged by induction, 3 – net, 4 – upper 
charges, 5 – lower charges, 6 – levitation apparatus, 8 – charged fluid balloon, 9 – column, 
10 – charged tube. 

The upper charge may be located on a column as shown in Fig. 23.1d,e,f,g or a 
tethered fluid balloon (Fig. 23.1e), or fluid tube, or a tube suspended on columns 
(Fig. 23.1f,g). In particular, the charges may be at two identically charged plates, 
used for a non-contact transportation on asteroid (Fig. 23.2a).  

An asteroid definitely needs artificial gravity. Any slight carelessness in space 
can result in the cosmonaut, instruments or devices drifting away from the 
asteroid. Science knows only two methods of producing artificial gravity and 
attractive forces: rotation and magnetism. Both methods are bad. The rotation 
creates  
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artificial gravity only inside the asteroid. Observation of space from a rotating 
asteroid is very difficult. The magnetic force is only effective over a very short 
distance. The magnets stick together and a person has to expend a large effort to 
move (it is the same as when you are moving on a floor smeared with glue). 

 

Fig. 23.2 Levitation apparatus: a,b) Single levitated man (mass up to 100 kg) using small 
highly charged balls 2. a) Sitting position; b) Reclining position; c) Small charged ball for 
levitating vehicle; d) Small highly charged ball; e) Small highly charged cylindrical belt; f) 
Small engine for asteroids with atmosphere (forward and side views); g) Single levitated 
man (mass up to 100 kg) using a big non-highly charged ball which doesn’t have an ionized 
zone (sitting position); h) The same man in a reclining position; i) Large charged ball to 
levitate a vehicle which doesn’t have an ionized zone; j) Installation for charging a ball 
using a Van de Graaff electrostatic generator (double generator potentially reaches 12 MV) 
in horizontal position. Notations: 1 – man; 2 – charged lifting ball; 4 – handheld air engine; 
5 – vehicle; 6 – engine (turbo-rocket or other); 7 – conducting layer; 8 – insulator 
(dielectric); 9 – strong cover from from artificial fibers or whiskers; 10 – lagging; 11 – 
atmospheric propeller; 12 – preventive nets; 13 – engine; 14 – control knobs. 

If then is a charge inside the asteroid and small unlike charges attached to 
object elsewhere, then will fall back to the asteroid if they are dropped. If you 
charge the asteroid and cosmonauts with unlike electric charges, the cosmonauts 
will return to the asteroid during any walking and jumping. Artificial gravity on 
asteroids is possible (Fig. 23.3). The author acknowledges that this method has 
problems. For example, we need a high electrical intensity if we want to use small 
charged balls. This problem, and others problems, are discussed below. 
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Fig. 23.3 Artificial gravity on asteroids. a) Levitated transportation; b) Artificial gravity on 
asteroid. Notation: a) 1 – vehicle; 2 – charged plates; 3 – insulated column; b) 1 – charged 
asteroid; 2 – sphere; 3 – man 

23.3   Theory of an Electrostatic Lift Force and Results of 
Computations 

23.3.1   Brief Information about Electric Charges, Electrical 
Fields, and Electric Corona  

Electric charge creates an electrical field. Every point this field has a vector of 
magnitude called electrical intensity, E, measured in Volt/meter. If the unlike 
charges (or non-insulated electrodes under voltage) are located on asteroids 
atmosphere, the electrical intensity is less than Ec = (3 to 4)×106 V/m, the 
discharge current will be very small. If E > Ec = 3×106 V/m and we have a closed-
loop high-voltage circuit (for non-insulated electrodes), electric current appears. 
The current increases following an exponential law when the voltage is increased. 
In a homogeneous electric field (as between plates), the increasing voltage makes 
a spark (flashover, breakthrough, lighting). A non-homogeneous electric field (as 
between a sphere and plate or an open sphere) makes an electric corona. Electrons 
break away from the metal negative electrode and ionize the environment. Positive 
ions hit the non-insulated positive electrode and knock out electrons. These unlike 
ions can cause a particle blockade (discharge) of the main charge. The efficiency 
of ionization by positive ions is much less than for electrons of the same energy. 
Most ionization occurs as a result of secondary electrons released at the negative 
electrode by positive ion bombardment. These electrons produce ionization as 
they move from the strong field at the electrode out into the weak field. This, 
however, leaves a positive-ion space charge, which slows down the incoming ions. 
That has the effect of diminishing the secondary electron yield. Because the  
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positive ion mobility is low, there is a time lag before the high field conditions can 
be restored. For this reason the discharge is somewhat unstable. 

The environment on asteroids contains a small amount of free electrons. These 
electrons can also create an electric corona around the positive non-insulated 
electrode, but under higher voltage than the negative electrode. The effect here is 
to enable the free electrons to ionize by collision in the high field surrounding this 
electrode. One electron can produce an avalanche in such a field, because each 
ionization event releases an additional electron, which can then could further 
ionization. To sustain the discharge, it is necessary to collect the positive ions and 
to produce the primary electrons far enough from the positive electrode to permit 
the avalanche to develop. The positive ions are collected at the negative electrode, 
and it is their low mobility that limits the current in the discharge. The primary 
electrons are thought to be produced by photo-ionization. 

The particular characteristics of the discharge are determined by the shape of 
the electrodes, the polarity, the size of gap (ball), and the atmosphere (if any) and 
its pressure. In high voltage electric lines the corona discharge that surrounds a 
high-potential power transmission line represents power loss and limits the 
maximum potential which can be used. 

The offered method is very different from the conventional cases described in 
textbooks (Shortley and Williams 1996). The charges are isolated using an 
insulator (dielectric). They cannot emit electrons in the environment. There is not 
a closed circuit. This method is nearer to single polarity electrets, when like 
charges are inserted into an insulator (Kestelman et al. 2000). Electrets have 
typical surface charges of about σ = 10–8 C/cm2, PETP up to 1.4×10–7 C/cm2 

(Kestelman et al. 2000, p.17), and TSD with plasticized PVB up to 1.5×10–5 
C/cm2 (Kestelman et al. 2000, p. 253). This means the electrical intensity near 
their surface reaches (E = 2πkσ, k = 9×109) 6×106 V/m, 80×106 V/m, and 
8500×106 V/m respectively. The charges are not blocked and the discharge (half-
life time) continues from 100 days up to several years.  

On natural space bodies like Earth and asteroids, radioactivity and cosmic rays 
create about 1.5–10.4 ions into 1 cm3 every second (Kikoin 1976, p. 1004). These 
ions gradually recombine back into conventional molecules. 

In a vacuum the discharge mechanism is different. In non-insulated negative 
metal electrodes, the electrons may be extracted from the conducting electrode by 
the strong electric field. The critical surface electric intensity, Eo, is about 100×106 
V/m at the non-insulated negative electrode. This intensity is about 1000 times 
more at the positive electrode because the ions are very difficult to tear away from 
the solid material. Conducting sharp edges increase the electric intensity. That is 
why it is better to charge the asteroid surface with positive charges. A very sharp 
spike allows the electrical energy of the charged ball to be discharged.  
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23.3.2   Size of Corona (Ionized Sphere) and Safety of a Ball of 
Electric Intensity 

The size of the corona may be found as a spherical area by using the next 
relationships: 
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where E – electrical intensity of the charge, [V/m]; Ec – electrical intensity at the 
beginning of the corona, [V/m], Ec ≈ 3×106; Ea – electrical intensity at the ball 
surface, [V/m]; a – ball radius, m; Rc – radius of corona, [m]; k = 9×109. 

To find the safe electrical intensity, Ea, for a negatively charged ball in an 
insulated cover from the point of rupture (spark) into a neutral environment the  
following equation can be used:  
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where U – ball voltage, [V]; Ui – safe voltage of ball insulator, [V]; Ei – safe 
electrical intensity of ball insulator, [V/m]; δ – thickness of the ball cover, [m]; ε –  
dielectric constant. In Eqs. (23.1) and (23.2) the last formulas are the final result. 

 Example: The ball is covered by Mylar with Ei = 160 MV/m, ε = 3 (see Table 
23.1). Then Ea = 3×160 = 480 MV/m, and the relative radius of the ionized sphere 
[Eq. (23.1)] is (480/3)0.5 = 12.6. If a = 0.05 m, the real radius is Rc = 12.6×0.05 = 
0.63 m.  

23.3.3   For a Cylindrical Cable or Belt 

The radius of the corona (ionized cylinder) can be found using the same method: 
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where τ is the linear charge, [C/m]. To find using the same method [Eq. (23.2)] the 
safe intensity, Ea, for a negatively charged cable (belt, tube) in an insulated cover 
from point of rupture into a neutral environment the following equation can be 
used 
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23.3.4   Discharging by Corona 

Below, the author makes computations to show how the milliards (109 1/m3) of 
charged particles influence the main charge. If 1 m3 of environment contains d 
like-charged (electrons or ions) particles and the charge density is constant, the 
charge, q, of a sphere with radius r is 

edrq 3

3
4 π=  (23.5)

where e = 1.6×10–19 ; C – charge of one particle (electron or single charged ion); d 
–particle density. On the other side, the main charge, qo, will be partially blocked 
until the intensity at radius r becomes Ec. As a result the equation is 
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where k = 9×109. Equation (23.6) has only one real root. The results of this 
computation are presented in Figs. 23.4 and 23.5, which show that a large density 
only decreases the main charge. But only experiments can show what causes this  
discharge to take place. 

 

Fig. 23.4 Efficiency charge versus the main charge and density of charged particles in the 
environment (ionized zone) 
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Fig. 23.5 Critical radius of main charge versus the main charge and density of charged 
particles in the environment (ionized zone) 

23.3.5   Some Data about the Ball Material  

The properties of electrical insulation vary depending on the impurities in the 
material, temperature, thickness, etc. and they are different for the same material 
with a different dieletric. For example, the resistivity of fused quartz is 1015 Ohm.cm 
 
Table 23.1 Properties of various good insulators (Encyclopedia 2000, vol. 6, p. 104, p. 229,  
p. 231) 

Insulator Resistivity 
Ohm-m 

Dielectric 
strength 
MV/m. Ei 

Dielectric 
constant, ε 

Tensile 
strength 
kg/mm2, 
σ×107N/m2 

Lexan 1017–1019 320–640 3 5.5 
Kapton H 1019–1020 120–320 3 15.2 
Kel-F 1017–1019 80–240 2–3 3.45 
Mylar 1015–1016 160–640 3 13.8 
Parylene 1017–1020 240–400 2–3 6.9 
Polyethylene  1018–5×1018 40–680* 2 2.8–4.1 
Poly (tetra- 
fluoraethylene) 

1015–5×1019 40–280** 2 2.8–3.5 

Air (1 atm, 1 mm gap) - 4 1 0 
Vacuum (1.3×10–3 Pa, 
1 mm gap) 

-  80–120 1  0 

  * For room temperature 500–700 MV/m. 
** 400–500 MV/m. 
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for T = 20 oC, the resistivity of the quartz fused (from crystal) reaches about 1024 
Ohm.cm for T ≈ 20 oC (see Kikoin 1976, p. 231 and p. 329, their fig. 
20.2).Properties of some materials are shown in Table 23.1. 

For small balls, the tensile stress is important for reducing the weight (because 
like charges tear the ball). The author believes that an artificial fiber having a 
maximum tensile stress at 500–620 kg/mm2 (fiber) or whiskers up to 2000 kg/mm2 
is better. These fibers can also be used to strengthen balls insulated by a dielectric 
(for example, as an additional cover). 

23.3.6   The Half-Life of the Charge  

(1) Spherical ball. Let us take a very complex condition; where the unlike charges 
are separated only by an insulator (charged spherical condenser): 
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where: th – half-life time, [sec]; R – insulator resistance, [Ohm]; i – current, [A]; U 
– voltage, [V]; δ – thickness of insulator, [m]; E – electrical intensity, [V/m]; q – 
charge, [C]; t - time, [seconds]; ρ – specific resistance of insulator, [Ohm-meter, 
Ωm]; a – internal radius of the ball, [m]; C – capacity of the ball, [C]; k = 9×109.  

 Example: Let us take typical data: ρ =1019 Ω-m, k = 9×109, δ/a = 0.2, then th = 
1.24×106 seconds = 144 days.  

 (2) Half-life of cylindrical tube. The computation is same as for tubes (1 m 
charged cylindrical condenser): 
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23.3.7   Rupture (breakthrough) of Insulator  

The breakthrough of a ball can only occur when the charge contacts an unlike 
charge or conducting material. The voltage between the charges must be less than 
U = δUr, where Ur is the breakthrough voltage for a given insulator and δ is the 
thickness of the insulator. For a good insulator this is up to Ur ≈ 700 million V/m, 
for thin mica it as up to Ur = 1000 million V/m. 
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23.3.8   Levitation between Flat Net and Ground Surface  

This is the simplest for both utilization and computation. The top of the column 
contains the insulated metallic net with a high voltage (it may be a direct current 
electricity line). This induces the opposite charge in the asteroid and powers the 
static electric field. The man (vehicle) has charged balls or a ball with like charges 
to the asteroid’s charge. These balls repel from the asteroid’s surface (charges) 
and support the man (vehicle). 

 The lifting force, L, and radius, a, of a small lifting ball with charge q can be 
computed by the equations: 
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where Eo – electrical intensity between the net and the asteroid’s surface [V/m]; Ea 
– electrical intensity at the ball’s surface from the internal ball charge [V/m]; a – 
internal radius of ball [m]; M – mass of the flight vehicle (man, car); g – asteroid’s 
gravity; U – voltage between the net and asteroid [V]; h – altitude of the net [m]. 

We can change the single ball to some small highly charged balls or a belt with 
an ionized zone. The flying vehicles can be protected from contact with the top net 
by a dielectric (insulator) safety net located below the top net. 

23.3.9   Electrostatic Levitation of a Non-contact Transportation  

Two identically charged closed plates of area S have a repelling force L: 

,2 2SkL cσπ=  (23.10)

where σc is surface charge density [C/m2]. 
For example, two 1 m2 plates with identical charge σc = 2×10-4 C/m2 will have a 

specific lift force of L = 2260 N/m2 = 226 kgf/m2. Conventional electrets have σc = 
10–4 – 1.4×10–3 C/m2 charge and can be used for a non-contact transportation.  

23.3.10   Top Tube Transportation 

The parameters of a tube transportation can be calculated by the following  
equations:  
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where: τ – the linear charge of 1 meter of tube [C/m]; a – radius of tube cross 
section [m]; Ea – electric intensity at tube surface [V/m]; E0 – electrical intensity 
at the asteroid’s surface at a point under the tube [V/m], for other points E = 
E0cos3α where α is the angle between a vertical line from the tube center and a line 
to a given point (electric lines are perpendicular to the asteroid’s surface, there is 
no lateral acceleration); h – altitude [m]; k = 9×109 – coefficient [Nm2/C2]; C1 – 
capacity of 1 meter of tube [C/m] (see Kalashnikov 1985, p. 64); U – voltage [V]; 
W – electrical energy of 1 meter of tube [J/m]; Fh – electric force of 1 meter of 
tube between the tube and the asteroid’s surface [N/m]; Fa – radial tensile force of 
1 meter of tube [N/m]. 

The thickness and mass of the top tube (with a thin cover) are given by 
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where σ – safe tensile stress of tube cover [N/m2]; δ – thickness of the tube cover 
[m]; M1 – mass of 1 m of tube cover [kg/m]; γ – density of tube cover [kg/m3]. 

Assume the case of Earth. The lift force of the tube as a balloon filled by 
helium can be computed by the equation 

ghaF gL )()( 2 ρπρρ −=  (23.13)

where ρ = 1.225 kg/m3 – air density; ρg – filling gas density (for helium ρg = 
0.1785 kg/m3); a – radius of tube [m]; )(hρ  – relative air density at altitude, for 

h = 0 km the 1)( =hρ , for 1 km 908.0)( =hρ . Note that Ec decreases in 

proportional to the atmospheric density. Unfortunately, the attractive electric force 
Fh in many cases is more than the air lift force FL. See the example computation in 
project 2. 

23.3.11   Spherical Main Ball on Mast and Fluid Balloon 

The parameters of charges of the main ball and spherical balloon can be calculated 
using the following equations  
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where q – the charge of fluid balloon (sphere) [C]; a – radius of fluid balloon [m]; 
Ea – electrical intensity at the balloon’s surface [V/m]; Eo – electrical intensity at 
the asteroid’s surface at a point under the balloon [V/m], for other points E = 
E0cos3α where α is the angle between a vertical line from the balloon center and a 
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line to a given point (electric lines are perpendicular to the asteroid’s surface, there 
is no lateral acceleration); h – altitude [m]; k = 9×109 – coefficient [Nm2/C2]; C – 
capacity of balloon [C]; U – voltage [V]; W – electrical energy of the balloon [J]; 
Fh – electrical force between the balloon and the asteroid’s surface [N].  

The thickness and mass of the top fluid balloon as a spherical capacitor 1 m 
(with a thin cover) are 
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where σ – safe tensile stress of the balloon cover [N/m2]; δ – thickness of the 
balloon cover [m]; Mb – mass of the balloon cover [kg]; γ – density of the balloon 
cover [kg/m3]; p – internal pressure under like charges [N/m2]. 

Assume the case of Earth. The lift force of the air balloon filled by helium can 
be computed using the equation 

ghaF gL )()(
3
4 3 ρπρρ −=  (23.16)

where ρ = 1.225 kg/m3 – air density; ρg – filling gas density (for helium ρg = 
0.1785 kg/m3); a – radius of balloon [m]; )(hρ  – relative air density at altitude, 

for h = 0 km the 1)( =hρ , for 1 km 908.0)( =hρ . In many cases the 

attracted electric force Fh is more than the air lift force FL. See the computation in 
Project 3. 

23.3.12   Small Spherical Lifting Balls 

Assume the electrical intensity of the main top charge is significantly more then 
the lifting charges. The parameters of large spherical balls with thin covers can be 
computed using the equations above. The parameters of small balls with thick 
covers can be computed using the following equations 
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where L – total lift force [N]; n – number of balls; Ea – electrical intensity at the 
ball surface from electrical charge of the ball q [C]; a – internal radius of the ball 
[m].  

The thickness and mass of the ball (with a thick cover) are 
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where R = a + δ – external radius of ball [m]; σ – safe tensile stress of the ball 
material [N/m2]; δ – thickness of the ball cover [m]; Mb – mass of the ball cover 
[kg]; γ – density of the ball cover [kg/m3]. 

Results of this computation are in Figs. 23.6 to 23.9. Notice that the lifting balls 
have a large ratio of lift force/ball mass, about 10,000–20,000. 
 

 
Fig. 23.6 Electrostatic lift force (kN) of small lifting ball versus radius of ball for the 
electrical intensity of the ball’s surface Ea = (20–800)×106 V/m, general electrical intensity 
Eo = 2,5 ×106 V/m, safe tensile stress of the ball cover 30 kg/mm2, specific density of the 
ball cover 1800 kg/m3 

23.3.13   Long (a << l) Cylindrical Lifting Belt  

The maximum charge and mass of a 1 meter long cylindrical lifting belt may be 
computed using the following equations  
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where τ – charge of 1 meter [C/m]; a – internal radius of the belt cross-section 
area [m]; δ – thickness of the belt [m]; σ – safe tensile stress of the belt cover 
[N/m2]; q – charge of the belt [C]; l – length of the belt [m]; M – mass of the belt 
[kg]; Ea – electrical intensity of the belt surface [V/m]; Fa – electrostatic force in 
the tube [N] (see Eq. (23.11)); γ – density of belt cover [kg/m3]. Computations are 
presented in Fig. 23.10 and 23.11. See also example computation in project 3. 
 

 

Fig. 23.7 Mass (kg) of small lifting ball versus radius of ball for the electrical intensity of 
the ball’s surface Ea = (100–800)×106 V/m, general electrical intensity Eo = 2.5 ×106 V/m, 
safe tensile stress of the ball cover 30 kg/mm2, specific density of the ball cover 1800 kg/m3  

23.3.14   Aerodynamics of the Levitated Vehicles 

On asteroids with natural or artificial atmosphere, the drag, D, (required thrust, T) 
and required power of the levitated person, car and vehicles can be computed by 
the following equations 
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Fig. 23.8 Electrostatic lift force (kN) of the lifting ball versus radius of ball for the 
electrical intensity of the ball’s surface Ea = (3–300)×106 V/m, general electrical intensity 
Eo = 2.5 ×106 V/m, safe tensile stress of the ball cover 100 kg/mm2, specific density of the 
ball cover 1800 kg/m3 

 

Fig. 23.9 Mass (kg) of the lifting ball versus radius of ball for the electrical intensity of the 
ball’s surface Ea = (3–300)×106 V/m, general electrical intensity Eo = 2.5 ×106 V/m, safe 
tensile stress of the ball cover 100 kg/mm2, specific density of the ball cover 1800 kg/m3 
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Fig. 23.10 Electrostatic lift force (kN) of a 1 m small lifting belt via radius of ball cross-
section area for general electrical intensity Eo = 2.5 ×106 V/m, safe tensile stress of the ball 
cover 10–200 kg/mm2, σ = (10–200)×107 N/m2, density of ball cover γ = 1800 kg/m3  

 

Fig. 23.11 Belt electrical intensity via safe tensile stress for general electrical intensity Eo = 
2.5 ×106 V/m, safe tensile stress of the ball cover 10–200 kg/mm2, σ = (10–200)×107 N/m2; 
γ – specific density of ball cover 1800 kg/m3, relative thickness of belt cover, δ = 0.01×a  
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where CD – aerodynamic drag coefficient, for a sitting person CD ≈ 0.5, for a lying 
man CD ≈ 0.3, for a car CD ≈ 0.25, for a sphere CD ≈ 0.1– 0.2 (depending on the 
size and speed), for a dirigible CD ≈ 0.06 – 0.1; ρ atmosphere density; V – speed 
[m/s]; S – vehicle cross section area [m2]; W – required power [W]; η – propeller 
coefficient of efficiency, η = 0.7 – 0.8. 

For example, on Earth a flying person (S = 0.3 m2) has D = 5.5 N for speed V = 
10 m/s (36 km/hour). He only needs a small motor, W = 0.073 kW. 

23.3.15   Control and Stability 

Control is accomplished using the direction (and magnitude) of motor thrust (and 
variable torque) and the charging and discharging of lifting charges. The levitated 
vehicle will be stable in a vertical position if its center of gravity is lower than the 
center of levitation (lift) force. The dipole moment of the particular vehicle’s 
design can give additional stability. Note that electric lines are vertical at the 
asteroid’s surface (Figs. 23.1d,e,f,g), which means that the lift force is vertical.  

23.3.16   Flight in Thunderstorms 

On asteroids where thunderstorms are produced, an electric field of about 300,000 
to 1,000,000 V/m is generated. This field can be used for levitation. 

23.3.17   Charging  

In the author’s opinion, the easiest method of charging and maintaining the charge 
is by using a Van de Graaff electrostatic generator (Fig. 23.2j). Any other high 
voltage generation devices can also be used. 

23.3.18   Safety  

It is not known exactly how static fields of electrical intensity affect a human 
body. People in an electric field of about 300,000 to 1,000,000 V/m during a 
thunderstorm or under high voltage electrical lines feel normal. The inside space 
of a conventional car with a metal body (or conductive paint) does not have an 
electric field. People can wear clothes armored by conductive filaments as a 
defense against the electric field.  
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23.3.19   Charged Ball as an Accumulator of Energy  

The energy required to charge a ball (accumulate at in the ball) can be calculated 
by the following equations 
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where W is energy [J]. The ball mass at safe stress levels with repelling charges 
can be calculated using Eq. (23.17): 
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where M – mass [kg]; σ – safe tensile stress of the ball cover [N/m2]; γ – specific 
density of the ball cover [kg/m3]; R = a + δ – external radius of the ball [m].  

The accumulated relative energy for σ = 200 kg/mm2 may be close to 
conventional powder and last a lot langer than electrical energy in a typical 
condenser. This electrical energy can be reclaimed (by using a sharp spike) or 
used for launching or accelerating space vehicles if we take two like charges 
(balls) and allow them to repel each other. This method of transforming electrical 
energy into thrust may be more useful than the thrust from a conventional electric 
space engine because one can create a big thrust by utilizing asteroids. 

23.4   Projects 

Let us estimate the main parameters for some offered applications. Most people 
understand the magnitudes and properties of applications better than theoretical 
reasoning and equations. The suggested application parameters are not optimal, 
but our purpose is to show the method can be utilized by current technology. 

23.4.1   Levitation Transportation (Fig. 23.1d) 

The height of the top net is 20 m. The electrical intensity is Eo = 2.5×106 V < Ec = 
(3–4)×106 V. The voltage between the top net and the asteroid is U = 50×106 V. 
The width of each side of the road is 20 m. We first find the size of the lifting ball 
for the man (100 kg), small vehicle (1000 kg), or large vehicle (10,000 kg). Here 
Rc is the radius of the ionized zone [m]: 
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1) Flying man on Earth (mass M = 100 kg, ε = 3, Ei = 200×106 V/m, g ≈10 
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Notice that the radius of a single ball supporting the man is only 8 cm, or the man 
can use two balls a = 5–6 cm., Rc=0.75 m (or even more smaller balls). If the man 
uses a 1 m cylindrical belt, the radius of the belt cross-section area is 1.1 cm, σ = 
100 kg/mm2, Ea = 600×106 V/m (Figs. 23.10 and 23.11). The belt may be more 
comfortable for some people. 

2) With the same calculation you can find that a small vehicle of mass M = 
1000 kg will be levitated using a single charged ball a = 23 cm, Rc = 3.2 m (or two 
balls with a = 16 cm. Rc = 2.3 m). 

3) A large vehicle of mass M = 10,000 kg will be levitated using a single 
charged ball a = 70 cm, Rc = 10 m (or two balls with a = 0.5 m. Rc = 7 m). 

23.4.2   Levitating Tube Transportation 

Assume the levitation tube transportation has the design of Fig.23.1f,g where the 
top net is changed to a tube. Take the data Eo = 2.5×106 V < Ec = (3–4)×106 V, Ea 

= 2×108 V/m, h = 20 m. This means the electrical intensity, Eo, at ground level is 
the same as in the previous case. The required radius, a, of the top tube is 
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The diameter of the top tube is 0.25 m, the top ionized zone has a radius of 10 m. 

23.4.3   Charged Ball Located on a High Mast or Tower 

Assume there is a mast (tower) 500 m high with a ball of radius a = 32 m at its top 
charged up to Ea = 3×108 V/m. The charge is 
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This electrical intensity at ground level means that within a radius of 
approximately 1 km, people, small vehicles and other loads can levitate.  
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23.4.4   Levitation in Low Clouds 

On asteroids with natural or artificial clouds, the electrical intensity at ground 
level is about Eo = 3×105 –106 V/m. A person can take more (or more highly 
charged) balls and levitate. 

23.4.5   Artificial Gravity on Asteroids 

Assume the asteroid is a sphere with an inner radius at a = 10 m and external 
radius of 13 m. We can create the electrical intensity Eo = 2.5×106 V/m without an 
ionized zone. The electrical charge is q = a2Eo/k = 2.8×10–2 C. For a man 
weighing 100 kg on Earth (g = 10 m/s2, force F = 1000 N), it is sufficient to have 
a charge of q = F/Eo = 4×10–4 C and small ball with a = 0.1 m and Ea = qk/a2 = 
3.6×108 V/m. At the asteroid’s surface, the artificial gravity will be (10/13)2 = 0.6 
= 60% of g (Bolonkin 2005a). 

23.4.6   Charged Ball as an Accumulator of Energy and Rocket 
Engine 

The computations show the relative W/M energy calculated from safe tensile stress 
does not depend on Ea. A ball cover with a tensile stress of σ = 200 kg/mm2 
reaches 2.2 MJ/kg. This is close to the energy of conventional powder (3 MJ/kg). 
If whiskers or nanotubes are used the relative electrical storage energy will be 
close to than of liquid rocket fuel.  

Two like charged balls repel one another and can give significant acceleration 
for a space vehicle, VTOL aircraft, or weapon.  

23.5   Discussion 

Electrostatic levitation can be used for transportation on asteroids.The offered 
method needs development and testing. The experimental procedure it is not 
expensive. We just need a ball with a thin internal conducting layer, a dielectric 
cover, and high voltage charging equipment. This experiment can be carried out in 
any high voltage electric laboratory. The proposed levitation theory is based on 
proven electrostatic theory. There may be problems may be with discharging, 
blockage of the charge by the ionized zone, breakdown, and half-life of the 
discharge, but careful choice of suitable electrical materials and electric intensity 
may be also to solve them. Most of these problems do not occur in a vacuum.  

Another problem is the affects of the strong electrostatic field on a living 
organism. Only experiments using animals can solve this. In any case, there are 
protection methods – conducting clothes or vehicle is (from metal or conducting 
paint) which offer a defense against the electric field. 
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Other related ideas from the author are shown in Bolonkin (2005a,b,c,d, 2006, 
2007a,b, 2008, 2010; Bolonkin and Cathcart, 2007).  
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Chapter 24  
Making Asteroids Habitable  

Alexander A. Bolonkin 

C&R Co., New York, USA 

24.1   Introduction 

The real development of outer space (permanent human life in space) requires two 
conditions: all-sufficient space settlement and artificial life conditions close to 
those prevailing currently on the Earth. (Such a goal extends what is already being 
attempted in the Earth-biosphere—for example at the 1st Advanced Architecture 
Contest, “Self-Sufficient Housing”, sponsored by the Institute for Advanced Ar-
chitecture of Catalonia, Spain, during 2006.) The first condition demands produc-
tion of all main components needed for human life: food, oxidizer, and energy 
within the outer space and Solar System body colony. The second requisite condi-
tion is a large surface settlement having useful plants, attractive flowers, splashing 
water pools, walking and sport areas, etc. All these conditions may be realized 
within large 'greenhouses' that will produce food, oxidizer and “the good life” 
conditions. Human life on asteroids will be more comfortable if it uses A.A. 
Bolonkin’s macro-project proposal - staying in outer space without special space-
suit (Bolonkin 2006a, p. 335) (mass of current spacesuit reaches 180 kg). The idea 
of this chapter follows the approach proposed in Bolonkin (2006b, 2007a). The 
current life conditions on asteroids are far from comfortable. For example, the 
asteroids do not have any atmosphere and there are deadly space radiation and 
meteor bombardments. Future humans living on asteroids must be more comforta-
ble for humans to explore and properly exploit these distant places. 

24.2   ‘Evergreen’ Inflated Domes 

Possibly the first true architectural attempt at constructing effective artificial life-
support systems on the climatically harsh asteroid will be the building of greenhous-
es. Greenhouses are maintained nearly automatically by heating, cooling, irrigation, 
nutrition and plant disease management equipment. Humans share commonalities in 
their responses to natural environmental stresses that are stimulated by night cold, 
day heat, absent atmosphere, so on. Darkness everywhere inflicts the same personal 
visual discomfort and disorientation as cosmonauts/astronauts experience during 
their space-walks—that of being adrift in featureless space. With special clothing 
and shelters, humans can adapt successfully to the well-land marked asteroid.  
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Incontrovertibly, living on the asteroid is difficult, even when tempered by strong 
conventional protective buildings. 

Our macro-engineering concept of inexpensive-to-construct-and-operate “Ev-
ergreen” inflated surface domes is supported by computations, making our macro-
project speculation more than a daydream. Innovations are needed, and wanted, to 
realize such structures upon the asteroid of our unique but continuously changing 
life. 

24.3   Description and Innovations of Dome 

24.3.1   Dome 

Our basic design for the asteroid people-housing “Evergreen” dome is presented 
in Fig. 24.1, which includes the thin inflated double film dome. The innovations 
are listed here: (1) the construction is air-inflatable; (2) each dome is fabricated 
with very thin, transparent film (thickness is 0.2 to 0.4 mm) without rigid sup-
ports; (3) the enclosing film is a two-layered structural element with air between 
the layers to provide insulation; (4) the construction form is that of a hemisphere, 
or in the instance of a roadway/railway a half-tube, and part of the film has control 
transparency and a thin aluminum layer about 1 μm or less that functions as the 
gigantic collector of incident solar radiation (heat). Surplus heat collected may be 
used to generate electricity or furnish mechanical energy; and (5) the dome is 
equipped with sunlight controlling louvers [also known as, “jalousie”, a blind or 
shutter having adjustable slats to regulate the passage of air and sunlight] with one 
side thinly coated with reflective polished aluminum of about 1 μm thickness. 
Real-time control of the sunlight’s entrance into the dome and nighttime heat’s 
exit is governed by the shingle-like louvers or a controlled transparency of the 
dome film. 

Variant 1 of artificial inflatable Dome for asteroid is shown in Fig. 24.1. Dome 
has top thin double film 4 covered given area and single under ground layer 6. The 
space between layers 4 - 6 is about 3 meters and it is filled by air. The support 
cables 5 connect the top and underground layers and Dome looks as a big air-
inflated beach sunbathing or swimming mattress. The Dome includes hermetic 
sections connected by corridors 2 and hermetic lock chambers 3. Topmost film 
controls the dome’s transparency (and reflectivity). That allows people to closely 
control temperature affecting those inside the dome. Topmost film also is of a 
double-thickness. When a meteorite pushes hole in the topmost double film, the 
lowermost layer closes the hole and puts temporary obstacles in the way of the 
escaping air. Dome has a fruitful soil layer, irrigation system, and cooling system 
9 for supporting a selected given humidity. That is, a closed-biosphere with a 
closed life-cycle that regularly produces an oxidizer as well as sufficient food for 
people and their pets, even including some species of farm animals. Simultaneous-
ly, it is the beautiful and restful Earth-like place of abode. The offered design has 
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a minimum specific mass, about 7-12 kg/m2 (air - 3 kg, film - 1 kg, soil - 3 - 8 kg). 
Mass of an example area of 10×10 m is about 1 metric ton (oftentimes spelt 
“tones”). 

Figure 24.2 illustrates the second thin transparent dome cover we envision. The 
Dome has double film: semispherical layer (low pressure about 0.01 - 0.1 atmos-
phere, atm.) and lower layer (high 1 atm. pressure). The hemispherical inflated 
textile shell—technical “textiles” can be woven (weaving is an interlacement of 
warp and weft) or non-woven (homogenous films)—embodies the innovations 
listed: (1) the film is very thin, approximately 0.1 to 0.3 mm. A film this thin has 
never before been used in a major building; (2) the film has two strong nets, with a 
mesh of about 0.1 × 0.1 m and a = 1 × 1 m, the threads are about 0.3 mm for a 
small mesh and about 1 mm for a big mesh.  

The net prevents the watertight and airtight film covering from being damaged 
by micrometeorites; the film incorporates a tiny electrically-conductive wire net 
with a mesh of about 0.001 x 0.001 m and a line width of about 100 μm and a 
thickness near 1 μm. The wire net can inform the “Evergreen” dome supervisors 
(human or automated equipment) concerning the place and size of film damage 
(tears, rips, punctures, gashes); the film is twin-layered with the gap — c = 1 m 
and b = 2 m—between the layer covering (Fig. 24.3). This multi-layered covering 
is the main means for heat insulation and anti-puncture safety of a single layer  
because piercing won't cause a loss of shape since the film’s second layer is  
unaffected by holing; the airspace in the dome’s twin-layer covering can be parti-
tioned, either hermetically or not; and part of the covering may have a very thin 
shiny aluminum coating that is about 1 μm for reflection of non-useful or undesir-
able impinging solar radiation.  

 

Fig. 24.1 Variant 1 of artificial inflatable Dome for asteroid. (a) top view of dome; (b) 
cross-section AA area of dome; (c) inside of the Dome; (d) Cooling system. Notations: 1 - 
internal section of Dome; 2 - passages; 3 - doors; 4 - transparence thin double film ("tex-
tiles") with control transparency; 5 - support cables; 6 - lower underground film; 7 - solar 
light; 8 - protection film; 9 - cooling tubes; 10 - radiation of cooling tubes 
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Fig. 24.2 Variant 2 of artificial inflatable Dome for larger asteroids. Notations: 1 - transparent 
thin double film ("textiles"); 2 - reflected cover of hemisphere; 3 - control louvers (jalousie); 4 
- solar beams (light); 5 - enter (dock chamber); 6 - water extractor from air. The lower section 
has air pressure about 1 atm. The top section has air pressure of 0.01 - 0.1 atm.  

 

  
Fig. 24.3 Design of membrane covering. Notations: (a) Big fragment of cover with control 
clarity (reflectivity, carrying capacity) and heat conductivity; (b) Small fragment of cover; 
(c) Cross-section of cover (film) having 5 layers; (d) Longitudinal cross-section of cover for 
cold and hot regions; 1 - cover; 2 -mesh; 3 - small mesh; 4 - thin electric net; 5 - cell of 
cover; 6 - tubes;: 7 - transparant dielectric layer, 8 - conducting layer (about 1 - 3 μm), 9 - 
liquid crystal layer (about 10 - 100 μ), 10 - conducting layer, and 11 - transparant dielectric 
layer. Common thickness is 0.1 - 0.5 mm. Control voltage is 5 - 10 V. 
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Fig. 24.4 (a) Inflatable film dome over a single town; (b) Inflatable film dome covering the 
whole surface of the asteroid 

Offered inflatable Dome can cover a big region (town) and create beautiful 
Earth-like conditions on the asteroid (Fig. 24.4a). In future, the “Evergreen” dome 
can cover the whole surface of the asteroid (Fig. 24.4b). 

24.3.2   Location, Illumination and Defending Human Settlements 
from Solar Wind and Space Radiation 

The asteroids have rotation. If we want to have conventional Earth artificial day 
and natural solar lighting, the settlement must have a magnetic control mirror 
suspended at high altitude in given (stationary) place (Fig. 24.5). For building this 
mirror (reflector) may use idea and theory of magnetic levitation developed in 
Bolonkin (2007b). If reflector is made with variable focus, as in Bolonkin (2006b, 
p. 306, Fig. 16.3), then it may well be employed as a concentrator of sunlight and 
be harnessed for energy during "night" (Earth-time).  

The second important feature of the offered installation is defense of the  
settlement from solar wind and all cosmic radiation. It is known that the Earth's 
magnetic field is a natural defense for living animals, plants and humans against 
high-energy particles, such as protons, of the solar wind. The artificial magnetic 
field near asteroid settlement is hundreds of times stronger than the Earth's mag-
netic field. It will help to defend delicate humans. The polar location of the 
planned settlement also decreases the intensity of the solar wind. People can move 
to an underground cosmic radiation protective shelter, a dugout or bunker, during 
periods of high Sun activity (solar flashes, coronal mass ejections). 
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Fig. 24.5 Magnetic control mirror is suspended at high altitude over human asteroid settle-
ment. Notations: 1 -superconductivity ground ring; 2 - magnetic lines of ground supercon-
ductivity ring; 3 -angle (α) between magnetic line of the superconductivity ground ring and 
horizontal plate (see Eq. (24.6)); top superconductivity ring for supporting the mirror (re-
flector) 5; 6 - axis of control reflector (which allows turning of mirror); 7 - vertical axis of 
the top superconductivity ring; 8 - solar light; 9 – human settlement. 

The theory and computation of this installation is in theoretical section, below. 
The mass of the full reflector (rings, mirror, head screens is about 70 - 80 kg; if 
the reflector is used also as powerful energy source, then the mass can reach 100 - 
120 kg. Note: for lifting, the reflector does not need a rocket. The magnetic force 
increases near ground (see Eq. (24.3)). This force lifts the reflector to the altitude 
that is required by its usage. The reflector also will be structurally stable because it 
is located in magnetic hole of a more powerful ground ring magnet. 

The artificial magnetic field may be used, too, for free flying of men and vehi-
cles, as it is described in Bolonkin (2007a,b). If an asteroid does not have enough 
gravity, then electrostatic artificial gravity may be used (Bolonkin 2006b, Ch. 15). 

The magnetic force lifts the reflector to needed altitude. Centrifugal force and 
cables can also to keep the reflector at a rotated asteroid. 

Figure 24.6 illustrates a light-weight, possibly portable house, using the same 
basic construction materials as the dwelling/workplace. 
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Fig. 24.6 Inflatable film house for asteroid. Notation: (a) Cross-section area; (b) Top view. 
The other notations are same with Fig. 24.2. 

24.3.3   Description and Innovations of Closed-Loop Water Cycle 

Irrigation is the artificial application of freshwater to the potentially fertile soil, 
usually for assisting the growth of crops of food and fiber. In crop production, it is 
mainly used to replace absent rainfall during periods of drought, but also to protect 
plants against sudden frosts. Additionally, irrigation suppresses weed growth in 
rice-fields. In contrast, agriculture that relies only on direct rainfall is sometimes 
referred to as dry land farming or as rain-fed farming. Irrigation techniques are 
generally studied in conjunction with drainage techniques, which are the natural or 
artificial removal of surface and sub-surface water from a selected land region. 
Irrigation gives high-stability harvests which are ~ 3 – 5 times more than conven-
tional agriculture would provide humanity. 

 

 

Fig. 24.7 Film dome over agriculture region or a city. Notations: 1 - area, 2 - thin film cover 
with a control heat conductivity and clarity, 3 – control support cable and tubes for rain water 
(height is 50 – 300 m), 4 - exits and ventilators, 5 - semi-cylindrical border section. 

Our idea is a closed-loop water cycle in dome covering a local region of an as-
teroid by a thin film with controlled heat conductivity and optionally-controlled 
clarity (reflectivity, albedo, carrying capacity of solar spectrum)(Fig. 24.7). The 
film is located at an altitude of ~50 – 300 m. The film is supported at this altitude 
by a small additional air pressure produced by ventilators sitting on the ground. 
The film is connected to asteroid's surface by tethering cables. The cover may  
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require double-layer film. We can control the heat conductivity of the dome cover 
by pumping in air between two layers of the dome film cover and change the solar 
heating due to sunlight heating by control of the cover’s clarity. That allows se-
lecting for different conditions (solar heating) in the covered area and by pumping 
air into dome. Envisioned is a cheap film having liquid crystal and conducting 
layers. The clarity is controlled by application of selected electric voltage. These 
layers, by selective control, can pass or blockade the available sunlight (or parts of 
solar spectrum) and pass or blockade the asteroid’s radiation. The incoming and 
outgoing radiations have different wavelengths. That makes control of them sepa-
rately feasible and, therefore, possible to manage the heating or cooling of the 
asteroid’s surface under this film. In our closed water system the rain (or at least 
condensation) will occur at night when the temperature is low. In our case, the 
ground heats only the air in the dome (as in a hotbed). We have, then, a literal 
greenhouse effect. That means that many cold asteroids may absorb more solar 
energy and became a temperate climate or sub-tropic climate (under the dome, as 
far as plants are concerned).  

 The building of a film dome is easy. We spread out the film over asteroid’s 
surface, turn on the pumping and the film is raised by air pressure to the needed 
altitude limited by the support cables. 

24.3.4   Brief Data on Cover Film 

Our dome filmic cover has 5 layers (Fig. 24.3c): transparent dielectric layer, 
conducting layer (about 1 - 3 μm), liquid crystal layer (about 10 - 100 μm), 
conducting layer (for example, SnO2), and transparent dielectric layer. Common 
thickness is 0.1 - 0.5 mm. Control voltage is 5 - 10 V. This film may be produced 
by industry relatively cheaply. 

24.3.4.1   Liquid Crystals (LC)  

Liquid crystals (LC) are substances that exhibit a phase of matter that has proper-
ties between those of a conventional liquid, and those of a solid crystal. Liquid 
crystals find general employment in liquid crystal displays (LCD), which rely on 
the optical properties of certain liquid crystalline molecules in the presence or 
absence of an electric field. On command, the electric field can be used to make a 
pixel switch between clear or dark. Color LCD systems use the same technique, 
with color filters used to generate red, green, and blue pixels. Similar principles 
can be used to make other liquid crystal-based optical devices. Liquid crystal in 
fluid form is used to detect electrically generated hotspots for failure analysis in 
the semiconductor industry. Liquid crystal memory units with extensive capacity 
were used in the USA’s Space Shuttle navigation equipment. Worth noting also is 
the fact that many common fluids are, in fact, liquid crystals. Soap, for instance, is 
a liquid crystal, and forms a variety of LC phases depending on its concentration 
in water. 
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The conventional control clarity (transparency) film reflected all superfluous 
energy to outer space. If the film has solar cells then it may convert the once su-
perfluous solar energy into harnessed electricity. 

24.3.4.2   Transparency 

In optics, transparency is the material property of passing natural and artificial 
light through any material. Though transparency usually refers to visible light in 
common usage, it may correctly be used to refer to any type of radiation. 
Examples of transparent materials are air and some other gases, liquids such as 
water, most non-tinted glasses, and plastics such as Perspex and Pyrex. The degree 
of material transparency varies according to the wavelength of the light. From 
electrodynamics it results that only a vacuum is really transparent in the strictest 
meaning, any matter has a certain absorption for electromagnetic waves. There are 
transparent glass walls that can be made opaque by the application of an electric 
charge, a technology known as electrochromics. Certain crystals are transparent 
because there are straight-lines through the crystal structure. Light passes almost 
unobstructed along these lines.  

24.3.4.3   Electrochromism  

Electrochromism is the phenomenon displayed by some chemical species of 
reversibly changing color when a burst of electric charge is applied. One good 
example of an electrochromic material is polyaniline which can be formed either by 
the electrochemical or chemical oxidation of aniline. If an electrode is immersed in 
hydrochloric acid which contains a small concentration of aniline, then a film of 
polyaniline can be grown on the electrode. Depending on the redox state, polyaniline 
can either be pale yellow or dark green/black. Other electrochromic materials that 
have found technological application include the viologens and polyoxotungstates. 
Other electrochromic materials include tungsten oxide (WO3), which is the main 
chemical used in the production of electrochromic windows or smart windows. 

As the color change is persistent and energy need only be applied to effect a 
change, electrochromic materials are used to control the amount of light and heat 
allowed to pass through windows ("smart windows"), and has also been applied in 
the automobile industry to automatically tint rear-view mirrors in various lighting 
conditions. Viologen is used in conjunction with titanium dioxide (TiO2) in the 
creation of small digital displays. It is hoped that these will replace LCDs as the 
viologen (which is typically dark blue) has a high contrast to the bright color of 
the titanium white, therefore providing a high visibility of the display. 

24.3.5   Visit Asteroids without a Space Suit  

Current spacesuit designs are very complex and expensive “machines for living”. 
They must, at minimum, unfailingly support human life for some period of time. 
However, the spacesuit makes a cosmonaut/astronaut barely mobile, slow moving, 
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prevents exertive hard work, creates bodily discomfort such as pain or irritations, 
disallows meals in outer space, has no toilet, etc. Mass of current spacesuits is up 
180 kg. Cosmonauts/Astronauts—these should be combined into “Spationauts” as 
the 20th Century descriptions were derived from Cold War superpower competi-
tion—must have spaceship or special outer space home habitat located not far 
from where they can undress for eating, toilet, and sleep as well as rest. 

Why do humans need the special spacesuit in outer space, or on asteroids? There 
is only one reason – we need an oxygen atmosphere for breathing, respiration. Hu-
man evolution in the Earth-biosphere has created lungs that aerate our blood with 
oxygen and delete the carbonic acid. However, in a particularly harsh environment, 
we can do it more easily by artificial apparatus. For example, surgeons when they 
perform surgery on heart or lungs connect the patient to the apparatus “Heart-lung 
machine”, temporarily stopping the patient’s respiration and hear-beat. In Bolonkin 
(2006b, p. 335), it is suggested that a method exists by donating some human blood, 
with the use of painless suture needles, is possible and that the blood can then be 
passed through artificial "lungs", just as is done in hospitals today.  

We can design a small device that will aerate people’s blood with oxygen infu-
sion and delete the carbonic acid. To make offshoots from main lungs arteries to 
this device, we would turn on/off the artificial breathing at anytime and to be in 
vacuum. On asteroids we can be in conventional spacesuit defending the wearer 
from harmful solar light. Some type of girdle-like total body wrapping is required 
to keep persons on asteroids from expanding explosively.  

This idea may be checked with animal experiments in the Earth. We use the 
current "Heart-Lung" medical apparatus and put an animal under bell glass and 
remove the air inside the bell jar. We can add into the blood all appropriate nutri-
tion and, thusly, be without normal eating food for a long period of time; it is 
widely known that many humans in comas have lived fairly comfortably for many 
years entirely with artificial nourishment provided by drip injection. The life pos-
sible on asteroids without spacesuit will be easier, comfortable and entirely safe.  

24.4   Computations of Inflatable Dome 

1. Specific mass of inflatable Dome. The mass (and relative mass) of film is sum-
mary of top double layer and support cable (Fig. 24.1): 
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where M is film and cable mass, kg; p is air pressure, N/m2; S is cover area, m2; γ 
is specific mass of film and support cables, kg/m3; σ is safety tensile stress of film 
and the support cable, N/m2; H is height of Dome, m; L is distance between sup-
port cable, m. 
 
 



24   Making Asteroids Habitable 571 

The needed thickness of film δ is 

σ
πδ
2
pL=  (24.2)

Example: Let us take p =105 N/m2; σ = 109 N/m2 = 100 kgf/mm2; γ = 1800 kg/m3; 

H = 3 m; L = 2 m. Then .314.0,/1.1 2 mmmkgM == δ  

2. Magnetic stationary solar space reflector. Magnetic intensity from ground 
ring  
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where B is magnetic intensity, T; 7
0 104 −×= πμ is magnetic constant; i is elec-

tric currency, A; S is area of ground ring, m2; R is ground ring radius, m; H >> R 
is altitude of reflector, m. 

Example: for R = 1000m, H = 1000 m; i = 105 A, magnetic intensity is  
B = 6.3×10 -5 T. 

The mass of electronically superconducting wire is  

wR RsM γπ2=  (24.4)

where s is cross-section area of wire, m2; γw is specific mass of wire, kg/m3. 
For density of electric currency j = 105 A/mm2. and γw = 8000 kg/m3 the mass 

density of ground wire is about 50 kg. The mass of thin film heat screens, which 
defend the wire from solar heat radiation, is about 20 kg (Bolonkin 2007b). 

The mass of solar thin film reflector is 

rrr rkm γδπ 2
1=  (24.5)

where r is reflector radius, m; δr is thickness of reflector film, m; γr is mass densi-
ty of reflector, k1 is coefficient of reflector mass increasing from additional sup-
port parts (for example, from inflatable ring). For r = 20 m, δr = 5 μm, γr = 1800 
kg/m3, k1 = 1.2 the reflector mass is 13.6 kg. 

The mass of top ring is 
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where jr is density of electric currency, A/m2; gm is gravity of the asteroid, m/s2; α 
is angle between magnetic line and asteroid surface (Fig. 24.5); k2 >1 is coefficient 
of top ring mass increasing from heat radiation screens. The mass of top ring is 
remarkably quite small (less than 0.5 kg). 
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The energy emitted by a body may be computed by employment of the Stefan-
Boltzmann law:  

4TE Sεσ= , [W/m2], (24.7)

where ε is the coefficient of body blackness (ε =0.03 ÷ 0.99 for real bodies), σs = 
5.67×10 -8 Stefan-Boltzmann constant.  

The common daily average Sun-furnished heat (energy) at Earth's orbit is cal-
culated by equation 

qtcQ 86400= , (24.8)

where c is daily average heat flow coefficient, c ≈ 0.5; t is relative daily light time, 
86400 = 24 × 60 × 60 is number of seconds of an Earth-day, q = 1400 W/m2 is a 
rough estimate of solar energy flux density at Earth's orbit. 

The heat loss flow per 1 m2 of dome film cover by convection and heat conduc-
tion is (Bolonkin and Cathcart 2007b):  
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where k is heat transfer coefficient, t1,2 are temperatures of the initial and final 
multi-layers of the heat insulators, α1,2 are convection heat transfer coefficients of 
the initial and final multi-layers of heat insulators (α = 30 ÷ 100 W/(m2K) ), δi are 
thickness of insulator layers; λi are coefficients of heat transfer of insulator layers 
(see Table 24.1), t1,2 are temperatures of initial and final layers, o C. 

The radiation energy flux per 1 m2 of the service area is computed by relation-
ships: 
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where Cr is general radiation coefficient, ε1,2 are the emissivities of the plates (see 
Table 24.2); T1,2 are the temperatures of the plates, K.  

The radiation energy flux across a set of the heat screens is computed by  
equation 
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= 5.0  (24.11)

where rC′  is computed by Eq. (24.10) between plate and reflector.  

The data of some construction materials is found in Naschekin (1969, p.331) 
and Table 24.1. 

As the reader will see, the air layer is the very best heat insulator. We do not 
limit the used material’s thickness δ. 
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Table 24.1 Blackness (Naschekin 1969, p. 465) 

Material,  Blackness, ε Material Blackness, ε Material Blackness, ε 
Bright Alu-
minum  
t = 50 ÷ 500 
oC 

0.04 - 0.06 Baked brick 
t = 20 oC 

0.88 - 0.93 Glass 
t = 20 ÷ 100 
oC 

0.91 - 0.94 

 
As the astute reader will notice, the shiny aluminum louver coating is excellent 

mean jalousie offsetting radiation losses from the dome. 
The general radiation flux Q is computes by Eq. (24.10). Equations (24.7)-

(24.11) allow computation of the heat balance and comparison of incoming heat 
(gain) and outgoing heat (loss). 

The heat from combusted fuel is found by equation 

Q= ctm/η, (24.12)

where ct is heat rate of fuel [J/kg]; ct = 40 MJ/kg for liquid oil fuel; m is fuel mass, 
kg; η is efficiency of heater, η = 0.5 - 0.8.  

The thickness of the dome envelope, its sheltering shell of film, is computed by 
formulas (from equation for tensile strength): 

σ
δ
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δ RpRp == 21 ,

2
 (24.13)

where δ1 is the film thickness for a spherical dome, m; δ2 is the film thickness for 
a cylindrical dome, m; R is radius of dome, m; p is additional pressure into the 
dome, N/m2; σ is safety tensile stress of film, N/m2. 

For example, compute the film thickness for dome having radius R =100 m,  
additional air pressure p = 0.01 atm at top section in Fig. 24.2 (p = 1000 N/m2), 
safety tensile stress σ = 50 kg/mm2 (σ = 5×108 N/m2), cylindrical dome: 
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The dynamic pressure from surface wind is 

2

2V
pw

ρ=  (24.15)

where ρ is atmospheric density, kg/m3; V is wind speed, m/s. 
If the asteroid has a long nighttime, the heat loss protection can reduce the head 

losses as we can utilize inflated dome covers with additional layers and additional 
heat screens. One heat screen decreases heat losses by 2, two screens can decrease 
heat flow by 3 times, three by 4 times, and so on. If the inflatable domes have a 
multi-layer structure, the heat transfer decreases proportional to the total thickness 
of its enveloping film layers. The data of some construction materials is found in 
Tables 24.2-24.4. 
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Table 24.2 Heat Transfer Data (Naschekin 1969, p. 331) 

Material Density, 
 kg/m3 

Thermal conductivity, 
 λ, W/m. oC 

Heat capacity,  
kJ/kg. oC 

Concrete 2300 1.279 1.13 
Baked brick  1800 0.758 0.879 
Ice   920 2.25 2.26 
Snow  560 0.465 2.09 
Glass 2500 0.744 0.67 
Steel 7900 45 0.461 
Air 1.225 0.0244 1 

Table 24.3 Emittance (Naschekin 1969, p. 465) 

Material Temperature, T oC Emittance, ε 
Bright Aluminum   50 ÷ 500 o C 0.04 - 0.06 
Bright copper 20 ÷ 350 o C 0.02 
Steel  50 o C 0.56 
Asbestos board  20 o C 0.96 
Glass  20 ÷ 100 o C 0.91 - 0.94 
Baked brick  20 o C 0.88 - 0.93 
Tree 20 o C 0.8 - 0.9 
Black vanish  40 ÷ 100 o C 0.96 – 0.98 
Tin 20 o C 0.28 

24.4.1   Irrigation without Water. Closed-Loop Water Cycle 

A reader can derive the equations below from well-known physical laws. There-
fore, no detailed explanations of these are furnished here. 
 
1. Amount of water in atmosphere. Amount of water depends entirely upon 

temperature and humidity. For relative humidity 100%, the maximum partial 
pressure of water vapor is shown in Table 24.4. 

Table 24.4 Maximum partial pressure of water vapor in atmosphere for given air temperature 

t, C  -10  0  10  20  30  40  50  60  70  80  90 100 

p,kPa 0.287 0.611 1.22 2.33 4.27 7.33 12.3 19.9 30.9 49.7 70.1 101 

 
2. The amount of water in 1 m3 of air may be computed by equation 

)]()([00625.0 12 tphtpmW −=  (24.16)
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where mW is mass of water, kg in 1 m3 of air; p(t) is vapor (steam) pressure from 
Table 24.4, relative h = 0 ÷ 1 is relative humidity. The computation of Eq. (24.16) 
is presented in Fig. 24.8. Typical relative humidity of atmosphere air is 0.5 - 1.  

24.4.1.1   Computation of Closed-Loop Water Cycle 

Assume the maximum safe temperature is achieved in the daytime. When dome 
reaches the maximum (or given) temperature, then the control system fills the 
space 5 with air (Fig. 24.4) between double–layers of the film cover. That protects 
the inside part of the dome from further heating by hot air outside the dome. The 
control system decreases also the solar radiation input, increasing reflectivity of 
the liquid crystal layer of the film cover. In short, we can then support a constant 
temperature inside our imagined filmic dome.  

The heating of the dome in the daytime may be computed by equations: 
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where q is heat flow, J/m2 s; qo is maximum Sun energy flux in noon daily time, qo 
≈ 100 ÷ 1000, J/ m2s; t is time, s; td is daily (Sun) time, s; Q is heat, J; T is 
temperature in dome (air, soil), oC; Cp1 is heat capacity of soil, Cp1 ≈ 1000 J/kg; 
Cp2 ≈ 1000 J/kg is heat capacity of air; δ1 ≈ 0.1 m is thickness of heating soil; ρ1 ≈ 
1000 kg/m3 is density of the soil; ρ2 ≈ 1.225 kg/m3 is density of the air; H is 
thickness of air (height of cover), H ≈ 50 ÷ 300 m; r = 2,260,000 J/kg is 
evaporation heat, a is coefficient of evaporation; Mw is mass of evaporation water, 
kg/m3; Tmin is minimum temperature into dome after night, oC. 

The convective (conductive) cooling of dome at night time may be computed as 
below  
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where qt is heat flow through the dome cover by convective heat transfer, J/m2s or 
W/m2; see the other notation in Eq. (24.7). We take δ = 0 in nighttime (through 
active control of the film). 
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Fig. 24.8 Amount of water in 1 m3 of air versus air temperature and relative humidity (rh). 
t1 = 0 oC 

 

Fig. 24.9 Heating of the dome by solar radiation from the night temperature of 15 o C to 35 o 
C via daily maximum solar radiation (W/m2) for varying daily time. Height of dome film 
cover equals H = 135 m. The control temperature system limits the maximum internal 
dome temperature to 35 o C. Compare with Fig. 24.6. 
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Fig. 24.10 Water vaporization for 100% humidity of the air for different maximum solar 
radiation (W/m2) levels delivered over varying daily time. Height of dome film cover 
equals H = 135 m. The temperature control system limits the maximum internal dome 
temperature to 350 C. 

 

Fig. 24.11 Cooling of the Dome via nighttime for initial daily temperature 35 o C and the 
night outer temperature 13 o C 
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Let us take the following parameters: H = 135 m, α =70, δ = 1 m between cover 
layers (see #5 in Fig. 24.4), λ = 0.0244 for air. Result of computation for given 
parameter are presented in Figs. 24.9-24.11. 

For dome cover height H = 135 m the night precipitation (maximum) is 
0.027×135 = 3.67 kg or 3.67 mm/day (Fig. 24.10). The annual precipitation is 
1336.6 mm (maximum). If it is not enough, we can increase the height of dome 
cover. The globally-averaged annual precipitation is about 1000 mm.  

Our dome design, most assuredly, is not optimal but rather it is selected for  
realistic parameters. 

24.5   Macro-projects 

The dome shelter innovations outlined here can be practically applied to many 
types of asteroids. We suggest initial macro-projects could be small (10 m diame-
ter) houses (Fig. 24.6) followed by an “Evergreen” dome covering a land area 200 
m × 1000 m, with irrigated vegetation, homes, open-air swimming pools, play-
ground, “under the stars style” concert hall. 

The house and “Evergreen” dome have several innovations: magnetic suspend-
ed Sun reflector, double transparent insulating film, controllable jalousies coated 
with reflective aluminum (or film with transparency control properties and/or 
structures) and an electronic cable mesh inherent to the film for dome safe-
ty/integrity monitoring purposes. By undertaking to construct a half-sphere house, 
we can acquire experience in such constructions and explore more complex con-
structions. By computation, a 10 m diameter home has a useful floor area of 78.5 
m2, airy interior volume of 262 m3 covered by an envelope with an exterior area of 
157 m2. Its film enclosure material would have a thickness of 0.0003 m with a 
total mass of about 100 kg. 

A city-enclosing “Evergreen” dome of 200 m × 1000 m (Fig. 24.2, with spheri-
cal end caps) could have calculated characteristics: useful area = 2.3 × 105 m2, 
useful volume 17.8 × 106 m3, exterior dome area of 3.75 × 105 m2, comprised of a 
film of 0.0003 m thickness and about 200 tones. If the “Evergreen” dome were 
formed with concrete 0.25 m thick, the mass of the city-size envelope would be 
200 × 103 tones, which is a thousand times heavier. Also, just for comparison, if 
we made a gigantic “Evergreen” dome with stiff glass, thousands of tones of steel, 
glass would be necessary and such materials would be very costly to transport 
hundreds or thousands of kilometers into outer space to the asteroid where they 
would be assembled by highly-paid but risk-taking construction workers. Our film 
is flexible and plastically deformable. It can be relatively cheap in terms of manu-
facturing cost. The single greatest boon to “Evergreen” dome construction is the 
protected cultivation of plants under a protective dome that efficiently captures 
energy from the available and technically harnessed sunlight.  
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24.6   Discussion 

As with any innovative macro-project proposal, the reader will naturally have 
many questions. We offer brief answers to the two most obvious questions our 
readers are likely to ponder. 

 (1) Cover damage 
The envelope contains a rip-stopping cable mesh so that the film cannot be 

damaged greatly. Its structured cross-section of double layering governs the es-
cape of air inside the living realm. Electronic signals alert supervising personnel 
of all ruptures and permit a speedy repair effort by well-trained responsive emer-
gency personnel. The topmost cover has a strong double film. 

(2) What is the design-life of the dome film covering? 
Depending on the kinds of materials used, it may be as much a decade (up 30 

years). In all or in part, the durable cover can be replaced periodically as a precau-
tionary measure by its owners. 

24.7   Conclusions 

Utilization of “Evergreen” domes can foster the fuller economic development of 
the asteroid, increasing the effective area of territory dominated by humans. “Ev-
ergreen” domes may find soon application on asteroids since a vertical variant, 
inflatable space towers (Bolonkin 2006a), is to become available for launching 
spacecraft inexpensively into Earth orbit or on to long-duration interplanetary 
outer spaceflights. The reader finds further information in Bolonkin (2008, 2009, 
2010), Bolonkin and Cathcart (2007a,b). 
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25.1   Introduction 

Currently, climate change is a significant threat to our way of life, with global 
mean temperatures predicted to increase by 1.1-6.4oC by the end of the century 
(IPCC 2007).  This increase is driven by multiple factors, with the main contribu-
tors being the increasing concentrations of Greenhouse Gases (GHG), mainly 
CO2, CH4 and N2O, in the atmosphere, which is altering the Earth’s current energy 
balance and therefore the present climate. The current consensus within the scien-
tific community is that the dominant factor in the changing climate of the Earth is 
the anthropogenic emission of GHG’s, with the probability of this being true 
termed "very likely" (90% probability) by the IPCC (IPCC 2007). Whilst the main 
effort within the global community should be to control climate change by reduc-
ing our emissions of GHG’s, it is prudent to investigate other methods of manag-
ing the climate system. The field of deliberately manipulating the Earth’s climate 
is called geoengineering, or climate engineering. 

25.1.1   Geoengineering Methods 

Several proposals for possible geoengineering methods have been made. These 
can generally be placed into two categories; Solar Radiation Management (SRM) 
and carbon sequestration (Shepherd 2009). Solar radiation management focuses on 
the reduction of the amount of sunlight being absorbed by the Earth’s atmosphere 
by one of two main methods; increasing the Earth’s albedo to reflect more incom-
ing sunlight away from the surface or by reducing the level of sunlight reaching 
the surface, primarily by scattering incoming solar radiation before it reaches the 
surface.  Alternatively, carbon capture techniques aim to deal with the fundamen-
tal cause of global warming, by either directly taking CO2 out of the atmosphere 
or indirectly, by inducing an increase in the ability of current carbon sinks to take 
CO2 out of the atmosphere. In general, solar radiation management techniques are 
expected to be fast acting, once implemented, whereas carbon sequestration will 
take many years to significantly reduce CO2 concentrations in the atmosphere. 
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Due to the nature of the two methods, carbon sequestration, in its direct form, is 
inherently safer than SRM techniques since the root cause is treated, with the  
expectation of there being fewer side effects, though this is dependent upon the 
safe storage of the captured CO2. Additionally, SRM methods cannot mitigate all 
the effects of increased atmospheric CO2 concentrations, primarily the acidifica-
tion of the oceans, which is likely to harm the populations of algae and other pho-
tosynthetic organisms that provide 99% of the organic matter used in the oceans 
food chains (Raven 2005). 

A report into geoengineering conducted by the Royal Society in 2009 (Shep-
herd 2009) examines the feasibility of, the then latest, schemes based on the crite-
ria of effectiveness, affordability, timeliness and safety. The ratings applied to 
three geoengineering method can be seen in Table 25.1. In general the report ap-
pears to show that there is no perfect solution, with the schemes that appear most 
effective suffering in other criteria such as affordability.  For example, the reflec-
tivity of roofs and roads in an urban environment can be increased, thus reflecting 
more sunlight out of the atmosphere. This is a relatively cheap method, with added 
benefits of reducing the energy required to cool buildings in warm climates. How-
ever, the overall effectivity of the method is low, as noted by Jacobson and Ten 
Hoeve (2011).  

One of the most widely known methods of geoengineering suggests ejecting 
large quantities of sulphur particles into the upper atmosphere, with the effect that 
sunlight is reflected out of the atmosphere before reaching the surface. This 
method is inspired by observations of volcanic eruptions which eject large num-
bers of particles into the upper atmosphere. After such events a significant global 
cooling is observed. There are also many negative aspects to this geoengineering 
method however, as noted by Robock et al. (2009), most importantly the ozone 
layer will be negatively affected, whilst the key benefits are the relatively low cost 
in comparison to other geoengineering methods and that it can likely be deployed 
with existing technologies. Due to these factors the sulphuric aerosol concept rates 
highly in all categories except safety. 

Ocean fertilisation is a currently popular carbon capture technique which aims 
to increase the marine uptake of CO2 by the injection of iron particles into the 
upper layers of the ocean. This will then encourage the growth of algae, which 
uses CO2 during photosynthesis. Though promising in principle, this scheme has 
yet to be conclusively proven to be effective as the increased uptake of CO2 is 
only likely to be a fraction of the total emitted annually by anthropogenic sources 
(Shepherd 2009). Other downsides are that side effects are likely, with reduced 
carbon uptake in other regions of the ocean and some areas becoming starved of 
oxygen, creating ‘dead zones’ (Shepherd 2009), likely increasing the acidification 
of the ocean due to the increased level of carbon sequestration (Raven 2005). Due 
to these reasons this method rates lowly with the exception of affordability, since 
iron particles can be easily produce. 
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Table 25.1 Rating applied by the Royal Society to three geoengineering methods (Shepherd 
2009), rating from 1-5 

Method Effectiveness Affordability Timeliness Safety 
Sulphuric Aerosol 4 4 4 2 
Space Reflector 4 1.5 1 3 
Ocean fertilisation 2 3 1.5 1 

25.1.2   Space-Based Geoengineering 

One of the most effective solutions discussed in the Royal Society report is the use 
of space-based solar reflectors to reduce incident solar insolation. Whilst this 
technique is not rated by the Royal Society as being affordable or timely (Shep-
herd 2009), it does have a significant advantage over other schemes; neither the 
physical properties of the Earth's surface or atmosphere needs to be changed. This 
is a significant advantage in comparison to the stratospheric aerosol or ocean fer-
tilisation techniques which are likely to have noticeable side effects. 

It has been estimated that in order to offset the effects of global warming 
caused by a doubling of the CO2 concentration in the atmosphere (compared to 
pre-industrial levels and corresponding to an increase in global temperature of 
approximately 2oC) solar insolation must be reduced by 1.7% (Govindasamy and 
Caldeira 2000). Similarly for a quadrupling of CO2 the required insolation change 
is 3.6% (Govindasamy et al. 2003). 

There have been several proposals to date regarding the reduction of solar inso-
lation using space-based geoengineering (SBGE) methods, the key characteristics 
of which can be seen in Table 25.2. The methods either utilise a cloud of dust 
(Pearson et al. 2006, Struck 2007, Bewick et al. 2012a, Bewick et al. 2012b, Be-
wick et al. 2013, Teller 1997) or solid reflectors or refractors (Pearson et al. 2006, 
McInnes 2012, Early 1989, Mautner 1991, Angel 2006) to reduce the level of 
solar insolation. Typically, the methods that require the least mass are those that 
use solid reflectors or refractors, with the mass for the dust cloud methods being 
orders of magnitude higher. This is mostly due to the increased level of control 
that can be placed upon the solid reflectors or refractors, hence they can be sta-
tioned in optimum positions with active control to extend their lifetimes. In con-
trast dust clouds cannot be controlled and can only be placed with suitable initial 
conditions, with subsequent replenishment necessary due to the orbital decay or 
perturbation of the particle orbits. The dominant perturbation on these dust grains, 
and one that can be easily accounted for, is solar radiation pressure, described 
later. Other perturbations that are more complex to model include the Lorentz 
force due to a charge on the dust grains and the gravity of other solar system  
bodies. 

Conflicting with this, though, is the consideration of the engineering complex-
ity of the system. Whilst dust clouds are a relatively crude method, the material 
can be readily found in the populations of near Earth asteroids, whereas solid re-
flectors or refractors must either be manufactured terrestrially, then launched into 
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position, or manufactured in-situ. Clearly, taking this into account, the low rating 
for affordability and timeliness indicated in the Royal Society report (which only 
considered solid reflectors and refractors) can be understood. 

Table 25.2 Masses of the proposed space-based geoengineering schemes 

Position Method Insola-
tion 
Change 
[%] 

Mass [kg] Ref. 

Earth Orbit Dust Ring 1.6 2.3x1012 (Pearson et al. 2006) 
  1.7 2x1012 (Bewick et al. 2013) 
 Reflector 1.6 5.0x109 (Pearson et al. 2006) 
Earth-Moon L4/L5 Dust Cloud 1.4 2.1x1014 (Struck 2007) 
Sun-Earth L1 Reflector 1.8 2.6x1011 (McInnes 2010) 
 Refractor 1.8 2.0x1010 (Angel 2006) 
 Dust Cloud 1.7 1.9x1010 kg/yr (Bewick et al. 2012a) 
 Gravitation-

ally anchored 
dust cloud 

1.7 1.3x1017 (Bewick et al. 2012b) 

 

However, though the masses of the existing dust cloud methods are higher than 
the solid device methods, they are still promising avenues of research for SBGE 
due to the lower engineering challenges involved. In this chapter new and existing 
proposals for SBGE will be discussed. 

25.2   Usage Scenarios 

The methods suggested by McInnes (2010) and Angel (2006) suggest the place-
ment of large swarms of reflective or refractive devices at the first Lagrange point, 
L1, in between the Earth and the Sun. This point is unstable and thus the devices 
will require an active control mechanism, increasing the complexity of the system. 
The main challenge with these scenarios is the manufacture and placement of the 
reflective or refractive devices. To terrestrially manufacture and then place the 
mass of material required to the L1 point would require many thousands of launch 
vehicles, more than has ever been launched in the entire space age. Angel de-
scribes a system of mass drivers, launching spacecraft from Earth to the L1 point, 
to overcome this, though this is a hypothetical scenario, as the technology to build 
such a device cannot be anticipated in the near or mid-term. A more likely sce-
nario, suggested by McInnes, is the in-situ manufacture of the devices at L1 from 
captured near-Earth objects (NEOs). Similarly this method cannot be seen as a 
near-term option, though recent advancements in 3D printing technology and the 
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interest in capturing NEOs for resource utilisation (Brophy et al. 2012), suggest 
that this method could be seen as a mid-term possibility. 

A novel method proposed by Pearson et al. (2006) is to place a ring of dust or 
reflecting satellites in Earth orbit. Though the masses of these two methods are 
comparatively low there are clearly possible side effects including an increased 
danger to Earth orbiting satellites and to the Earth, as the dust ring method re-
quires two shepherding satellites, each of which would be 1km in size. As well as 
having a highly uneven insolation reduction pattern on Earth, discussed further in 
Sec. 2.3, the ring will have the additional side effect of increasing reflected light 
onto the night side of the Earth under certain conditions. For these reasons this 
method is not seen as the most optimal space-based geoengineering solution. 

An additional factor that affects the relative mass of the different methods is the 
amount of time that the reflectors spend in between the Earth and the Sun. For 
example the method proposed by Struck (2007) to place clouds of dust at the L4/L5 
Lagrange libration points of the Earth-Moon system has a clear benefit, as these 
points are passively stable. However, as these points effectively orbit around the 
Earth they are only occasionally in a position to reduce solar insolation. This leads 
to a large mass requirement, in the region of 1014kg. Furthermore, the movement 
of the clouds will create a flickering effect. On most occasions there will be no 
change in insolation whilst at those times when the cloud is present the insolation 
change will be much greater than the average 1.7% reduction required to offset a 
2oC increase in global temperature. 

25.2.1   Unstable Dust Cloud at the L1 Position 

The method proposed by Struck, with the L4/L5 dust cloud in the Earth-Moon 
system, has the main disadvantage of only occasionally being in a position to in-
tercept solar radiation destined for Earth. Considering this, a better position for the 
reduction of solar insolation is the first Lagrange point, L1, in between the Earth 
and Sun, since a constant insolation reduction can be achieved. However, this 
position has the disadvantage of being an unstable equilibrium, therefore any dust 
grains released at this position will drift away over time.  

To implement a dust cloud method here a scenario is imagined whereby an as-
teroid can be captured and positioned in the vicinity of the L1 point. It is discussed 
later that sufficient material can be captured with a velocity less than is necessary 
to exploit lunar resources, 2.37km s-1. Following capture, material can be mined 
from the asteroid, and processed if necessary, before being ejected from the sur-
face. This material will then form a dust cloud which will drift away over time 
(see Fig. 25.1). The continual ejection of material will then create a steady state 
distribution of dust flowing away from the asteroid. It is assumed that the material 
ejected from the asteroid can be used to stabilise the asteroid at the L1 point, 
though not when a significant thrust is required. As a first approximation of the 
cloud steady state cloud, the process shall be modelled here by considering an 
initially static, homogeneous, spherical cloud of dust that is then propagated over 
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numerous time steps. By adding at each time step a given amount of dust, also 
homogenously distributed within the same initial spherical volume, a steady state 
distribution of flowing mass can be computed.  
 

 

Fig. 25.1 Impression of an L1 positioned dust cloud for space-based geoengineering 

 

 

Fig. 25.2 Dimensions in the Circular Restricted Three-body Problem 
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A determination of the lifetime of dust grains around the L1 point will be de-
termined using the circular restricted three-body problem (CR3BP), the equations 
of motion of which, expressed in dimensionless units, are: − 2 =+ 2 ==  (25.1)

where x and y are the position in the rotational plane of the Earth’s orbit and z is 
the out-of-plane position, shown in Fig. 25.2, whilst U is the non-dimensional 
potential function, defined as: 

U=
1
2

(x2+y2)+ 1-μ
ρ1
+
μ
ρ2

 (25.2)

The dimensionless equations of motion are found from the conventional dynamics 
by setting the distance between the Sun and Earth to 1, i.e. dividing by 1AU, and 
the period to 2π, under the assumption that the unit of mass is the total system 
mass. This gives μ as the ratio of the mass of the Earth to the combined mass of 
the Earth and Sun, = /( + ), and the parameters ,  are the non-
dimensional distances between the dust particle and the Sun and Earth respec-
tively, defined by Eq. (25.3) and Eq. (25.4). In dimensionless co-ordinates the Sun 
and Earth are positioned at (− , 0,0) and (1 − , 0,0)  respectively. Hence: = ( + ) + +  = ( + − 1) + +  

(25.3,4)

The equilibrium, or libration points, are located where the combined gravitational 
force of the Sun and Earth on a particle is equal to the centripetal force required 
for it to orbit in a fixed position relative to the two primary bodies. These positions 
are at the stationary points of the potential function, Eq. (25.2). In particular, the 
equilibrium points required for this geoengineering method must lie along the 
Sun-Earth line and must therefore be along the x-axis, hence y=z=0 with = == 0. For the Sun-Earth system (μ=3x10-6) the L1 point is located approximately 
1.5x106 km sunwards of the Earth. 

25.2.1.1   Solar Radiation Pressure 

The material used to populate the dust cloud should be in the micrometre length 
scale, since larger dust grains would have a lower surface area to mass ratio, hence 
they would be less mass efficient in reducing solar insolation. Small dust grains 
would be perturbed by a variety of forces including solar radiation pressure (SRP) 
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and the Lorentz force.  It has been shown by Bewick et al. (2012a) that, above 
0.1μm, SRP is the dominant perturbation of the dust grains, therefore, for simplic-
ity only dust grains above this size are considered. Solar radiation pressure is the 
transfer of momentum between solar photons and the dust grains of the cloud. The 
effect of SRP can be quantified using the ‘lightness’ parameter, β, which is  
the ratio of the force due to SRP and solar gravity (de Pater and Lissauer 2001); = 570  (25.5)

where  is the mass density of the grain, Q is the momentum transfer coupling 
between the solar photons and the dust grain and  is the radius of the grain, 
expressed in μm. 

The value of Q can vary from 0, for a completely transmissive particle, to 2 for 
a completely reflective particle For relatively large radius particles, > 1 , 
the value of Q varies little, with a value of approximately 1 (Wilck and Mann 
2006), but as the size decreases the interaction between the solar photons and the 
dust grains becomes more complex. The β-value for a range of particle radii is 
calculated by Wilck and Mann (2006) using Mie theory for different composition 
models. The β-value peaks with a value of approximately 0.9 at a radius of 0.2μm, 
before decreasing to 0.1 for a radius of 0.01μm.  

Since SRP has an inverse square relationship with heliocentric distance, its ef-
fect is to reduce the effective gravitational force of the Sun. Hence, the mass  
parameter, μ, for the CR3BP is now; = + (1 − )  (25.6)

Due to the increase in the value of μ with increasing β the L1 equilibrium point is 
found to shift towards the Sun. For particles with β>0, placed at the conventional 
L1 point, a shorter instability timescale will be observed due to the displacement 
from the new equilibrium position. Additionally, as β increases the gradient of the 
potential function, U, around the new equilibrium position is found to decrease. 
Thus, dust grains placed here will experience greater stability as β increases. 

To propagate the dust cloud over time a transition matrix is used. This uses the 
linearised dynamics around L1 to generate a matrix with which a dust cloud can be 
propagated collectively over time. This is in contrast to the conventional method 
which is to apply the equations of motion to each initial position in turn and 
propagate until the final time. The method for the generation of the transition ma-
trix can be found in (Bewick et al. 2012a). Using the transition matrix greatly 
decreases the time taken to simulate the motion of the cloud, though at the ex-
pense of some accuracy. However, it was found that, within the time frame of 
interest, the accuracy of the transition matrix was sufficient (Bewick et al. 2012a). 
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25.2.1.2   Solar Radiation Model  

A numerical model was used to determine the shading effect of the dust cloud on 
the Earth. In this model the surfaces of the Sun and Earth are divided into seg-
ments, with each segment on the Sun being connected to each segment on the 
Earth by a path. Along each path the Beer-Lambert law is applied to calculate the 
attenuation of the solar flux due to the presence of the cloud. The Beer-Lambert 
law is expressed as (Ingle and Crouch 1988); = ( ) ( )  (25.7)

where ( ) and ( ) are the number density and cross-sectional area of the dust 
grains at position l along the path and I and  are the final and initial flux respec-
tively. Using Eq. (25.7), the average reduction in solar insolation over the Earth 
can be calculated by averaging over all paths. A full description of the solar radia-
tion model can be found in (Bewick et al. 2012a). 

25.2.1.3   Results 

The key quantifiable parameter for this method of geoengineering is the cloud 
mass necessary to create the required level of solar insolation reduction. This shall 
be presented in terms of the mass-per-year of asteroid material required. This is 
calculated using the SRM mentioned previously by optimising the initial number 
density of the spherical, homogeneous cloud that is propagated using the transition 
matrix. The results shall be found for dust clouds with sizes ranging from 1,000-
12,000km radius, placed at the classical Lagrange point and the new displaced 
equilibrium point created for a grain β-value 0.751, corresponding to a grain size 
of 0.1μm. In terms of terrestrial particles this grain size corresponds to condensed 
gas particles, and is the limit above which solar radiation pressure can be consid-
ered the dominant force. For this grain size the distance by which the equilibrium 
point is displaced sunwards of the conventional L1 point is 875,000km. 

The mass required to reduce solar insolation by 1.7% can be seen in Fig. 25.3 
for the cloud released at the classical L1 and displaced equilibrium positions. It can 
clearly be seen that the cloud released from the displaced equilibrium position 
requires significantly less mass than if it would be released from the classical L1 
point. This is due to the greater lifetime of the dust grains when released at the 
displaced equilibrium position. 

For the optimum cloud radius of 4,000km the mass requirement is 7.60x1010 kg 
yr-1 for the cloud released at the classical L1 point. In comparison to the method 
proposed by Struck (2007) this is a mass saving of several orders of magnitude. 
The result for the steady state solution for a cloud ejected at the displaced equilib-
rium position has an optimum mass requirement of 1.87x1010 kg yr-1. As a useful 
comparison, the asteroid Apophis, with a mass of approximately 2x1010kg (Binzel 
et al. 2009), can supply enough material to sustain this method for several years. 
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Fig. 25.3 Mass required to reduce solar insolation by 1.7% for the static cloud ejected in the 
vicinity of the L1 position 

25.2.2   Gravitationally Anchored Dust Cloud at the L1 Point 

The concept of an L1 positioned dust cloud for geoengineering, described previ-
ously does not take into account the mass of the asteroid from which the dust 
cloud is generated. This is a logical assumption for small asteroids. However, 
there are many asteroids in the population of near Earth objects that have a con-
siderable mass. This mass can be accounted for by using the circular restricted 
four-body problem (CR4BP), including the masses of the Sun, Earth and asteroid, 
and the resultant effect on the gravitational potential in the vicinity of the L1 point 
can be observed. These dynamics can be seen to generate a zero-velocity curve 
which bounds the asteroid, within which dust grains ejected from the asteroid will 
remain trapped, if ejected below the escape velocity. This will gravitationally 
anchor a dust cloud, in the vicinity of the L1 point, which can be then used for 
geoengineering, thus negating the instability of the classical L1 point. 

In the CR4BP the equations of motion are the same as for the CR3BP with the 
dimensionless potential function  now expressed as; = 12 ( + ) + 1 − + +  (25.8)

As well as the parameters defined in the previous section, the parameter γ is the 
mass fraction of the asteroid in relation to the mass of the three-body system, = /( + ), and  is the distance between a particle and the asteroid; 



25   Usage of Asteroid Resources for Space-Based Geoengineering 591 

 

= ( − ) + +  (25.9)

When the gravitational potential of a body placed at the classical L1 point is con-
sidered, two new collinear equilibrium positions appear. These can be found by 
substituting the potential function of the CR4BP, Eq. (25.9), into the equations of 
motion defined in Eq. (25.1). The location of the new equilibrium positions are 
along the x-axis and can be then found by setting y=z=0 and x = y = 0, thus re-
sulting in the following equation: x: x − 1 − µ(x + µ) + µ(x + µ − 1) γ(x − x ) = 0 (25.10)

The new collinear equilibrium positions are located on either side of the classical 
L1 position, as shown in Fig. 25.4. These new equilibria, like the conventional L1 
position, are unstable, but will bound the asteroid, thus approximating the size of 
the dust cloud. As for the static cloud, small dust grain sizes will be used and 
therefore the effects of SRP must be included by the addition of the factor β to the 
mass parameter, μ. The effect of a non-zero value for β can be seen in Fig. 25.4.  

 

Fig. 25.4 Contour plot showing the variation in the effective potential of the four-body 
problem for a body of mass 1x1015kg placed at the conventional L1 point for β=0, with bold 
lines showing the contours with the Jacobi constant of the equilibrium points. Also shown 
are the new equilibrium positions along the x-axis. 

The increase in β can be seen to shrink the area encompassed by the zero-
velocity curve significantly (Fig. 25.5). 
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Fig. 25.5 Contour plot showing the variation in the effective potential of the four-body 
problem for a body of mass 1x1015kg placed at the conventional L1 point for β=0.005, with 
bold lines showing the contours with the Jacobi constant of the equilibrium points. Also 
shown are the new equilibrium positions along the x-axis. 

The speed of a particle in the artificial 4-body system can be described by the 
Jacobi integral as; = 2 −  (25.11)

where V is the particle speed and C is the Jacobi constant. Since kinetic energy can 
only be strictly positive, it follows from Eq. (25.11) that the particle can only 
move within a region delimited by a zero velocity curve (i.e., when the right hand 
side of Eq. (25.11) vanishes). This constraint can then be used to investigate the 
size of the region around the third body, the asteroid at L1, where a particle can 
become trapped if the energy, or Jacobi constant, of the particle is not large 
enough for escape. Clearly, the maximum enclosed volume will be found for a 
zero velocity surface with a Jacobi constant equal to that of one of the new equi-
librium points in the CR4BP. From Eq. (25.11), the Jacobi constant for each of the 
new equilibrium positions can be found and then used to find the volume enclosed 
by the associated zero-velocity curve. Note that when β>0 and the anchoring as-
teroid is located in the classic L1 position (i.e., when SRP is neglected), as in Fig. 
25.5, only the smallest Jacobi constant guarantees a closed volume. Instead if the 
asteroid is located at the equilibrium position required for a given value of β, the 
encompassed volume increases, as in Fig. 25.4. The acceleration required to 
achieve the displacement associated with a grain size of 32μm is 9x10-7 m/s2. This 
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is a small value, however, due to the mass of asteroid required for this scheme,  
the thrust is of order 1011N, which is clearly unfeasible with current technology. 
The thrust required to stabilise the asteroid at the classical L1 is also high. For 
example to position a body at a distance of 1km away from the L1 point would 
require an acceleration of 3.6x10-10 m/s2. This thrust level is still significant and 
beyond current technologies, though should it be feasible to capture the largest 
near-Earth objects it will likely be achievable. 

25.2.2.1   Results 

The potential of this zero-velocity curve method for space-based geoengineering is 
investigated by estimating the size of the dust cloud anchored by a range of aster-
oid sizes above 1x1013kg, and then applying the solar radiation model described 
previously. The masses of the asteroids were determined by applying Bowell’s 
relation (Bowell and Hapke 1989), which estimates the mass from the absolute 
magnitude, assuming an average density of 2,600 kg m-3 and albedo of 0.154. The 
results of the insolation reduction calculation, under the assumption of a value for 
β of 0.005, corresponding to a grain radius of 32μm, can be seen in Fig. 25.6 for 
asteroids positioned at the classical L1 point and at the displaced equilibrium posi-
tion of dust with β of 0.005. 

 

Fig. 25.6 Maximum insolation change available for the masses of the asteroids on the Pare-
to front situated at the displaced equilibrium position and the classical L1 point 

Initially, in order to estimate the maximum achievable insolation reduction, it is 
assumed that all light passing through the zero-velocity curve is blocked, by  
simply assuming a very high attenuation factor in Eq. (25.7). These results, in  
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Fig. 25.6, show a linear trend on a log-log plot with the maximum insolation re-
duction of 6.58% being achieved for the largest asteroid Ganymed at the β-
displaced equilibrium position, with a maximum insolation reduction of 3.3% 
when the asteroid is assumed fixed at the classical L1 position. This result meets 
the required 1.7% reduction in solar insolation required to offset a doubling of 
CO2 in the atmosphere (Govindasamy and Caldeira 2000). The maximum change 
in solar insolation reduces significantly for the next largest asteroid, Eros, to 
1.42% and 0.42% for the β-displaced equilibrium and classical L1 positions re-
spectively. These values do not meet the required 1.7% insolation reduction noted 
previously. However, these results, and some of the insolation reductions achieved 
by a few of the following large known NEO, could still be significant enough to 
be considered as part of a portfolio of geoengineering schemes. The smallest as-
teroids considered, with a mass in the region of 1013-1014kg are capable of offset-
ting the 1-2 W/m2 variation in solar insolation experienced over a solar cycle 
(Willson and Hudson 1991) though are not capable of contributing significantly to 
a space based geoengineering scheme. 

From this analysis, it can be seen that placing an asteroid at the β-displaced 
equilibrium position is clearly favourable for reducing solar insolation. However, 
as was described previously the thrust required to stabilise the asteroid at this posi-
tion is orders of magnitude greater than to maintain the asteroid at the classical L1 
point. Therefore, the potential for insolation reduction at the conventional L1 posi-
tion must be maximised. Since the size of the zero-velocity curve at the classical 
L1 point quickly reduces as β increases, the use of dust grains much larger than the 
32μm previously investigated will be required. Figure 25.7 shows the variation in 
maximum insolation reduction for the asteroid Eros for increased grain radii. As 
well as for the mean Sun-Earth distance, the maximum insolation reduction was 
also calculated for the separation of the Earth and Sun at aphelion and perihelion. 
The results show that as the grain size increases the maximum insolation reduction 
will increase significantly before levelling off for the largest grain radii assessed, 
at a level similar to the scenario where the asteroid is positioned at the displaced 
equilibrium position. This is because as β decreases the zero velocity curve shape 
will resemble the equilibrium position shape and volume, as seen in Fig. 25.2. As 
the maximum reduction at the displaced equilibrium position is less than the de-
sired 1.7%, the maximum reduction for the L1 position will similarly be less than 
the desired amount. Nevertheless it can be shown that the geoengineering potential 
is close to the amount necessary and can therefore be considered as an option to 
provide a large portion of any insolation reduction required. 

The negative aspect of the increase in grain size is the reduction in efficiency 
associated with a decrease in area-to-mass ratio. Therefore, a greater mass of dust 
grains is required to block the same level of sunlight. The fraction of the asteroid 
that must be used, assuming no loss of particles, to achieve the maximum insola-
tion reduction for the largest grains would require a mass greater than that of the 
asteroid. Therefore only a smaller insolation reduction will be achievable. 
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Fig. 25.7 Maximum insolation reduction for the asteroid Eros at the classical L1 for grain 
sizes of 32μm and above. Also shown is the maximum insolation reduction at the displaced 
equilibrium position. 

25.2.3   Earth Ring 

As discussed previously, the concept of an Earth ring for geoengineering has been 
suggested by Pearson et al. (2006). In this concept a circular ring of dust grains is 
to be placed in the equatorial plane. It is assumed that above a grain size of 1μm 
there is no perturbation of the dust grains orbits due to solar radiation pressure 
(SRP), hence the orbits are assumed stable and no replenishment is necessary. 
However, a more detailed study of the effects of SRP and the Earth oblateness J2 
effect, discussed fully by Bewick et al. (2013) concludes that this lower bound on 
the grain size is not feasible. By including the factors of SRP and the J2 effect, a 
set of stable, eccentric orbits with Sun-pointing apogee, termed heliotropic orbits, 
were found to exist, in the equatorial plane, for dust grain sizes above 6.5μm. Ap-
plying the same principles to the circular ring suggested by Pearson reveals that 
only above a grain radius of 13μm are stable orbits found. By trading off the 
minimum grain size possible and the fraction of the orbit spent in between the 
Earth and Sun, a semi-major axis of 9,316km with an eccentricity of 0.1 was cho-
sen for the optimal stable orbit. The dust grain orbits will librate around this 
‘feeder orbit’. For these heliotropic orbits atmospheric drag was assumed to cause 
the orbital decay of a dust grain below an altitude of 2,000km. This places bounds 
on the semi-major axis and eccentricity for the stable heliotropic orbits since the 
altitude of perigee cannot fall below this altitude. 

Despite the close proximity to Earth, the most optimal source for the dust 
grains required for the Earth ring is from captured near Earth objects, due to the 
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high velocity required to reach orbit from the surface of the Earth. The asteroid is 
envisaged to be captured into a circular, equatorial generator orbit with an orbital 
radius of 10,250. It follows that 10,250km is also the radius of the apogee for the 
feeder orbit. The dust grains will be continuously extracted from the asteroid, 
milled to achieve a certain radii distribution and collected during one orbit of the 
asteroid. Whenever the asteroid passes directly between the Earth and Sun it ejects 
the collected dust with the correct Δν, using a mass driver, to inject it into the 
feeder orbit. From this feeder orbit the grains will then evolve and spread due to 
their different area-to-mass ratios and thus form the dust ring. Because the period 
of the generator orbit and the feeder orbit are different, grains will be distributed at 
all positions in the orbit. After a maximum of one year the dust grains will have 
spread over all positions in the ring. From a study of the 3D evolution of the dust 
grains the maximum angular spread away from the equatorial plane was assumed 
to be 0.2o (Colombo et al. 2012). 

Three log-normal dust grain distributions were used, to analyse the feasibility 
of the Earth ring method. The distributions can be seen in Fig. 25.8 and are a rep-
resentation of the milled dust size distribution for an optimistic technology capa-
bility (D1), a case achievable with existing terrestrial milling machinery (D2) and 
a pessimistic case of low milling efficiency (D3). The narrower distribution has a 
lower mean radius, though the spread of the dust grains within the orbit is reduced 
(Bewick et al. 2013), and vice-versa for the broader distribution. For this geoengi-
neering method a simpler solar radiation model was used to calculate the reduction 
in insolation, with the incoming solar photons assumed to be plane parallel, due to 
the close proximity to the Earth negating any non-point source characteristics of 
the Sun. Again the Beer-Lambert law was used to calculate the attenuation. The 
 

 

Fig. 25.8 Probability density functions for the three distributions of grain radii considered 
for the Earth ring 
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insolation reduction was calculated for different tilt angles of the equatorial plane 
away from the ecliptic, to simulate the changing angle caused by the orbit of the 
Earth around the Sun. This varying tilt leads to a changing aspect angle of the ring 
as seen from the Sun, leading to variable shading over the course of a year. 

The mass of dust required to lead to an average insolation reduction of 1.7% 
over the course of a year can be seen in Fig. 25.9 for the different distributions. It 
can be seen that the D1 distribution, with the smaller mean value, requires the 
least amount of mass, though the difference in value between the three distribu-
tions is not significant. The mass shown is a lower estimate of the mass required 
since the reflection of solar radiation by the ring onto the Earth and thermal re-
radiation from the ring must be accounted for. This amounts to approximately 
40% (Pearson et al. 2006, Bewick et al. 2013), giving a final mass requirement  
of 1x1012kg, which is marginally smaller than the mass already suggested of 
2.3x1012kg (Pearson et al. 2006). Finally, Fig. 25.10 shows a representation of 
where the insolation over the Earth’s surface will be greatest. Thus, such a ring  
of dust would shade primarily the equatorial and low tropical regions. In these 
latitudes the tropics receive a greater insolation reduction than the equator since 
only when the ring is edge-on to the Sun, during the spring and autumn equinox, 
will the equatorial plane of the Earth be edge-on to the Sun. During other times the 
precession of the tilt of the Earth’s rotational axis will cause the equatorial plane 
to be angled such that higher latitudes will be shaded. 

 

 

Fig. 25.9 Mass required to give an average 1.7% insolation change for three dust distribu-
tions 

One of the negative aspects related to this method of space-based geoengineer-
ing is the increased risk to spacecraft due to space debris. For the Earth ring model 
it is predicted that very few dust grains will not be stable and will de-orbit quickly 
due to atmospheric drag, meaning that there will not be a significantly increased 
risk of space debris. However, other smaller perturbations can act over a longer 
period of time to distort the ring. These other perturbations include the third body 
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effects of the gravity of the Sun and Moon, the charging of dust grains leading to 
the Lorentz force and grain collisions within the ring. These perturbations will 
likely increase the risk of space debris. As well as the Earth ring, the dust cloud 
positioned at the L1 point will likely lead to an increased risk to spacecraft, though 
for the L1 cloud case the grain sizes are likely too small to pose a significant risk, 
but will increase the degradation rate of external elements such as solar panels. 

 

Fig. 25.10 Insolation change over the Earth's surface over the course of a year, as seen from 
the Sun 

25.3   Availability of Resources 

The mass needed by the space-based geoengineering methods described so far is a 
significant requirement, with the smallest mass being in the region of 1010kg yr-1, 
which is comparable to the mass of concrete in the Three Gorges dam in China. 
Therefore, consideration must be taken regarding the availability of asteroid re-
sources that can fulfil this requirement. 

It is assumed here that the accessibility of asteroid/comet material from the 
Sun-Earth L1 point is, as a first approximation, similar to the asteroid accessibility 
from weakly-bound Earth orbits. The method of capture will depend on the size of 
asteroid, for example small asteroids can potentially be captured with conven-
tional technologies, however, larger asteroids will require other methods, for ex-
ample ejecting material from the surface at high velocities. The approximated 
amount of material accessible at an energy lower than that required to exploit the 
Moon can be shown to be of order 1014 kg (as seen in Chap. 18). This estimation 
results from summing up the mass of all objects, described by a Near-Earth object 
population distribution, that can reach a weakly-bound Earth orbit (i.e., Earth 
parabolic orbit) with a total Δν budget lower than the Moon’s escape velocity of 
2.37km s-1  (Sanchez and McInnes 2010, Sanchez and McInnes 2011). In particu-
lar, for the value presented here, a three impulse transfer model was used to assess 
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the Δν cost of the transfer, not including the velocity to reach the asteroid (San-
chez and McInnes 2011). Thus, this result suggests that the Sun-Earth L1 dust 
cloud could be theoretically sustained for 3,000 years by depleting all the aster-
oid/comet material that is energetically more accessible than the surface of the 
Moon. On the other hand, the two largest dust cloud methods, the gravitationally 
anchored dust cloud and Struck's Earth-Moon L4/L5 dust cloud, could not be sup-
plied, even by depleting the same asteroid material. Note also that, in order to 
provide asteroid material for the planetary dust ring in low Earth orbit, presented 
here and also suggested by Pearson (Pearson et al. 2006), would require an extra 
3.3km s-1 to transport the asteroidal material to the required position at low to  
medium Earth orbit. 

Work undertaken by Sanchez and McInnes (Sanchez and McInnes 2011), as 
well as briefly in Chap. 18, describes how to estimate the Δν cost to access indi-
vidual objects as a function of object size. A simplified version of the asteroid 
resource map represented in Chap. 18 is presented here in Fig. 25.11. This figure 
shows the average available resources by using the first, tenth, hundredth and 
thousandth largest accessible asteroid or cometary object in near Earth space. The 
figure also represents the 90% confidence region, which accounts for the statistical 
uncertainty of the Near-Earth object population distribution. This particular figure 
has been computed with the accessibility provided by the three impulse transfer 
model and NEO distribution model as described in (Sanchez and McInnes 2011).  

Figure 25.11 suggests that it is likely to find one large object able to sustain the 
L1 dust cloud concept for at least 150 years with a Δν lower than that required to 
exploit the Moon. The minimum size object to sustain the cloud for 1 year is 
found to be accessible with a Δν of order 1km s-1, while 3km s-1  would be needed 
to provide 1 large object able to sustain the concept for 1,000 years. This, of 
course, assumes that all the material on the asteroid is milled to fine dust and  
expelled. These are general feasibility considerations on the availability of the 
material, which strongly suggests the benefits of using dust sourced in-situ over 
previous published dust-cloud concepts. 

To assess the feasibility of the largest dust cloud methods, the gravitationally 
anchored dust cloud and Struck’s dust cloud in the Earth-Moon system, a crude 
approximation of the energy needed to capture the 250 largest near-Earth objects 
was determined. These correspond to all asteroids above a mass of 1x1013kg. In 
this process the mass of the objects was estimated using Bowell’s relation, dis-
cussed previously. Then, the minimum Δν of the Lambert-arc connecting the as-
teroid and the Earth is optimised. A global optimisation procedure is used to select 
the optimal Lambert arc conditions to transfer the asteroid to an Earth-like orbit. 
The design parameters of the optimisation are the true anomalies at both departure 
and arrival. A global optimisation method is used that blends a stochastic search 
with an automatic solution space decomposition technique (Sanchez and McInnes 
2010, Sanchez and McInnes 2011).  This is however a very rough approximation 
of the costs of transporting material to an Earth bound orbit, since as seen in 
Chaps. 19 and 21, the judicious use of the Earth gravitational perturbation can 
substantially reduce these costs.  
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Fig. 25.12 Impulse required for capture to the L1 point for the population of near Earth 
asteroids with masses above 1x1013kg, with a Pareto front showing the optimum bodies for 
capture 

25.4   Conclusion 

In this chapter a selection of methods of space-based geoengineering, that utilise 
large clouds of asteroid derived dust grains, have been discussed. The masses 
required to achieve a 1.7% solar insolation reduction, to offset the temperature 
effects of a doubling of CO2 in the atmosphere, range from 2x1010kg yr-1 to 
1017kg. The lowest mass is for the cloud released for the vicinity of the L1 point 
and allowed to drift, thus requiring constant replenishment. This mass is of the 
same order of magnitude as the solid reflector/refractor methods proposed by 
McInnes (2010) and Angel (2006), but requires much less manufacturing and 
launchers to initiate the scheme. Therefore, this represents a significant improve-
ment in the affordability and timeliness of SBGE. The improved Earth ring con-
cept requires in the region of 1012kg of asteroid material, though requires no  
replenishment. Not considering the negative aspects of this scheme, discussed in 
(Bewick et al. 2013), this method of SBGE will be optimal should geoengineering 
be required for many decades. The concept of a gravitationally anchoring a dust 
cloud in the vicinity of the L1 point will require the capture of the largest near-
Earth objects and represents a significant requirement that is beyond current tech-
nology. Though the use of a gravitationally anchored dust cloud is beneficial, the 
extra engineering complexity outweighs this advantage. It has been shown that the 
mass required for the unstable L1 cloud and the Earth ring concept, though it will 
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require the capture of many objects, can be found in the populations of near-Earth 
objects and is more accessible, in terms of velocity required to capture, than lunar 
material. For the reasons discussed in this chapter SBGE can be seen as a promis-
ing concept for a mid-term scenario for geoengineering to reduce the effects of 
climate change. 
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Chapter 26  
Using Asteroids for Launch/Landing, Change of 
Trajectory and Acceleration of Space Ships 

Alexander A. Bolonkin 

C&R Co., New York, USA 

26.1   Introduction 

At the present time, rockets are used to carry people and payloads into space 
(Bolonkin 2006). Other than rockets, methods used to reach space speed include 
the space elevator (Bolonkin 2006, 2007a), tethers (Bolonkin and Cathcart 2007; 
Bolonkin 2008), the electromagnetic system (Bolonkin 2007b, 2010), and the tube 
rocket (Bolonkin 2002a). The space elevator for big planets is not technically 
feasible at the present time; it would require substantial costs for development. In 
particular, the space elevator concept requires extremely strong nanotubes. Tethers 
are very complex and would require two artificial bodies. Electromagnetic 
systems are also complex and expensive. The author has previously discussed 
several other non-rocket launch methods that are potentially low cost, but which 
require much additional research. These include cable launchers (Bolonkin 2006), 
circle launchers (Bolonkin 2002a-f, 2006, 2007a,b, 2008, 2010; Bolonkin and 
Cathcart 2007) and inflatable towers (Bolonkin 2002g).  

 There are many asteroids in the Solar System. The vast majority are found in a 
swarm called the asteroid belt, located between the orbits of Mars and Jupiter at an 
average distance of 2.1 to 3.3 astronomical units (AU) from the Sun. Scientists 
know of approximately 6,000 large asteroids of a diameter of 1 kilometer or more, 
and of millions of small asteroids with a diameter of 3 meters or more. Ceres, 
Pallas, and Vesta are the three largest asteroids, with diameters of 785, 610 and 
450 km, respectively. Others range all the way down to meteorite size. In 1991 the 
Galileo probe provided the first close-up view of the asteroid Caspra. There are 
many small asteroids, meteorites, and comets outside the asteroid belt. For 
example, scientists know of 1,000 asteroids of diameter larger than one kilometer 
located near the Earth. Every day 1 ton meteorites with mass of over 8 kg fall on 
the Earth. The orbits of big asteroids are well known. The small asteroids (from 1 
kg) may be also located and their trajectory can be determined by radio and optical 
devices at a distance of hundreds of kilometers. 

Radar observations enable to discern of asteroids by measuring the distribution 
of echo power in time delay (range) and Doppler frequency. They allow a 
determination of the asteroid trajectory and spin and the creation of an asteroid 
image. 
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There are also the asteroids located at the stable Lagrange points of the Earth–
Moon system. These bodies orbit with the same speed as Jupiter, and might be 
very useful for propelling spacecraft further out into the solar system. It seems 
likely that the kinetic and rotational energy of asteroids will eventually find 
application in space flight. 

Most asteroids consist of carbon-rich minerals, while most meteorites are 
composed of stony-iron. 

The present ideas (Bolonkin 1965, 2002a-j, 2003a,b, 2005a,b, 2011; Weekly 
News 1998) is to utilize the kinetic energy of asteroids to change the trajectory 
and speed of space ships (probes). Any space bodies more than 10% of a ship’s 
mass may be used, but here mainly bodies with a diameter of 2 meters (6 feet) or 
larger are considered. In this case the mass (20–100 tons) of the asteroid is some 
10 times more than the mass of probe (1 ton, 2200 lb) and the probe mass can be 
disregarded. 

26.2   Asteroid Space Elevator. Optimal Cable for Any Space 
Elevator  

This section proposes a new method and transportation system to fly into space to 
the asteroids. This transportation system uses a mechanical energy transfer and 
requires only minimal energy so that it provides a “Free Trip” into space. It uses 
the rotational and kinetic energy of planets, asteroids, meteorites, comet heads, 
moons, satellites and other natural space bodies (Bolonkin 1965, 2002a-j, 2003a,b, 
2005a,b, 2011; Weekly News 1998) . 

This chapter contains the theory and results of computations for three projects. 
The projects use artificial materials like nanotubes and whiskers that have a ratio 
of tensile strength to density equal to 4 million meters. In the future, nanotubes 
will be produced that can reach a specific stress up 100 million meters and will 
significantly improve the parameters of suggested projects. 

The concept of the space elevator first appeared in 1895 when a Russian scientist, 
Konstantin Tsiolkovsky, considered a tower that reached a geosynchronous orbit. 
The tower was to be built from the ground up to an altitude of 35,800 kilometers 
(geostationary orbit). Comments from Nikola Tesla suggest that he may have also 
conceived such a tower. His notes were sent behind the Iron Curtain after his death. 

Tsiolkovsky's tower would be able to launch objects into orbit without a rocket. 
Since the elevator would attain orbital velocity as it rode up the cable, an object 
released at the tower's top would also have the orbital velocity necessary to remain 
in geosynchronous orbit. 

Building from the ground up, however, proved an impossible task; there was no 
material in existence with enough compressive strength to support its own weight 
under such conditions. It took until 1957 for another Russian scientist, Yuri N. 
Artsutanov, to conceive of a more feasible scheme for building a space tower. 
Artsutanov suggested using a geosynchronous satellite as the base from which to 
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construct the tower. By using a counterweight, a cable would be lowered from 
geosynchronous orbit to the surface of Earth while the counterweight was 
extended from the satellite away from Earth, keeping the center of mass of the 
cable motionless relative to Earth. Artsutanov published his idea in the Sunday 
supplement of Komsomolskaya Pravda in 1960. He also proposed tapering the 
cable thickness so that the tension in the cable was constant–this gives a thin cable 
at ground level, thickening up towards GEO (http://www.liftport.com/files/ 
Artsutanov_Pravda_SE.pdf). 

26.2.1   Short Description of the Space Elevator 

The space elevator is a cable installation which connects the planet/asteroid’s 
surface/mast to an over geostationary planet orbit (For the Earth GEO 
(Geostationary Earth Orbit) = 37.786 km in altitude). Schematic diagram of Space 
elevator for asteroid is shown in Fig. 26.1, the space elevator for Earth/planet/ 
asteroid is shown in Fig. 26.2. 

 

Fig. 26.1 Space elevator of asteroid. Notations: 
1 - asteroids, 2 – elevator cable; 3 – tower or 
mast; 4 – bracing; 5 – counterweight; 6 – space 
ship or apparatus; 7 - angle speed of asteroid; 8 
– speed of cable end; Ro is maximum radios 
(from center of asteroid gravity to top of mast). 
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The GEO is a 24-hour orbit and stays over the same point above the equator as 
the Earth rotates on its axis. The installation center of mass is at or above this 
altitude. The space elevator has a counterweight, which allows it to have its center 
of gravity at or above GEO, and climbers. Once sent far enough, climbers would 
be accelerated further by the planet's rotation. A space elevator, also known as a 
space bridge, is one of the technology concepts that are aimed at improving access 
to space. Also called a geosynchronous orbital tether, it is one kind of skyhook. 

The elevator would have to be built of a material that could endure tremendous 
stress while also being light-weight, cost-effective, and manufacturable. A 
considerable number of other novel engineering problems would also have to be 
solved to make a Earth space elevator practical. Today's technology does not meet 
these requirements for Earth’s elevator.  

There are a variety of space elevator designs. Almost every design includes a 
base station, a cable, climbers, and a counterweight. The base station designs 
typically fall into two categories: mobile and stationary. Stationary platforms are 
generally positioned in high-altitude locations.  

 

Fig. 26.2 Space elevator 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The building of a space elevator on Earth has two main problems: tire need for 

material with a very high tensile stress/specific density ratio, and the very large 
cost of Earth installation. But a Earth space elevator could be made relatively 
economically if a cable with a density similar to graphite, with a tensile strength of 
around 65–120 GPa could be produced in bulk at a reasonable price. By 
comparison, the strongest steels are no more than 5 GPa (1 GPa = 100 kg/mm2 = 
0.1 ton/mm2), but steel is heavy. The much lighter material kevlar has a tensile 
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strength of 2.6 – 4.1 GPa, while quartz fiber can reach upwards of 20 GPa; the 
tensile strength of diamond filaments would theoretically be minimally higher. 

Carbon nanotubes have a theoretical tensile strength and density that lie well 
within the desired range for space elevator structures, but the technology to 
manufacture bulk quantities and fabricate them into a cable has not yet been 
developed. Theoretically carbon nanotubes can have tensile strengths beyond 120 
GPa. Even the strongest fiber made of nanotubes is likely to have notably less 
strength than its components (30–60 GPa). Further research on purity and different 
types of nanotubes will hopefully improve this value.    

Note that at present (year 2012), carbon nanotubes have an approximate cost of 
$10÷50/gram, and 20 million grams would be necessary to form even a seed 
elevator. This price is decreasing rapidly, and large-scale production would reduce 
it further. 

Climbers cover a wide range of designs. On elevator designs whose cables are 
planar ribbons, some have proposed to use pairs of rollers to hold the cable with 
friction. Other climber designs involve magnetic levitation (unlikely due to the 
bulky track required on the cable).  

Power is a significant obstacle for climbers. Some solutions have involved 
nuclear power, laser or microwave power beaming. They are very complex, or 
expensive, or have very low efficiency. The primary power methods (laser and 
microwave power beaming) have significant problems with both efficiency and 
heat dissipation on both sides. Bolonkin (2006) offers a cable transport system 
which is more realistic at the present time. 

There have been two methods proposed for dealing with the counterweight 
needed: a heavy object, such as a captured asteroid, positioned just beyond 
geosynchronous orbit; and extending the cable itself well beyond geosynchronous 
orbit. The latter idea has gained more support, it is simpler and the long cable 
located out of GEO (up to 144,000 km) may be used for launching payload to 
asteroids.  

A space elevator could also be constructed on asteroids or other planets. A 
Mars space elevator could be much shorter than one on Earth. Exotic materials 
might not be required to construct such an elevator. A lunar tather would need to 
be very long—more than twice the length of an Earth elevator. It could also be 
made of existing engineering materials.  

There are a lot of problems in the development and design of a Earth space 
elevator: corrosion of cable, meteoroids, micrometeorites and space debris, Earth’s 
weather, Earth’s satellites, failure modes and safety issues, sabotage, vibrational 
harmonics, the event of failure, breaking of the cable, elevator pods, Van Allen 
Belts (radiation region), political issues, economics problems, etc. Many of them 
are absent in asteroid space elevator. 

Many problems of Earth’s space elevator is absent for the asteroid space 
elevator because the asteroid gravity is closed to zero. In particular, the artificial 
fiber can be used for the asteroid space elevator. 

The centrifugal space launcher (Bolonkin 2006, Ch.10) is very suitable for non-
rotational asteroids.  
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26.2.2    General Theory of Space Elevator 

1. General case of a planet. Let us take a small segment (dR) of cable. 
Equilibrium (forces) of this segment is 

,/,,, 2
321321 RdmVdFgdmdFdAdFdFdFdF ===+= σ  (26.1) 

where dF1 is stress force, N; dF2 is gravity force, N; dF3 is centrifugal force, N; σ 
is safety stress, N/m2; A is gross section cable area, m2; g is planet gravity, m/s2; m 
is mass kg; V is speed, m/s2; R is radius, m. The values in Eq. (26.1) equal: 
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where γ is cable density, kg/m3; g0 is planet gravity at R = Ro , m/s2; Ro is planet 
radius, m; ω is planet angle speed, rad/s.  

If we substitute Eq. (26.2) in Eq. (26.1), we obtain the differential equation 

dR
g

R

R

Rg
dA

A 










−






=

0

22
001 ω

σ
γ

 (26.3) 

Solution to Eq. (26.3) is 
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where a is the relative cable area, B(r) is the work of lifting 1 kg mass. These Eqs. 
(26.4’a,b) have been reported by author in Bolonkin (2006 p.13, Eq. (1.4)). 

The mass of the cable M and a volume v can be calculated by equations 
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For asteroid go ≈ 0 and Eq. (26.4’a) is 
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4. Lift force (L) of the asteroid space elevator is 

σ)()( RARL =  (26.7)

The fibers suitable foe asteroid space elevator are presented in Table 26.1. 

Table 26.1 Some data of fibers. The data are from best cases, and have been established for 
giving a rough figure. 

Material Strength 
(MPa) 

Density 
(g/cm³) 

Specific  
Strength 
(kN·m/kg) 

Breaking  
length on  
Earth (km) 

Brass 580 8.55 67.8 6.91 
Aluminium 600 2.80 214 21.8 
Stainless Steel 2000 7.86 254 25.9 
Titanium 1300 4.51 288 29.4 
Bainite 2500 7.87 321 32.4 
Scifer steel wire 5500 7.87 706 71.2 
carbon-epoxy  
composite 

1240 1.58 785 80.0 

spider silk 1400 1.31 1069 109 
Silicon carbide 3440 3.16 1088 110 
Glass Fiber 3400 2.60 1307 133 
Basalt fiber 4840 2.70 1790 183 
1 μm iron whiskers 14000 7.87 1800 183 
Vectran 2900 1.40 2071 211 
Carbon fiber (AS4) 4300 1.75 2457 250 
Kevlar 3620 1.44 2514 256 

Dyneema (UHMWPE) 3600 0.97 3711 378 
Zylon 5800 1.54 3766 384 

Carbon nanotube  62000 .037-1.34 46268-N/A 4716-N/A 
Colossal carbon  
tube 

6900 .116 59483 6066 

 
Note that multiwalled carbon nanotubes have the highest tensile strength of any 

material yet measured, with labs producing them at a tensile strength of 63 Gpa, 
still well below their theoretical limit of 300 GPa. The first nanotube ropes 
(20 mm long) whose tensile strength was published (in 2000) had a strength of 3.6 
GPa, still well below their theoretical limit. The density is different depending on 
the manufacturing method, and the lowest value is 0.037 or 0.55(solid).  
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26.3   Cable Method for Using the Asteroids 

26.3.1   Connection Method 

The connection method includes the following main steps (Bolonkin 2002b):  

(a)   Finding an asteroid using a locator or telescope (or looking in catalog) and 
determining its main parameters (location, mass, speed, direction, rotation); 
selecting the appropriate asteroid; computing the required position of the ship 
with respect to the asteroid. 

(b)  Correcting the ship’s trajectory to obtain the required position; convergence of 
the ship with the asteroid. 

(c)   Connecting the space apparatus (ship, station, and probe) to the space body 
(planet, asteroid, moon, satellite, meteorite, etc.) by a net, anchor, and a light 
strong rope (cable), when the ship is at the minimum distance from the asteroid. 

(d)  Obtaining the necessary position for the apparatus by moving around the 
space body and changing the length of the connection rope.  

(e)  Disconnecting the space apparatus from the space body; spooling the cable. 

The equipment required to change a probe (spacecraft) trajectory includes: 

(a)  A light strong cable (rope). 
(b) A device to measure the trajectory of the spacecraft with relative to the space 

body. 
(c)  A device for spacecraft guidance and control. 
(d) A device for the connection, delivery, control, and disconnection and spooling 

of the rope. 

26.3.2   Description of Utilization 

The following describes the general facilities and process for an asteroid with a 
small gravitational force to change the trajectory and speed of a space apparatus.  

 

 

 
Fig. 26.3 Preparing for employment 
of the asteroid. Notations: 1 – space 
ship, 2 – asteroid, 3 – plane of 
maneuver. 4 – old ship direction, 5 – 
corrected ship direction. a) Reaching 
the plane of maneuver; b) Correcting 
the flight direction and reaching the 
requested radius; c) Connection to the 
asteroid. 
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Figures 26.3a,b,c show the preparations for using an asteroid to change the 
trajectory of the space apparatus; for example, the asteroid 2, which is moving in the 
same direction as the apparatus (perpendicular to the sketch, Fig. 26.3a). The ship 
wants to make a maneuver (change direction or speed) in plane 3 (perpendicular to 
the sketch), and the position of the apparatus is corrected and moved into plane 3. It 
is assumed that the asteroid is more massive than the apparatus.  

 

Fig. 26.4 a) Catching a small asteroid using net; b) Connection to a big asteroid using an 
anchor and cable. Notation: 1 – space ship, 2, 8 – asteroid, 3 – net with inflatable ring, 4 – 
cable (rope), 5 – load cabin, 6 – valve, 9 – anchor. 

 

Fig. 26.5 a) Anchor (harpoon fork). Notation: 2 – asteroid, 20 – body of anchor; 22 – 
cumulative charge (shaped charge), 24 – rope spool, 26 – canal is made by shaped charge, 
28 – rope keeper, 30 – rope, 32 – rocket impulse engine, which implants the anchor into the 
asteroid, 34 – anchor catchers. b) Anchor connected to the asteroid.  

When the apparatus is at the shortest distance R from the asteroid, it connects to 
the asteroid means of the net (Fig. 26.4a) or by the anchor (Fig. 26.5b) and rope. 
The apparatus rotates around the common center of gravity at the angle ϕ with 
angular speed ω and linear speed ΔV (Fig. 26.6). The cardioids of additional speed 
and direction of the apparatus are shown in Fig. 26.6 (right side). The maximum 

additional velocity is ΔV = 2Va, where Va is the relative asteroid velocity when the 
coordinate center is located in the apparatus. Figure 26.6b shows the case where 
the asteroid moves in the opposite direction to the apparatus with velocity ΔV.  
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Fig. 26.6 Using the kinetic energy of an asteroid to change the space ship trajectory (speed 
and direction). On the right are cardioids of the additional velocity and its direction. The 
ship can get this velocity from the asteroid. Notations: 1 – space ship, 2 – asteroid, ΔV – 
difference between velocities of space ship and asteroid. a) Case when the asteroid has the 
same direction as the ship; b) Case when the asteroid has the opposite direction to the ship a 

Figure 26.4a shows how a net can be used to catch a small asteroid. The net is 
positioned in the trajectory of the small asteroid, supported in an open position by 
the inflatable ring and connected to the space apparatus by the rope. The net 
catches the asteroid and transfers its kinetic energy to the space apparatus. The 
space apparatus changes its trajectory and speed and then disconnects from the 
asteroid and spools the cable. If the asteroid is large, the astronaut team can use 
the asteroid anchor (Figs. 26.4b, 26.5).  

The astronauts use the launcher (a gun or a rocket engine) to fire the anchor 
(harpoon fork) into the asteroid. The anchor is connected to the rope and spool. 
The anchor is implanted into the asteroid and connects the space apparatus to the 
asteroid. The anchor contains the rope spool and a disconnect mechanism (Fig. 
26.5). The space apparatus contains a spool for the rope, motor, gear transmission, 
brake, and controller. The apparatus may also have a container for delivering a 
load to the asteroid and back (Fig. 26.4b). One possible design of the space anchor 
is shown in Fig. 26.5. The anchor has a body, a rope, a cumulative charge (shared 
charge), the rocket impulse (explosive) engine, the rope spool and the rope keeper. 
When the anchor strikes the asteroid surface the cumulative charge burns a deep 
hole in the asteroid and the rocket-impulse engine hammers the anchor body into 
the asteroid. The anchor body pegs the catchers into the walls of the hole and the 
anchor’s strength keeps it attached to the asteroid. When the apparatus is to be 
disconnected from the asteroid, a signal is given to the disconnect mechanism.  

If the asteroid is rotated with angular speed ω (Fig. 26.7), its rotational energy 
can be used for increasing the velocity and changing the trajectory of the space 
apparatus. The rotational asteroid spools the rope on its body. The length of the 
rope is decreased, but the apparatus speed is increased (see a momentum theory in 
physics).  
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Fig. 26.7 Using the rotational energy of a rotating asteroid. Notations: 1 – space ship, 2 – 
asteroid, 40 – connection cable. 

The ship can change the length of the cable. When the radius decreases, the 
linear speed of the apparatus increases; conversely, when the radius increases the 
apparatus speed decreases. The apparatus can obtain energy from the asteroid by 
increasing the length of the rope. 

The computations and estimations show the possibility of making this method a 
reality in a short period of time (see projects than follows). 

26.3.3   Theory of Cable Method and Computation 

The differential equation can be found from the equilibrium of a small cable part 
under centrifugal force. This equation for optimal (equal stress from centrifugal 
force) cable is  

da/A = (ω2γ /σ)RdR 

Its solution is the cable equal stress 

a(R)=A/Ao=exp(V2/2k) = exp(ω2R2/2k) . (26.8)

where a – relative cross-section area of cable; A – cross-section area of cable [m2]; 
A0 – initial (near probe) cross-section area of cable [m2]; V – speed of probe or 
space ship about asteroid [m/s]; k = σ/γ – ratio of cable tensile stress to density 
[Nm/kg]; K = k/107 – coefficient; R – radius from the common gravity center: 
asteroid + probe [m]; ω - angular speed of a probe around asteroid [rad/s]; σ – 
tensile strength [N/m2]; γ – density of cable [kg/m3]; 

Mass W [kg] of cable is 
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where the integration interval is [0, V2/ng], n = Fo/g is the overload, V is the circle 
apparatus speed around the common center of gravity, Ws is ship (probe) mass, g 
is Earth gravitation [m/s2], g = 9.81 m/s2 . 

4. Circular velocity of ship around asteroid 

R = V2/gn , V = (gnR)0.5 . (26.11)

Computations are represented in Figs. 26.8-26.10. 
 5. Relative mass of cable with constant cross-section area for small speed  

Wr = W/Ws = γV2/σg = V2/kg . 
(26.12)

6. Finding the additional velocity the space vehicle has received from the 
asteroid. 

Let us take the coordinate axis along the positive direction of the asteroid speed 
and write the momentum and energy laws of the asteroid-apparatus system for this 
axis 

m1V1 + m2V2 = m1u1 + m2u2  , 

0.5m1V1
2 + 0.5m2V2

2 = 0.5m1u1
2 + 05m2u2

2 + A, 
(26.13,14) 

where m1, V1 are the mass and speed of the asteroid respectively before connection 
to apparatus; m2 , V2 are the mass and speed of the apparatus respectively before 
connection to asteroid; u1 is speed of the asteroid after disconnection from the 
apparatus; u2 is speed of the apparatus after disconnection from the asteroid; A is 
energy (work) applied by the apparatus to change the length of the connection 
cable.  

Let us locate beginning of the axis of at the apparatus (this means V2 = 0) and 
apply the variable V = V1 - asteroid speed around apparatus; u = u2 – the 
additional apparatus speed; and m = m2/m1 – the relative apparatus mass. 

Substitute u1 from Eq. (26.13) into Eq. (26.14), we receive the quadratic 
equation about u 

(m+1)u2 – 2Vu + 2A/m1m = 0 . (26.15)

Solution of this equation is 

u = {V ± [V2 + 2A(m+1)/mm1]
0.5}/(m+1) . (26.16)

Investigating this equation, if A = 0 (the apparatus does not change the length of 
the connection cable) and the asteroid mass is large (m ≈ 0), the maximum 
additional speed of the apparatus is u = 2V in the asteroid direction and V = 0 in 
the opposite direction. If A ≠ 0, the maximum work (energy) apparatus can receive 
from the asteroid by increasing the connection cable length, is less than 

A ≤ mm1V
2/2(m + 1) . (26.17)
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If the apparatus expends internal energy (decreases the length of the connection 
cable), the additional apparatus speed is limited only by the safe cable strength and 
apparatus overload. The apparatus does not lose mass to increase its speed. 

If apparatus is disconnected in a direction with an angle of ϕ to the asteroid 
speed direction, the additional apparatus speed is 

ΔV = V(1 + cos ϕ ). (26.18)

where V is initial speed of the asteroid around the space ship [m/s] (coordinate 
center is located at the space apparatus); ΔV is additional speed received by the 
ship from the asteroid [m/s]; ϕ is the angle between the old velocity vector of the 
asteroid and the new velocity vector of the apparatus.  

The additional kinetic energy of the apparatus is then 

Ek = 0.5m2(ΔV)2. (26.19)

The known formulas below may be useful: 
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where V1 is the circular speed around the Earth, V2 is the escape speed, Ro is the 
Earth’s radius, and Rg is the radius of Earth’s geosynchronous orbit. 

26.3.4   Project 

The capability to change the trajectory and speed of a space vehicle using an 
asteroid is shown in Fig. 26.6. The space ship could obtain a maximum additional 
speed equal to twice the speed difference between the space vehicle and the 
asteroid (speed of the asteroid around the space ship). If the length of the 
connection cable is changed, the speed of the space ship could change by more 
than double the speed difference. If the asteroid is rotating, the space ship can also 
obtain an additional speed increase from the rotation. The additional speed from 
one asteroid is also limited (for a manned ship) by the mass of the cable. For an 
additional speed of 1,000 m/s and K = 0.2, the mass of cable would equal 5% of 
the mass of the space apparatus. For an additional speed of 2,000 m/s, the mass of 
cable would equal 23% of the mass of the space apparatus. To travel to an 
asteroid, a connection device may be mounted onto the transport cable. The cable 
may be used many times.  

The reader finds the reports closed to this topics in Bolonkin (1965, 2002a-j, 
2003a,b, 2005amb, 2011), Weekly News (1998), data for computation in Naschekin 
(1969), Galasso (1989), Kroschwitz (1990), Palmer (1991), Directory (1995), 
Cosmo and Lorenzini (1997), Anonymous (1996-1997, 2001), Dresselhous (2000), 
Smitherman (2000), Ziegler and Cartmell (2001). 

The results of computation for different cases are shown in Figs. 26.8-26.13. 
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Fig. 26.8 Asteroid cable relative ratio via circle speed; coefficient K = 0.1– 0.4 

 

Fig. 26.9 Relative cable asteroid mass via circle speed in m/s; coefficient K = 0.1– 0.4 



26   Using Asteroids for Launch/Landing 619 

 

 

Fig. 26.10 Cable radius in km via circle speed in m/s and overload n = 4–16 

 

Fig. 26.11 Asteroid cable relative ratio via circle speed and coefficient K = 1– 4 
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 Fig. 26.12 Relative cable asteroid mass via circle speed in m/s and coefficient K = 1– 4 

 

Fig. 26.13 Cable radius in km via circle speed in m/s and overload n 
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26.3.5   Discussion about Cable Method 

If the change in the ship’s speed is less than 1000 m/s, the conventional widely 
produced fiber (safe K = 0.1) can be used. The cable mass is about 8% of the 
ship’s mass. After disconnection the cable will be spooled and can be used again. 
The reader can make estimations for other cases. Radio or optical devices can 
locate asteroids at distance of thousands of kilometers. Their speed, direction of 
flight and mass can be computed. The ship (probe) can make small corrections to 
its own trajectory to obtain the required position relative to the asteroid. All big 
asteroids with a diameter of more than 1 kilometer are listed in astronautic 
catalogs and their trajectories are well known. One thousand of them are located 
near the Earth. For those, we can compute in advance the intercept parameters. At 
the present time, long-range space apparatus uses the gravity of a planet to change 
its trajectory. However, the solar system has only nine planets, and they are 
located very far from one another. The employment of asteroids increases this 
possibility a million times over. 

Estimation of the Probability of Meeting a Small Asteroid. It is known that 
every day about a ton of meteorites with a mass greater than 8 kg fall into the 
Earth’s atmosphere. The Earth’s surface area is about 512 million km2. If the 
average mass of meteorites is 10 kg, then the Earth encounters 100 meteorites per 
day or one meteorite a day for every 5 millions km2. If a space probe has a mass 
around 100 kg, a 10 kg meteorite has enough mass for it to be employed to change 
the direction and speed of the space probe. Ground locators can detect a 1 kg 
space mass at distances up to thousands of km. If the space ship can detect over a 
range of 1000 km, it means it can see a space body with an area of one million 
km2, or about one meteorite in every 5 days. If one meteorite in ten is suitable for 
employment, it means every 50 days the space apparatus will meet an eligible 
meteorite near the Earth. The likelihood is ten times greater in the asteroid belt 
between Mars and Jupiter. For 6,000 big asteroids, we can compute the intercept 
parameters now. This number is expected to increase as more small asteroids are 
registered.  

Note that the kinetic energy of space bodies may be used if the space body has 
a different speed or direction. It is difficult to use a tether system (for example, the 
last stage of a rocket and the Shuttle ship) because they have the same speed and 
direction.  

Cable. If the required change of speed is less than 1,000 m/s, then cable from 
current artificial fibers can be used.  

26.3.6   Conclusion 

The availability of both current and new materials makes the suggested propulsion 
system and projects more realistic for a long trip to outer space with a minimum 
expenditure of energy (Bolonkin 2006). 
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26.4   Electrostatic Utilization of Asteroids for Space Flight 

This section offers an electrostatic method for changing the trajectory of space 
probes. The method uses electrostatic force and the kinetic or rotational energy of 
asteroids to increase or decrease ship/ probe speed by 1000 m/s or more and to 
achieve any new direction in outer space. The flight possibilities of spaceships and 
probes are thereby increased by a factor of millions. 

26.4.1   Introduction 

The method includes the following main steps (Fig. 26.14):  

(a) Finding an asteroids using a locator or telescope (or looking in a catalog) 
an asteroid and determining its main parameters (location, mass, speed, direction, 
rotation); selecting the appropriate asteroid; computing the required position of the 
ship with respect to the asteroid. 

(b)  Correcting the ship’s trajectory to obtain the required position; 
convergence of the ship with the asteroid. 

(c)  Charging the asteroid and space apparatus ball using a charge gun.  
(d) Obtaining the necessary apparatus position and speed for the apparatus 

by flying it around the space body and changing the charge of the apparatus and 
asteroids.  

(e) Discharging the space apparatus and the asteroid. 

The equipment requires for changing a probe (spacecraft) trajectory includes: 

(a)  A charging gun. 
(b)  Devices for finding and measuring the asteroids, and computing the 

trajectory of the spacecraft relative of the space body. 
(c) Devices for spacecraft guidance and control. 
(d)  A device for discharging of the apparatus and asteroid (see Fig. 26.14).  

   

Fig. 26.14 Method of electrostatic maneuvers of the space apparatus. Notations: 1 – space 
apparatus, 2 – charged ball, 3 – asteroid, 4 – charged gun, 5 – new apparatus trajectory, 6 – 
discharging the apparatus and asteroid. 
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26.4.2   Description of Asteroid Utilization 

The following describes the general facilities and process for an asteroid to change 
the trajectory and speed of a space probe.  

Figure 26.15a,b,c,d show the preparations for using an asteroid for changing the 
trajectory of the space apparatus’, for example, the asteroid 2, which moves near 
the space apparatus. The ship needs to make a maneuver (change direction or 
speed) in plane 3 (perpendicular to the sketch), and the position of the apparatus is 
corrected and it is moved into the required plane 3 using small rocket impulses. It 
is assumed that the asteroid has more mass than the artificial apparatus, and the 
space body speed is close to that of the apparatus (the difference can be as much 
as 1000 m/s).  

 

Fig. 26.15 Maneuvers of electrostatic space apparatus. a – preparing for aneuver, correcting 
the plane of maneuver; b – correcting the apparatus trajectory in the maneuver plane; c – 
charging the apparatus and asteroids, changing apparatus trajectory and velocity, 
discharging apparatus and asteroid; d – the case of like charges (which repel). Notations: 1 
– space apparatus (ball); 2 – asteroid; 3 – plane of maneuver; 4 - initial apparatus trajectory; 
5 – primary correction of the trajectory in the maneuver plane; 6 – charge impulse from 
apparatus to asteroid using charge gun; 7 – new apparatus trajectory; 8 – discharge impulse 
from apparatus (return part of charge energy) using sharp edge. 

In the early computed point of the trajectory the space apparatus sends the 
asteroid a charge which takes root on asteroid surface, electrifying it. The 
apparatus also is charged (with unlike or like charges). If the apparatus and 
asteroid have unlike charges, they will be attracted one to another (Fig. 26.15c). If 
they have like charges, they will repel such other (Fig. 26.15d). The electrostatic 
force changes the apparatus trajectory and speed. The trajectory gains a new 
direction with a new velocity. When the trajectory has the selected direction and 
speed, the apparatus is then discharged and leaves the asteroid. The charge energy 
returns to the apparatus. If efficiency equals 1, this energy will be less when the 
new apparatus speed is more than before, equal when the speeds are same, and 
more when the apparatus speed is less than the previous speed. 
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Charging is done using a special charge gun, which accelerates charged 
particles (electrons or ions) to the required speed, and discharging is done using 
the edge of a pike. The return energy is an electric current through the pike’s edge. 
The apparatus can also utilize the asteroid’s speed and asteroid kinetic energy by 
mechanical connection as described herein. 

The charging equipment may be used to land the apparatus on an asteroid 
surface and to launch the apparatus from an asteroid (see point 5 in the Theory and 
Computation section). The apparatus ball is usually charged with negative charges 
because negative charges (electrons) are emitted from an open surface which does 
not have a high resistance electric cover, when the electrical intensity (in a 
vacuum) is over 100 MV/m.  

26.4.3   Theory of Electrostatic Method and Computation 

1. The electrostatic force between charged bodies is  
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where F is the force [N]; k is a coefficient, k = 9×109; Q is the charge [C]; r is the 
distance between the center of charges [m]; a is radius of the charged ball 
apparatus [m]; E is the electrical intensity at the ball’s surface [volts/m] (it may be 
up 100–200 MV/m in the vacuum and negative charge, and is more for positive 
charge). 
2. Computation of space apparatus trajectories. Assume the asteroid mass is 
many times greater than the apparatus mass and start the origin of the coordinate 
system at the asteroid’s center of gravity. The initial apparatus position is shown 
in Fig. 26.16. 

 

 
Fig. 26.16 Interaction between the 
charged ball apparatus and the 
charged asteroid. Notations are: 1 – 
space apparatus and electrically 
charged ball (balloon); 2 – asteroid; 
rA – initial radius, VA – initial 
apparatus speed. 
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We assume the charging happens instantly and the charges are constant up to 
point of discharge.  

The equations for computation of the hyperbolic (e > 1) apparatus trajectory are 
(asteroid mass >> apparatus mass): 
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Here: K – coefficient [constant]; m – apparatus mass [kg]; q – electrical charge of 
the space apparatus [C]; Q – electrical charge of the asteroid [C], which is 
conventionally q = Q; H – coefficient of apparatus energy (kinetic and electric 
potential) around the asteroid; VA – relative speed of the asteroid about spaceship 
[m/s] at the initial radius rA (moment of charge impulse); V(r) – spaceship speed 
[m/s], c – momentum constant, e – eccentricity of the apparatus trajectory (e > 1 
for a hyperbolic trajectory, e = 1 for parabolic trajectory, 0 < e < 1 for an elliptical 
trajectory, e = 0 for a circle), β – the angle between VA and perpendicular to rA at 
the moment of charging (see Fig. 26.16), α – angle between the asymptotes of the 
hyperbolic trajectory, γ – final deviation of the hyperbolic trajectory from the 
initial direction [radians]; p – parameter of the hyperbolic trajectory [m]; r – 
variable radius-vector at the trajectory point [m]; rmin – minimum distance of the 
charge apparatus center from the asteroid [m]; Vmax – maximum apparatus speed 
relative to the asteroid [m/s]; Ak – maximum centrifugal acceleration of apparatus 
[m/s2]. 

The constant (H) may be found from the initial position (rA) and initial speed of 
the apparatus (VA) (see the second formula in Eq. (26.22)). Sign “–” is used for 
attraction, sign “+” is used for repelling charges. 

Note than the trajectory may be circular or elliptical and the apparatus can orbit 
for a long time around the asteroid. 

Readers can find initial formulas for gravity fields in space mechanics and 
physics text-books and modify them for electrical charged bodies (electric fields). 
Formulas in Eq. (26.22) are used for deviation of the charged apparatus by the 
electrically charged asteroid. 

The reader finds the reports closed to this topics in Bolonkin (1965, 2002a-j, 
2003a,b, 2005a,b, 2011), Weekly News (1998) , data for computation in Naschekin 
(1969), Galasso (1989), Kroschwitz (1990), Palmer (1991), Directory (1995), 
Cosmo and Lorenzini (1997), Anonymous (1996-1997, 2001), Dresselhous (2000), 
Smitherman (2000), Ziegler and Cartmell (2001). 

Computations of a typical parameter of trajectory versus parameter rA for space 
apparatus of mass 100 kg are presented in Figs. 26.17 – 26.20. 
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Fig. 26.17 Maximum turn angle of trajectory, γ, versus the initial charge distance to 
asteroid and radius of the charged ball for electrical intensity of 100 million volts/meter, 
initial apparatus speed 200 m/s, and apparatus mass 100 kg, β = π/4 

 

Fig. 26.18 Minimum radius of trajectory versus the initial charge distance to the asteroid 
and radius of the charged ball for electrical intensity 100 million volts/meter, initial 
apparatus speed 200 m/s, and apparatus mass 100 kg, β = π/4 
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Fig. 26.19 Maximum speed of the space apparatus versus the initial charge distance to the 
asteroid and radius of the charged ball for electrical intensity 100 million volts/meter, initial 
apparatus speed 200 m/s, and apparatus mass 100 kg, β = π/4 

 

Fig. 26.20 Maximum acceleration (in g) of space apparatus versus the initial charge 
distance to the asteroid and radius of the charged ball for electrical intensity 100 million 
volts/meter, initial apparatus speed 200 m/s, and apparatus mass 100 kg, β = π/4 
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3. Initial expenditure of electrical energy needed to charge of the ball. The ball 
must be charged with electrical energy of high voltage (millions of volts). Let us 
estimate the minimum energy, when charged the device has 100% efficiency. This 
energy is equals to the work of moving of the ball charge to infinity. This may be 
computed using the equation 

,
2

,,,
2

2322

k

Ea
W

k

a
C

k

Ea
Q

C

Q
W ====  (26.23) 

where W is ball charge energy [J]; C is ball capacitance [F]; Q is ball charge [C].  
The result of this computation is presented (same) in Fig. 26.18. As you can see 

this energy is not enormous – it is about 1 – 10 kWh for a ball radius of a = 2–4 m 
and electrical intensity of 25–100 MV/m. This energy (equal, or less, or more) 
may be returned when the ball is discharged by emitting of the charge into space 
using a sharp edge. 

The energy (work) requirement for the separation of unlike charges (apparatus 
– asteroid, q = Q) can be computed by the following equations (for efficiency is 
equal to 1): 
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where ΔW is increment in energy [J]; Vf is apparatus speed on the moment of 
discharge [m/s]; rf – is the distance to the asteroid at the moment of discharge [m]. 
Charging the asteroid requires less energy because it is located at a limited 
distance from the space apparatus. The increment ΔW may be either positive, zero, 
or negative. 
4. The ball stress, cover thickness and ball mass. The ball has tensile stress 
from the like electric charges. The equations are same as Eqs. 13.9-13.12 of 
Bolonkin (2006). 
5. Landing on and launching the space apparatus from asteroids 
If the apparatus and the asteroid have like charges, they will repel each other. This 
can be used to brake the apparatus for landing on the asteroid or for launching the 
apparatus from the asteroid surface. The change in apparatus speed can be 
computed using the following equations: 
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where V is the initial (for braking) or final (for launching) speed of the apparatus 
[m/s]. Computations of braking (landing) and launch speed are presented in Fig. 
26.21. The launch speed can be quite high, at up to 1600 m/s or more. 
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Fig. 26.21 Launch and landing (braking) speed of apparatus versus the charged ball radius 
and the electrical intensity (in million of volts/meter) 

26.4.4   Project 

The reader finds the reports closed to this topics in Bolonkin (1965, 2002a-j, 
2003a,b, 2005a,b, 2011), Weekly News (1998). 

As a project we can take the space apparatus of the mass 100 kg. All its 
parameters and maneuver capabilities can be estimated from the figures above. Data 
for computation may be found in Naschekin (1969), Galasso (1989), Kroschwitz 
(1990), Palmer (1991), Directory (1995), Cosmo and Lorenzini (1997), Anonymous 
(1996-1997, 2001), Dresselhous (2000), Smitherman (2000), Ziegler and Cartmell 
(2001). 

26.4.5   Discussion 

1. Estimation of probability of meeting a small asteroid. This problem was 
considered in Chap. 11 of Bolonkin (2006). Note that the kinetic energy of space 
bodies may be used through mechanical connections if the asteroid has a different 
speed or direction. However, electrostatic apparatus can use asteroids that have the 
same direction and speed for its acceleration if the apparatus has electrical energy 
(through charging and discharging the asteroid). 
2. Charging the ball. This problem was considered in Chap. 13 of Bolonkin 
(2006), point 9.  
3. Blockading of the ball charge. Blockading of the charge on the ball and the 
asteroid by unlike solar wind particles may be a problem with this method. The 
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charge on the ball attracts unlike particles and repels like particles and opposite-
charge particles accumulate near the ball and block its charge. As the result the 
efficient area near the ball is less than electrostatic theory predicts. The area has a 
radius of about 7–25 km in Earth orbit. The electrostatic forces can be reduced. 
The method of computation for a neutral (efficient) area is offered by author 
elsewhere (Bolonkin 2010)(see also Chap. 13 of Bolonkin (2006)). This problem 
is not important for suggested method by following reasons: 

1. The apparatus trajectory is usually located inside the neutral sphere. 
2. The maneuvers are usually made far from the Sun where the solar wind 
intensity (density of space plasma) is very small.  
3. The maneuvers are made quickly.  

Possible drawbacks of the method may include the mass of the charge gun, 
electrical energy storage, and the mass of ball because the apparatus has big 
centrifugal acceleration. 
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Chapter 27  
Observation of Asteroids for Searching 
Extraterrestrial Artifacts  

Csaba Kecskes 

Comptech Ltd, Budapest, Hungary 

27.1   Introduction 

Since the beginning of modern astronomy all evidence indicates that mankind's 
place in the Universe is not central or exceptional. A major step was made into 
this direction recently when the availability of very high resolution spectrographs 
made it possible to detect giant and subgiant planets around Sun-like or smaller 
stars (Mayor 1995) and it was found that planetary systems are not rare. If man-
kind is not unique then one may ask obviously: where are the others? This prob-
lem is traditionally named as the Fermi paradox, although there are just some  
vague recollections that Enrico Fermi once discussed it with his colleagues (Fin-
ney 1985). There are hundreds of hypothetical answers to this question (for a not 
too long summary see Webb (2002) but none of them is supported by any  
evidence. 

Probably the two most popular answers are the following:  

• UFO (Unidentified Flying Objects) theories: extraterrestrials visit the Earth 
frequently, they have bases in the Solar system, etc.  

• SETI (Search for Extraterrestrial Intelligence): interstellar travel never 
happened and never will happen, the extraterrestrials can be contacted only by 
radio (or visible light, neutrino etc.) messages (Drake 1992).  

UFO theories are not popular among scientists; this might be understandable, con-
sidering the "anecdotal evidences" (sometimes with quite incredible details) usual-
ly presented by their supporters. But replacing the basic assumption of the UFO 
theorists (i.e. extraterrestrials visited the Earth in the past or they are visiting it 
frequently nowadays) with a weaker assumption (i.e. extraterrestrials visited the 
Solar system in the past or they might be present in the Solar system even now) 
one gets into an area where testable (verifiable/falsifiable by repeated observa-
tions) theories can be created. For example in the 1970s it was suggested that ex-
traterrestrials may inhabit some asteroids (Papagiannis 1978) and their presence 
could be detected by the excess infrared radiation caused by their activities 
(Papagiannis 1985). The IRAS (Neugebauer 1984) was the first spaceborne in-
strument which was able to map the Solar system in infrared radiation but no as-
teroids were found with significant excess radiation.  
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The extreme pessimism of the SETI theorists is also not very convincing, espe-
cially if one takes into consideration that most Sun-like stars in the Galactic Hab-
itable Zone (Balazs 1988) are older than the Sun by approximately one billion 
years (Lineweaver 2004); therefore, there should be many technical civilisations 
which had at their disposal many millions of years to develop a method of inter-
stellar spaceflight.  

A possible solution for the Fermi paradox is to assume that technical civilisa-
tions evolve in such a way that Earth-like planets (and, eventually, Sun-like stars) 
are becoming unimportant for them. As John Allen Ball wrote: "more likely an 
Earthlike planet is to ETI what an empty eggshell is to a bird" (Ball 1985). In 
Kecskes (1998) a step-by-step evolutionary model of the technical civilisations 
was suggested which is summarised in Table 27.1. 

According to the above model, level 3 civilisations regularly visit planetary 
systems where they use asteroids or other small objects in order to refuel, repair or 
even rebuild their spaceships. Because they are adapted (technologically and bio-
logically) to a low gravity environment, planets and large moons are not suitable 
for them. Because they use stellar energy when not travelling these small objects 
cannot be too far from a star. Therefore the main asteroid belt of the Solar system 
is a suitable place for them. The materials what they need are probably light met-
als (Al, Mg) for structural components and organics and water for replenishing the 
life support system. If they use a fusion based propulsion system then water also 
can be used for deuterium and tritium production.  

There is an opinion that a closed-cycle biological life support system will al-
ways be too heavy to be used on an economically designed interstellar (or even 
interplanetary) spaceship; instead of using it, the astronauts should be turned into 
cyborgs (Clynes 1960). This could be possible with future advances of nanotech-
nology (Freitas 2002). But the model presented in Table 27.1 basically depends on 
the gradual development of the spaceships: interplanetary spaceships should be 
developed before the interstellar spaceships, and before the design of the advanced 
interstellar spaceships (which can extract the necessary materials from the inter-
stellar medium), "basic" interstellar spaceships should be developed, which should 
be operated by using materials available around a star. Cyborg astronauts may not 
adapt biologically to the low gravity environment as it is stated at the level 2 in 
Table 27.1, but their technology will be adapted to low gravity environment be-
cause extracting materials from a small celestial object is cheaper than raising 
things from the "gravity well" of a planet. 

As an "all in one" solution the optimal place for the repairing and refueling op-
erations of an interstellar spaceship can be a C class asteroid with significant 
amounts of hydrated minerals and/or water ice (Rivkin 2002). Even if the extrater-
restrials have advanced nanotechnological fabrication units and they are using  
diamondoid-type materials (Freitas 2011) a C class asteroid is a good choice be-
cause of it's carbon content. Of course, we cannot expect that there are extraterres-
trials right now in the Solar system but the traces of their visitation (furnaces, slag 
heaps, damaged spaceship parts which were not worth to be repaired) can be visi-
ble even after millions of years because the erosion of the asteroid surfaces is quite 
slow (Clark 2002).  
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Table 27.1 Evolutionary levels of technical civilisations (abridged version of Table 2 of 
Kecskes (1998))  

General  
description 

Typical long-
range transporta-
tion method 

Material  
resources used 

Energy  
resources used 

Biological 
properties 

level 1: civilisa-
tion on the sur-
face of a planet 

airplane, ship ores from the 
crust of the 
planet, organics 
from the bio-
sphere 

naturally con-
served stellar 
energy (coal, 
oil, uranium) 

adapted to 
planetary con-
ditions (high air 
pressure,  
strong gravity, 
natural food 
resources) 

level 2: civilisa-
tion in the inter-
planetary space 

interplanetary 
spaceship with 
small accelera-
tion 

asteroids, ex-
tinct comet 
nuclei 

direct sunshine 
(solar cells, 
solar furnaces)

adapted to 
space habitats 
(low air pres-
sure, near-zero 
gravity, closed 
biological life 
support system) 

level 3: civilisa-
tion with inter-
stellar travel 
capability 

interstellar 
spaceship (with a 
limited range) 

like level 2 and
stocked materi-
als during trav-
els 

like level 2 and 
artificially 
conserved 
forms (deuteri-
um, He3, anti-
matter?) during 
travels 

like level 2 and 
very long life-
time (or hiber-
nation capabil-
ity?), small-size 
closed life sup-
port system 

level 4: civilisa-
tion in the inter-
stellar space 

interstellar 
spaceship (with 
unlimited range)

interstellar 
dust, controlled 
fusion prod-
ucts? 

fusion of inter-
stellar hydro-
gen, exotic 
resources? 

like level 3, life 
support system 
integrated in 
their body? 

 
 
Even if one thinks that the model presented in Table 27.1 is too speculative, the 

"Search for Extraterrestrial Artifacts" (SETA) can be a worthwhile proposal from 
the viewpoint of other theories, too. In the 1960s it was suggested that extraterres-
trials may have sent spaceprobes into the Solar system in order to observe the 
Earth (Bracewell 1960). An astronomical search was conducted in the most prob-
able places (e.g. in the Earth-Moon Lagrangian points, see Freitas (1983)) but no 
evidence of artificial objects was found (Valdes 1983). It must be noted here that 
the term "SETA" was coined by R.A. Freitas Jr.; this was first used in Freitas 
(1983).  

According to the above evolutionary model it is improbable that advanced civi-
lisations would send intentionally spaceprobes into the Solar system. On level 3 
they are not interested in Earth-like planets. An asteroid belt around a nearby star 
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can be detected even with instruments on our technological level; by using more 
advanced technology, even a mineralogical characterisation is possible with re-
mote observations. This is far more faster (and cheaper) than sending an interstel-
lar spaceprobe to another star and waiting for the results.  

But there is a possibility of unintentional sending, too: a level 2 civilisation 
with large scale industrial activities in the asteroid belt around its star may pro-
duce enormous amounts of garbage and "throwing it out" into the interstellar 
space may be cheaper than reprocessing. If a level 2 civilisation becomes extinct 
or passes onto level 3 then some of the artificial objects left in their asteroid belt 
may be ejected into the interstellar space via orbit evolution. If there are many 
such sources, then the random arrival of an artificial object into the Solar system 
might be not very improbable. It was suggested that the remnants of such artificial 
objects should be searched on the Moon (Arkhipov 1998).  

27.2   Search Method  

The problem of finding artificial objects in the asteroid belt is twofold:  

• how to find the proper asteroids  
• how to identify the artificial objects  

The second question can be discussed more easily because there is an ongoing 
space mission with one of its objectives defined as photographing artificial objects 
on the surface of the Moon. This is the Lunar Reconnaissance Orbiter (LRO) of 
the NASA (Chin 2007). The artificial objects are the remnants of the previous 
Soviet Moon landing missions (Luna, Lunokhod) and American missions (Sur-
veyor, Apollo). It was a major success of the LRO mission when the exact loca-
tion of the Lunokhod-1 rover was determined (Abdrakhimov 2011).  

But the resolution of the LRO pictures is not very high compared to the sizes of 
the man-made objects on the Moon, i.e. approximately 50 cm/pixel on the best 
pictures. On such pictures the artificial objects appear only as 10...50 pixel blobs. 
This is enough if one knows what, and approximately where, should be searched, 
but certainly not enough for proving (or at least hinting) that a previously unseen 
object is artificial. For that purpose at least a 10 cm/pixel resolution would be 
necessary if one assumes that the typical sizes of the objects made by extraterres-
trials are similar to the sizes of the man-made objects. This is a reasonable  
assumption if one takes into consideration that in similar environments (Earth-like 
planets) probably similar beings evolve, and the typical sizes of man-made objects 
follow from the sizes of humans. Table 27.2 shows the most important parameters 
of the LRO high resolution camera and some other high resolution cameras which 
were used on spacecrafts for photographing asteroids or comets.  

If one asks "which camera should be used on an LRO-like spacecraft for 
achieving a 10 cm/pixel resolution", then there is only one adequate choice in 
Table 27.2, the HRI of the Deep Impact mission. This indicates that the searching 
of previously unseen artificial objects on the surface of celestial bodies is possible 
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within the current limits (including financial limits) of space technology, but the 
manufacturing and testing of an adequate imaging system requires a significant 
investment. Of course, lander type missions can make even some mm/pixel reso-
lution photographs with rather small cameras after landing, but sending a lander 
onto every "larger than a km" asteroid (or into every "larger than a meter" crater of 
the Moon) is certainly a financial impossibility.  

Table 27.2 Cameras used on spacecrafts 

Mission name Camera name and 
type 

Focal 
length 
(mm) 

Aperture or 
f ratio 

CCD size Expected  
resolution 

NASA LRO 
(Chin 2007) 

Narrow Angle Cam-
era (NAC), 
Cassegrain reflector 

700 195 mm 5000 pixels 
linear 

0.5 m/pixel at 50 
km 

NASA Galileo 
(Russell 1992) 

Solid State Imager 
(SSI), Cassegrain 
reflector 

1500 f/8.5 800x800 pixels100 m/pixel at 
10000 km 

NASA NEAR 
(Cheng 2002) 

Multispectral Imager 
(MSI), refractive 
optics 
 

167 18.6 cm2 537x244 pixels10 m/pixel at 
100 km 

ESA Rosetta 
(Keller 2007) 

Narrow Angle Cam-
era (NAC), 3-mirror 
asymmetric (anas-
tigmatic) telescope 

717 
 

90 mm 2048x2048 
pixels 

20 m/pixel at 
1000 km 

NASA Deep 
Space 1 
(Rayman 2000)

MICAS/VISCCD 
imager, reflector with 
asymmetric mirrors 

677 100 mm 1024×1024 
pixels 

50 m/pixel at 
4000 km 

JAXA 
Hayabusa (Ishi-
guro 2009) 

AMICA, refractor 
telescope 

120 15 mm 1000x1024 
pixels 

1 m/pixel at 10 
km 

NASA Stardust 
(Brownlee 
2003)  

Imaging and Naviga-
tion Camera, Petzval-
type refractor 

200 f/3.5 1024x1024 
pixels 

12 m/pixel at 
150 km 

NASA Deep 
Impact 
(A'Hearn 2005) 

High Resolution 
Imager (HRI), 
Cassegrain reflector  

10500 300 mm 
(f/35) 

1024x1024 
pixels 

1.4 m/pixel at 
700 km (actual 
resolution was 
worse because of 
focus misalign-
ment)  

NASA DAWN 
(Russell 2007)  

Framing camera, 
refractive optics 

150 f/7.9 1024x1024 
pixels 

20 m/pixel at 
200 km 
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The first question (how to find asteroids which have artificial objects on their 
surface) is much more difficult. An asteroid used for repairing and refueling an 
interstellar spaceship by extraterrestrials can be named as a "repair station aster-
oid". The probable properties of such a "repair station asteroid" are the following:  

• It is a C type asteroid; therefore the semimajor axis of it's orbit is probably 
between 2.3 and 3.5 AU (Nelson 1993); 

• The eccentricity of it's orbit is probably less than 0.06. Level 3 civilisations 
use solar (stellar) energy when they stay around a star and any technological 
process can be operated more easily if the energy input does not vary too 
much; 

• Its diameter is probably greater than 1 km. Even a much smaller asteroid 
probably contains enough materials for the repairing and refueling operations 
but strip mining is easier than shaft mining and on a larger surface the solar 
plants, furnaces, etc, can be placed more easily. 

• The inclination of it's orbit is probably greater than 10 degrees. If an interstel-
lar spaceship arrives from an arbitrary direction to the Solar system, then its 
first orbit around the Sun will be probably a high inclination orbit. If they 
have only little fuel left (at the end of an interstellar travel it is certainly not 
unusual) then they will choose an asteroid which can be reached with a mini-
mum amount of delta-v from their initial orbit that is an asteroid with a high 
inclination orbit.  

The numbers in the above criteria are only "rough estimates" but enough for some 
calculations. A recent yearbook of the minor planets (Shor 2010) contains data for 
231,665 numbered asteroids. The Internet site of the IAU Minor Planet Center  
( www.minorplanetcenter.net ) displays that there are 599,955 known main belt 
asteroids in May 2012. Using the interactive database search facility of this web-
site, the author made the following search based on the above listed criteria:  

• absolute magnitude < 17 (a rough approximation of the "diameter > 1 km" 
criterion)  

• 2.3 AU < semimajor axis < 3.5 AU  
• eccentricity < 0.06  
• inclination > 10 degrees  

The result: 9039 objects match search criteria (in May 2012), 4885 of them are 
numbered asteroids. This is certainly a too big number for a one-by-one examina-
tion. Spectral characterisation cannot help too much because of the following 
causes:  

• In the region 2.3 AU < semimajor axis < 3.5 AU most of the asteroids are in the 
C class and most of them contain water (Rivkin 2002); excluding the "not C 
type" and "dry C type" ones may halve the above numbers but that is still too 
much;  
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• Asteroids are faint objects, observing asteroid spectras requires the expensive 
time of a large telescope. The number of asteroids with a measured spectrum 
was approximately 3000 in the year 2001 (Bus 2002) and this number is 
growing far more slowly than the number of asteroids with known orbits.  

• If an asteroid is used as a "repair station" by extraterrestrials, then probably 
only a smaller part of it's surface is used for mining and slag depositing; in this 
case the asteroid spectrum will not change significantly. Space weathering 
tends to suppress even this minor changes.  

But one must take into consideration that the search for artificial objects does not 
mean that a single specific asteroid must be found. The concept of "mankind is not 
unique" works for the extraterrestrials, too. If there were some extraterrestrials 
who visited the Solar system, then there were others, too. At this point it is obvi-
ous to ask: how many visitations were there? This question leads to the usual great 
questions about the extraterrestrials: "how many Earth-like planets are in the 
Milky Way", "what is the probability of the evolution of a technical civilisation on 
an Earth-like planet" etc. These questions sometimes are discussed in the context 
of the Drake Equation (Drake 1992) but the suggested numbers are only guesses 
because of the lack of observational data.  

If one accepts the evolutionary model of technical civilisations described in Ta-
ble 27.1, then other similar questions may arise: "what is the probability (and how 
much time is necessary) for a level 1 civilisation to reach level 2 and then level 3", 
"how many interstellar travels are made by level 3 civilisations before reaching 
level 4" etc. There are many possible hypothetical answers to these questions, but 
because of the lack of observational data it does not worth to discuss them. One 
thing is certain: if we don't try to search something then we will find nothing.  

Considering the large number of potential targets the obvious method for a 
SETA mission in the asteroid belt is a multiple asteroid flybys mission. Using this 
method a single spacecraft can visit many asteroids. It can be estimated that the 
average distance between the known asteroids in the main belt is around 10 mil-
lion kilometers. A spaceprobe in theory could approach one in almost every week 
while orbiting in the main belt. This is not possible in reality because of the delta-
v limitation, but with a careful trajectory design a 100...200 m/sec delta-v can be 
enough between two flybys (this estimate is based on the trajectory calculations of 
the once planned Vesta mission, see Harvey (2007). In this case a spacecraft capa-
ble of a 1...2 km/sec total speed change while flying in the main belt can visit 
5...20 asteroids. Another advantage of the flyby method is that with appropriate 
timing an asteroid with a high inclination orbit can be approached when it flies 
near the ecliptic plane, therefore the spacecraft need not use lots of fuel for chang-
ing it's orbit inclination.  

The concept of "multiple asteroid flybys" is not a new idea; in the 1980s the 
leaders of the Soviet space program planned such a mission named Vesta (Harvey 
2007). The Vesta mission would have been an international project, the CNES 
(France) providing the spaceprobes (two was planned) and the Interkosmos  
(Soviet Union) providing the launches and penetrators to be released at the most 
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important targets. In order to reduce the relative speed during the flybys Mars 
swingbys were planned for the spaceprobes. Trajectories were planned for launch-
es in 1994 and 1996 (Veverka 1989), the 1994 trajectories are summarized in Ta-
ble 27.3.  

Table 27.3 Planned trajectories for the Vesta mission  

Trajectory 1 Trajectory 2 
launch from Earth launch from Earth 
Mars gravity assist Mars gravity assist 
flyby: 2335 James (speed: 15km/s) flyby: 1204 Renzia (speed: 4.3 km/s) 
Mars gravity assist Mars gravity assist 
flyby: 109 Felicitas (speed: 6.3 km/s) flyby: 435 Ella (speed: 3.5 km/s) 
flyby: 739 Mandeville (speed: 7 km/s) flyby: P/Tempel 1 (short period comet, 

speed: 7.1 km/s) 
flyby: 4 Vesta (penetrator is released, 
speed: 3.3 km/s) 

flyby: 46 Hestia (penetrator is released, 
speed: 3.6 km/s) 

 
Because of the fall of the Soviet Union the above plans were not realised, but 

some asteroid flybys were performed as subordinate missions in space missions 
where the main targets usually were not asteroids. These flybys are summarized in 
Table 27.4.  

Table 27.4 Asteroid flybys 

Asteroid name, mis-
sion name, year 

Relative velocity Closest ap-
proach 

Best photographic resolu-
tion achieved  

951 Gaspra, NASA 
Galileo, 1991 

8 km/s 1600 km 54 m/pixel 

243 Ida (+ Dactyl), 
NASA Galileo, 1993 

12 km/s 2390 km 25 m/pixel 

253 Mathilde, NASA 
NEAR, 1997 

10 km/s 1210 km 160 m/pixel 

9969 Braille, NASA 
Deep Space 1, 1999 

15 km/s 28 km 200 m/pixel (instrument 
problem) 

5535 Annefrank, 
NASA Stardust, 2002 

7.4 km/s 3100 km 185 m/pixel 

2867 Steins, ESA 
Rosetta, 2008 

8.6 km/s 800 km 80 m/pixel (instrument 
problem with NAC, best 
images from WAC) 

21 Lutetia, ESA Ro-
setta, 2010 

15 km/s 3160 km 60 m/pixel 

 
The following lessons can be drawn from Table 27.4 and from the descriptions 

of the missions:  
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• With careful trajectory design a very close (< 30 km) flyby distance is possible, 
an onboard (autonomous) navigation system can help a lot.  

• The geometry of the flyby must be selected properly, a high phase angle 
approach (worst case: flying over the dark side of the asteroid) leds to imaging 
problems.  

• The imaging system (or other vital subsystems of the spacecraft) may fail 
temporarily (or get into "safe mode") during a flyby because the operations in 
this mode differ significantly from the cruising mode operations. The first flyby 
target of the spacecraft should be a not very important target and the problems 
occuring during the first flyby must be carefully analysed and corrected.  

• A second, wide angle camera with separate mechanical, optical and electronic 
components is necessary. If the first (narrow angle, high resolution) camera 
fails (temporarily or permanently) then the second camera still can provide 
useful pictures from the viewpoint of "astrogeology" (for geological research 
purposes images with 5...20 m/pixel resolution of an asteroid with a diameter > 
1 km are quite satisfactory). A wide angle camera collects much more light 
than a narrow angle camera therefore a spectrometer can be added to it easily. 
The wide angle camera also can replace the star tracker / navigation camera if 
that fails.  

• The cameras should be mounted on a mobile platform. With such a platform 
the movement of the asteroid can be tracked more precisely and the other vital 
parts of the spacecraft (high gain antenna, solar panels) can be kept in an 
optimal position during the whole flyby.  

• An onboard tracking system (analysing the images of the cameras during flybys 
and correcting the orientation of the camera platform if necessary) may be very 
useful.  

As it can be seen from Table 27.4 the asteroid flybys hitherto were not used for 
obtaining high resolution images. This was caused by various reasons (relatively 
small cameras, large flyby distances, instrument failures, unfavorable approach 
geometries) but apart from these there is a difficult problem here. Lets imagine an 
asteroid flyby with a 50 km minimum distance and with a 10 km/s relative speed. 
In this case the time available for making high resolution images is approximately 
10 seconds. If the narrow angle camera can make an image in every 0.05 seconds 
(an optimistic figure for an f/35 camera and the speed of the electrons is ignored 
here) then there will be 200 images, each covering a 10000 m2 rectangle if the 
CCD size is 1024x1024 pixels and the resolution is 10 cm/pixel. The total area 
covered by these images is 2 km2 or somewhat smaller if we assume more realisti-
cally that there will be overlaps and gaps between the pictures because of the im-
precision in the camera positioning.  

In the case of a small asteroid with 1...2 km diameter the visible area of the as-
teroid is 1...5 km2 during the flyby, therefore the difference between the areas 
"visible during the flyby" and "photographed with high resolution" is not very big. 
But in the case of a bigger asteroid (for example if the diameter of the asteroid is 
10 km and the flyby geometry is close to the optimal, then the visible surface will 
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be over 100 km2) the difference is enormous. This is a very big discrepancy and 
within the current limits of technology (including the expected financial limits) 
this problem cannot be solved but mitigated. For mitigation, the followings can be 
suggested:  

• Try to reduce the flyby speeds, the planned trajectories for the Vesta mission 
are good examples.  

• Try to use bigger CCDs (like the 2048x2048 pixels CCD of the Rosetta 
spacecraft's narrow angle camera) if the proper sensitivity can be provided.  

• If the CCD read time is a problem then multiple CCDs can be used with a 
rotating mirror, but this would increase costs.  

• Theoretically it is possible to characterize the surface of the asteroid using 
lower resolution images and to use this information for pointing the narrow 
angle camera to the "interesting" parts of the surface during the flyby. This 
requires a significant onboard image analyzing capability and an onboard 
tracking system.  

27.3  Conclusion  

For the purpose of SETA (trying to find artificial objects on the surface of main 
belt asteroids) many "multiple asteroid flyby" type missions would be necessary. 
Such missions would be also useful for "astrogeological research" purposes (stud-
ying the geology and the mineralogy of the asteroids). The propulsion system of 
the spacecraft used in such a mission must provide at least 1...2 km/s total delta-v 
while flying in the main asteroid belt, with this amount of delta-v the spacecraft 
can fly by 5...20 asteroids. The science payload of the spacecraft must contain a 
narrow angle camera (capable of making images with 10 cm/pixel resolution at 50 
km distance), a wide angle camera and a spectrometer (this can be integrated with 
the wide angle camera). The cameras should be mounted on a mobile platform. 
The computers of the spacecraft must provide a significant data processing capa-
bility (onboard navigation, tracking and possibly image analysis).  
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28.1   Introduction 

The idea that one could mine the asteroids has long been a topic for science fiction 
writers including such notable authors as Robert A. Heinlein and Ben Bova. Sci-
ence fiction has been the preeminent place where the access to extra-terrestrial 
resources has been envisioned for decades. The lure of space-based resources has 
been a consistent focal point as a metaphor for moving toward a new frontier or 
simply a reflection of humanity’s desire to expand beyond the earth. However, it 
has been the nonfiction proponents of space resource utilization that generate the 
most interest in some respects (Lewis and Lewis 1987; Lewis 1996).  

Intelligent life, once liberated by the resources of space, is the greatest re-
source in the solar system. The material and energy resources of the solar system 
allow humankind an infinite future: we can not only break the surly bonds of 
Earth but break free of the Sun and escape its fate (Lewis 1996, p. 256). 

Discussions of asteroid mining and descriptions of the nonfiction possibilities of 
extra-terrestrial resources became increasingly popular in the last twenty years as 
humans have tentatively entered Near-Earth space (Belfiore 2012). However, 
these visions of the future have not yet achieved the substantiality that their pro-
ponents would prefer. 

28.2   Using Space-Based Resources 

The importance of the philosophy that underlies efforts to mine the asteroids can-
not be over emphasized. Asteroid mining represents the triumph in the minds of 
many of the “pie makers”, those who provide a means for new resources, over the 
“pie slicers”, those seeking to control and allocate current resources. The underly-
ing behavior that relates to resources is often about taking that which is available 
and parsing it out in ever smaller pieces. Scarcity provides a means to justify in-
creased prices or restricted availability. Entire societies have built up rules for the 
allocation of scarce resources including everything from water to minerals. Given 
the vast amount of resources accessible on earth both now and as a byproduct of 
new and improved technologies, scarcity is more a matter of a willingness to in-
vest in increasingly costly processes rather than the availability of actual resources 



646 M.H. Ryan and I. Kutschera 

(Miller 2012). Once we get beyond the Earth, the availability of a great number of 
resources is practically limitless; iron ore and electricity from solar power being 
but two examples. As a consequence, taking advantage of space-based solar power 
systems, mining asteroids or alternatively looking to other planets for resources 
may mean the end of a significant amount of resource allocation based on scarcity. 
Resources are virtually unlimited in space for there is always another asteroid 
waiting to be mined. “Of the 585,081 known asteroids between the sun and Jupi-
ter, 562,224 are in the main belt between Mars and Jupiter” (Geggel and Peek 
2012, p. 60). Therefore, expansive sources for raw materials exist if it is practical 
to get to and from their locations in space. Once humanity moves beyond the  
parameters of the Earth's orbit, we could enter a different phase for resource utili-
zation for the entire planet. At that point, many resources should become almost 
unlimited and inexhaustible in terms of time scales that can be envisioned. 

28.3   Asteroid Mining: Wants, Needs and Capability  

Part of the attraction of asteroid mining as stated previously is that it puts forth an 
economic and business argument as part of the rationale to do more things in 
space. Raw materials can be obtained and a rational business model developed 
supporting that activity. The business questions then are “do we need to do this” 
and if so, “can it be done at a cost competitive with other alternatives.” The first 
question from a business perspective is whether or not we require the materials 
that might be obtained from extra-terrestrial sources. Given the materials readily 
available from comparatively closer and less expensive locations the answer is 
probably, not yet. But the potential for using space-based resources still represents 
a critical topic for conversation and exploration. Many significant and interesting 
business opportunities get deferred until a need either develops or circumstances 
catch up to the available opportunity. Scarcity of metals and minerals is one ra-
tionale for proposing space mining operations. Unless some material that is not  
abundant on earth becomes crucial to commerce or industry, resource analysis 
suggests that off-planet sources may not be needed for a considerable period of 
time (Miller 2012). Scarcity, however, can be as much about strategic access as 
availability. For example, several nations have had concerns about access to rare 
earth metals. The major sources of supply are controlled primarily by China. The 
political implications of limited access to materials needed for high technology 
products have encouraged other nations to embark on searches for other sources 
even if those sources entailed higher costs. Similar scenarios might be imagined 
that would make strategic use of asteroid resources. The higher costs would be 
justified by the strategic advantage of controlling a source of critical supply. In-
vestment makes sense in either case only when the overall cost of the operation 
can be justified for a business or strategic need. 

The second part of an asteroid mining discussion is about “can we do this” with 
current or foreseeable technology. The difficulties of getting people and materials 
to and from low-Earth orbit (LEO) alone make it somewhat intimidating at present 
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to talk about engaging in projects well beyond LEO. The technical problems in-
volved with asteroid mining appear to be daunting when combined with the prob-
lem that potential resource targets are extremely distant from Earth and that  
humans have not ventured back to the moon in more than 40 years. Of course, this 
assumes that humans on location are necessary as an integral part of any future 
mining scenario. Many approaches to gathering space-based materials may not 
require a direct human presence. For example, human operators in space may not 
be required with improvements in robotics and automation. If so, many of the 
issues related to having people on long duration space missions including asteroid 
mining ventures could be reduced or eliminated. This would not fulfill the desires 
of those seeking to expand human presence beyond earth. However, reducing the 
extent of human exposure might improve the prospects for initial mission success-
es. It could also improve business possibilities by shrinking the venture to a more 
manageable and marketable size. 

Managing an asteroid mining venture, even using remote technology, poses 
significant limitations and would likely require an extensive infrastructure to sup-
port sustained activity. A hybrid solution that combines human and automated  
activity solves some problems but creates others. Most notably are those issues 
related to keeping people safe, secure and happy, particularly if human operators 
and support personnel are moved closer to the mining and extremely distant from 
their home - earth. These issues are comparatively straightforward but addressing 
them will increase the costs associated with any asteroid mining project by several 
orders of magnitude (Ryan and Kutschera 2012). Having humans in space is never 
easy. Human presence in space is costly but would provide a level of flexibility 
that technology alone might not provide. Tradeoffs exist with any venture. Initial 
decisions when contemplating something as expensive and difficult as asteroid 
mining will impact the prospect for success and revenue or profit at the other end 
of the venture.  

28.4   Reality versus Possibility 

Current space capabilities pragmatically position asteroid mining ventures in be-
tween fiction and reality. Some suggest that the time frame is only a decade away 
while others imply that the time frame is closer to twenty plus years. Most of the 
differences in time perspectives are functions of how soon activities to develop 
needed infrastructure are undertaken and how many investment or research dollars 
get applied to the problems. The sooner fundamental questions of technology are 
addressed, the sooner a funded mission may be expected. But the relative speed of 
advancement is also a function of the financial investments made in expanding 
known mining and space technologies, understanding the keys to asteroid compo-
sition and developing new systems needed for infrastructure, propulsion, software, 
and other key technologies. Smaller investments lengthen the time needed to ad-
dress critical technologies and push asteroid activities further into the future. 
Clearly, the possibility of asteroid mining exists, and the simple truth is that its 
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probability in the near term is lowered by the number of nontrivial problems to 
overcome. 

Still, serious minded investors are beginning to talk about the potential that as-
teroids have both for resource utilization and the generation of new wealth as 
Planetary Resources, a startup space venture, suggests is possible and may be 
feasible (Greenwald 2012). Many practical problems facing asteroid mining have 
clear and unambiguous solutions. The majority of technical problems for such 
ventures with few exceptions revolve around cost and not practicality. The ques-
tion is not whether asteroids can be mined, but whether or not the financial return 
warrants the extensive investment necessary for such mining operations, making 
the overall concept of mining asteroids problematic.  

28.5   The Practical Problems 

Just getting to and from the mining locations are significant issues. The conver-
gence of automated technology, new mechanisms for space propulsion, and  
increasing recognition that artificial intelligence in the form of self-automated 
machines is possible increases the probability that an organization could success-
fully mine one or more asteroids. One might well imagine two competing scenari-
os for asteroid mining ventures. The first involves extensive robotic and semi-
autonomous vehicles. The second involves the use of humans or human operators 
either on-site or via remote connections. Different people may prefer one approach 
versus the other. Considering the trade-offs between remote mining and human 
presence is important to the discussion. The absence of human beings on location 
suggests that some sort of artificial intelligence would be critical to mining suc-
cess. However, current technology does not provide a level of artificial intelli-
gence as flexible or as resourceful as a human being. Therefore, in the absence of 
significant improvements in artificial intelligence, it is likely that people will be 
involved at some point during the mining process. Providing for those people will 
consequently become a critical management concern. Previous research has 
demonstrated the factors that need to be considered when people are involved in 
space-based business ventures (Kutschera and Ryan 2010; McPhee and Charles 
2009). Long-duration missions space missions for exploration or mining will be 
no different in that regard.  

It can be argued that successful operations can be sustained on long-duration 
space voyages with appropriate management oversight if adequate considerations 
are made for the realities of operating in space. The success of the International 
Space Station clearly demonstrates that the scenario of people working in space is 
possible but will impart some unique challenges if extended to business operations. 

28.6   Problems of Time and Distance 

One common description of space is that it is big. That this phrase is an obvious 
understatement in the extreme is apparent to anyone who has ever considered what 
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it takes to travel from point to point in space. The time it would take to travel from 
Earth to Mars and its environs is measured in months with the best propulsion 
systems currently imagined. Economical transfers from Earth orbit to the vicinity 
of the asteroid belt quickly become multi-year undertakings with present technol-
ogy. Asteroids do frequently pass close enough to Earth to make their examina-
tion, geological exploration, and possible exploitation by mining a less  
time-consuming task. Such opportunities could represent an ideal test environment 
for asteroid mining technology with a measure of reduced risk. While potentially 
very helpful at exploring mining processes, such approaches would not be the 
norm. It is far more likely that industrial groups would seek to maximize their 
returns by setting up asteroid ventures in a manner that would allow for ongoing 
mining and material transport. It might be expected that a significant amount of 
these ventures could be accomplished using remote mining equipment. The lag 
time between communications both to and from the mining site could create seri-
ous operational issues. For example, going only as far out as Mars can create lag 
times in communications ranging between seven minutes and over twenty 
minutes. Traveling beyond Mars increases the lag times and communications may 
require multiple relay stations because of the relative positions of the earth and the 
mission vehicles in the asteroid belt. A number of possible scenarios to improve 
communication and reduce the inherent difficulties of lagged instructions among 
remote devices exist, and an obvious answer would be to put trained operators 
closer to the point of extraction. The difficulties that both time and distance impart 
to the venture significantly change the nature of the project and add an entire host 
of management problems the moment that human beings enter the operational 
equation. 

Even as communication technology improves, the need for more capability will 
expand as the range of deep space operations including asteroid mining grows. An 
ongoing supply stream to a remote point in space and a return stream of mined 
materials back to the vicinity of earth could be established. The movement of peo-
ple to and from remote mining locations may be more complex. The logistic and 
operational parameters required to maintain humans in space for prolonged peri-
ods of time are greatly complicated by the distance from Earth. This problem has 
historical analogs. Whaling expeditions of the 19th century frequently spent two to 
four years harvesting whales. The whaling ships made infrequent trips to port 
while at sea as such diversions interfered with their ability to turn a profit. Whal-
ing ships were largely self-sufficient and able to operate independently during 
their long voyages. Their crews were generally capable of dealing with the bore-
dom and routine inherent in such trips (Villiers 1973). It is therefore conceivable 
that multi-year asteroid mining ventures could be designed so as to enhance their 
likelihood of success. The issues of 19th century whalers regarding weather, sea 
conditions, provisions, and fresh water, however, pale in the face of attempting to 
live and work in space.  



650 M.H. Ryan and I. Kutschera 

28.7   A Question of Command-and-Control 

Space missions have largely been controlled from the ground from the early days 
of space activity. A mission control would be established and staffed by well-
trained support personnel to provide ongoing monitoring and troubleshooting for 
each space mission. NASA's Mission Control is correctly complimented on the 
role it played in orchestrating successful missions. For example, the Apollo 13 
mission is a clear and relatively unambiguous demonstration of how a well-run 
supporting infrastructure can make a difference between success and failure or 
even life and death. Apollo 13 had about two hours to make a decision for a quick 
return to Earth after the liquid oxygen tank explosion. Problems such as carbon 
dioxide removal from the lunar excursion module, water utilization, and power 
usage for reentry were evaluated, solutions developed and implemented by the 
astronauts with the assistance of mission control. It is probable that the mission 
failure would have led to a loss of the crew without quick and direct action. Direct 
command and control support from Earth was crucial to the ability of the mission 
to overcome a catastrophic situation. This would not be as practical for long dura-
tion missions where the increased distance from earth-based mission control 
would produce lengthy delays in getting information to and from the mission ve-
hicles (Ryan and Luthy 2003). The importance of operational self-sufficiency will 
increase the more distant the operation is from its communication and operational 
support. Earth-based advice could be quite critical to the success of distant mis-
sions and the lagged communications impart some serious questions in a time  
sensitive crisis. 

Self-sufficiency suggests that many, if not most, critical command-and-control 
decisions would be resident within the mission itself. This also affects situations 
of operational crisis, medical emergency or any other circumstance where a deci-
sion is required and the outcome determined under the time required for complete 
communications from Earth, assuming that complete roundtrip communications 
are possible at that time. Asteroid mining in the context of operational self-
sufficiency may therefore become more analogous to colonization. And people 
living further out in space would not have the built-in advantages of living off the 
land that historical settler examples provide. Issues of survival and well-being  
become acutely critical when missions need to carry oxygen, create water, and 
protect crew and equipment from a truly hostile environment without the benefit 
of the Earth's magnetic field or its atmosphere. 

28.8   Issues of Self-sufficiency 

The problems of self-sufficient enterprises are pretty straightforward and there are 
clear examples of colonies disappearing, such as the lost Roanoke colony, North 
Carolina, USA, and exploration vessels failing to return, such as the 1845 John 
Franklin northwest passage arctic expedition. Space missions literally have to  
be prepared for every eventuality without timely assistance from Earth. Most  
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importantly, redundancy takes on an entirely new dimension when the likelihood of  
getting replacement parts, trained personnel, or other essential life-sustaining ele-
ments is so remote as to be virtually impractical. A primer on the possibilities of 
Moon colonization would describe the problems of food, water, solar radiation, 
isolation, communication, medical care, morale, and an ever widening range of simi-
lar issues (Benaroya 2010). A lunar settlement principle would be, if you do not take 
it with you or think about it before you go, it is likely to be too late to do anything 
once you arrive. And the distance from earth to lunar base sites in lunar base scenar-
ios is comparatively short relative to ventures further into the solar system.  

Medical considerations alone present formidable problems for asteroid mining. 
Knowing that you cannot ship people home for more complicated medical proce-
dures requires determining how extensive the medical equipment and training 
should be on extended multi-year ventures into space. The questions include how 
many physicians, and with what skill sets, should be assigned to a mission, and 
how do you divide your medical resources to provide appropriate redundancy in 
the event of a mission-threatening crisis?  

Genuine difficulties in providing medical care in space include, but are not lim-
ited to: (a) resource constraints resulting from the boundaries of the mission  
design and architecture (volume, mass, power) and dictating that only the most 
critical medical equipment can be stored on board the space vehicles and deliv-
ered to the space habitats; (b) lack of trained medical professionals among the 
crew members; (c) limited pre-flight crew training time, necessitating the re-
striction of the training to only medical knowledge, techniques, and procedures 
that address the medical situations that are most likely to occur or that are most 
critical; (d) the probability that the crew members on the vehicle or in the habita-
tion module may have to respond to emergency medical conditions without real-
time support from Earth; (e) limited shelf-life of medical therapeutics and sup-
plies; and (f) the possibility of encountering unpredicted illnesses and ailments 
that may be unique to the space exploration environment (Risin 2009, p. 241). 

The prospect of surgery within a zero gravity environment alone requires some 
very ingenious technology and skills. For example, NASA is experimenting with 
the Aqueous Immersion Surgical System (AISS) developed by a team of research-
ers from the University of Louisville and Carnegie Mellon University to develop 
technology to make “astro surgery” possible (University of Louisville 2012). 

In the weightless atmosphere of deep space, the absence of gravity will make it 
nearly impossible to control the escape of blood and bodily fluids during sur-
gery…This lack of control would both compromise the health of the patient as well 
as contaminate the spacecraft cabin (Pantalos 2012). 

Worst-case scenarios do not even begin to approach the level of detail that will be 
required to ensure self-sufficiency for missions of multi-year duration (Ryan and 
Kutschera 2007). A superbly equipped medical bay is worthless to the people who 
might need it if some catastrophe such as a power surge renders it useless which 
some might suggest is a worst case situation. It does not take much foresight to 
envision circumstances that would make having multiple vessels on a single mis-
sion a reasonable backup procedure. This approach has worked quite well on  



652 M.H. Ryan and I. Kutschera 

numerous explorations and similarly risky undertakings including Columbus’s 
initial voyages to the Western Hemisphere with the Nina, Pinta and Santa Maria. 
And even then, future space exploration vessels could be expected to have multi-
ple backups including well-equipped machine shops suitable for major repair work 
or even capable of building new systems as part of redundant capabilities. One 
answer to the inevitable problem of not being able to carry every possible spare 
would be found in the adaption of various types of three dimensional (3-D) print-
ing systems that are beginning to appear (Betancourt 2012). Making parts as need-
ed would not only reduce the mass necessary for transporting but ensure that a 
spare would be available. Transporting sufficient feedstock for printers and CAD 
files for parts to be printed could support long-duration space activities without 
massive numbers of parts being carried for a “just in case” moment. According to 
one example, a “Mars bound ship would have roughly 20 metric tons of machined 
parts. To ensure one spare for every part, the crew would need an extra 20 tons. 
But they need only two tons of feedstock to print their own spares” (Betancourt 
2012, p. 29). Even new parts for some unforeseen mission requirement could be 
designed and constructed on board the spacecraft. It is also conceivable that once 
at a mining location local ores could be adapted for use by 3-D printers to create 
all manner of items from tools to larger modularized habitats. That type of capa-
bility would be a critical component for the level of self-sufficiency needed for 
operations far from Earth-based assistance and supply (Roach 2010). 

28.9   Property Rights 

Selling a property, including an asteroid, requires ownership. Without property 
rights, those seeking to mine asteroids face an impossible situation. The current 
state of extraterrestrial law suggests that ownership by private entities operating in 
space is not possible. The language that common or shared heritage imparts to 
private ownership of space resources is equally problematic. Companies seeking 
to exploit extraterrestrial resources are likely to run into major legal hurdles until 
private rights in space are clarified. Private claims on space-based property have 
simply not been able to stand. The 1967 Outer Space Treaty is very clear on that: 
“Outer Space, including the moon and other celestial bodies, is not subject to na-
tional appropriation by claims of sovereignty, by means of use or occupation, or 
by any other means” (Szoka and Dunstan 2012). Some suggest that nations such 
as the United States might allow private entities to operate under a national charter 
for purposes of securing space resources. Such space privateers could well be 
regarded as icons of industry by the nation whose charter they carry and as pirates 
by those in other countries who do not recognize their right to obtain, transport 
and profit from resources obtained in space. Fortunately, Article II of the Outer 
Space Treaty provides that parties to the treaty will bear responsibility for their 
national activities and their nationals regardless of who carries out the activity. 
Nations who launch things into space are required to ensure that their citizens 
abide by the treaty’s provisions (Szoka and Dunstan 2012). Private sector  
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privateers therefore need not apply for permission to use space-based resources 
from their national governments as such authorizations are disallowed under the 
treaty.  

However, some interesting exceptions for rights to objects and vehicles 
launched into, or constructed in space by private firms are recognized by the  
treaty. Orbital slots are pretty much recognized as de facto property in space. Sat-
ellites are regularly bought and sold, and orbital rights are subject to negotiation. 
And, materials extracted from the moon have established that portions of a celes-
tial body can be subject to ownership if removed from a celestial body. This alone 
suggests that the possibility for mining materials from asteroids is likely to have a 
substantial foundation at some point in international law. What exact form com-
mercial rights for asteroid mining may take depends on how the various nations 
are able to agree. One possibility might be similar to exclusive seabed mining 
rights where licenses are granted and recognized multilaterally for a limited area, 
for a limited period of time. Without such agreements it would be very unlikely 
that any effort to take advantage of space-based resources could secure sufficient 
capital to get started. Long before private companies travel into space in search of 
wealth, many more legal areas will have to be negotiated and written into agree-
ments. The situation may spin out of control similar to how allocation of deep 
ocean resources threatens the peace of nations unless great care is taken in ad-
vance of proposed mining efforts.  

The argument that those that have the ability to exploit the resources should be 
allowed to do so has little weight with nations who see those resources as being 
part of their concern also. This is evident from the actions of Russia and Canada at 
the North Pole and those of the various players with interests in the Pacific Ocean 
seafloor. Such situations could lead to confrontations between different groups 
who either refuse to or see no need to recognize the property rights of those cur-
rently working in a particular location. Activities to secure and exploit resources 
in space could easily end up mirroring the increasing conflicts and disagreements 
over resources here on earth. It would be beneficial to all concerned to avoid this 
situation lest a significant barrier be placed on any future commercial space min-
ing operations. 

28.10   Amelioration of Risk 

Risk from the perspective of asteroid mining missions falls into two major catego-
ries: operational risk and organizational risk. The first category is the most obvi-
ous which involves the actual mission itself. A distinct tendency exists to focus on 
the problems and constraints an asteroid mission engenders in terms of operational 
risk. This is not surprising given the difficulties involved in virtually all space 
travel. Getting to and from space is inherently dangerous; the United States lost 
two space shuttles and crews on routine missions. And nothing involving space is 
ever truly routine, at least not yet. Russia has lost cosmonauts and had several 
major mission failures as well. Harnessing the power needed to put objects into 
orbit is dangerous and will likely remain so for the foreseeable future. That space 



654 M.H. Ryan and I. Kutschera 

related ventures are and will be dangerous is a simple reflection of the space  
environment. 

Operational risk has generally taken precedence in as much as programs or ac-
tivities of the scale of an asteroid mission have generally fallen to governments. 
Financial constraints, resource constraints, and organizational constraints of all 
sorts are important and do not represent impenetrable barriers to undertaking the 
activity. Governments simply do not have the same limitation faced by private 
individuals and organizations. The organizational risks assumed by both individu-
als and private firms seeking to engage in space-based activities are both signifi-
cant and challenging. Offsetting such risk will require a reinvention of insurance 
and related financial instruments that will parallel those that rose from commercial 
needs for vessels at sea (Bernstein 1996). Not the least of those burdens is the 
extreme financial cost associated with all past, present and projected future opera-
tions. In simple terms, it takes a very great deal of money to do things in space. 
These costs are compounded by the lack of infrastructure and the scarcity of prov-
en business models that suggest operational activities in space can be profitable.  

Virtually all private sector, profit-driven, independently-owned commercial en-
terprises focused on space or space-based resources involve a large amount of 
guesswork in the absence of known, profitable, historical analogs. The essential 
elements required to develop a thoughtful financial and organizational plan are 
simply not present. The questions related to profitability, sustainability, economies 
of scale and scope are sufficiently difficult to answer as to make the enterprise 
more speculative than might be preferred without such elements, regardless of the 
detail provided in operational plans. 

The difficulty of working in space, far from relief or rescue, is complicated by 
the nature of space itself. It is possible to compare prospective asteroid mining  
operations to similar large scale innovative commercial enterprises of the 19th  
century (Cadbury 2003). Risk traveled hand in hand with innovation and oppor-
tunity. Entrepreneurs traveled to the far corners of the earth in search of financial 
opportunities and sought to exploit tangible resources of the planet and pushed 
technology to its limits. In their effort to prepare for any eventuality, the lists of 
their preparations in the historical records of the time demonstrate the complexity 
of their undertakings. Hundreds of commercial vessels were lost in the 19th centu-
ry in spite of extensive preparation, with over 150 vessels lost on transatlantic 
routes alone. Those losses did not deter or slow down the development of new 
avenues for commercial enterprise but rather shaped how future excursions were 
staged (e.g., avoiding the North Atlantic in winter). It is unlikely that similar ob-
stacles will shake the confidence of those who view space as the next commercial 
frontier regardless of the risks. 

28.11   The Business Model 

It is impossible to talk about the use of asteroids as a resource without considering 
the business models that such utilization might require. A business model  
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generally represents the manner and mechanisms that a business uses to make 
money. An enterprise is virtually guaranteed to be unsuccessful if its circumstanc-
es do not allow it to make money. As previously described, the practical impedi-
ments for using asteroids as resources suggest that the overall operational risks are 
quite high. Increased investment risks are generally associated with expectations 
of higher levels of return. The rationale for this is that if one assumes that invest-
ing a given level of money in a venture having comparatively little risk provides a 
specific financial return, then to assume greater risk requires a greater return, re-
spectively. The inherent risks are extremely high regardless of the startup capital 
required to undertake an asteroid mining venture. These risks are exacerbated if 
the operation becomes functionally limited to mining only a relatively small num-
ber of asteroids. An asteroid mining venture must successfully locate, process, and 
return the resources from asteroids to earth. The concentration of materials ex-
pected to provide the greatest value is unlikely to be evenly distributed among the 
virtually limitless piles of rock floating throughout the solar system. Ensuring 
valuable materials are effectively captured and returned to earth implies a business 
model requiring multiple asteroid captures and processing, and suggests an ongo-
ing activity that captures and processes possibly hundreds of asteroids. The struc-
ture of such an operation and the logistics involved might be straight forward, 
while the actual implementation of making such an operation possible is much 
more problematic. 

An example may be if an initial asteroid capture mission sampled several aster-
oids but discovered only a few small pockets of valuable material; that would 
make it difficult for investors to justify putting capital into future operations. 
Equally daunting, only a comparatively small number of prospective investors 
would be interested if the timeframe for an asteroid mining venture became too 
long. Asteroid ventures would be viewed as quite speculative and likely unsuitable 
investments for the majority of individuals or firms. Asteroid ventures may be-
come the speculative investment of the very rich or the very desperate depending 
on the level of human or robotic activity. Businesses related to asteroid-based 
activities would likely be viewed as yet another form of financial speculation until 
the actual process of locating, processing, and returning the processed materials to 
earth is proven. Therefore, those who view the eventual use of asteroids as a 
mechanism to improve life on planet Earth should develop sufficiently detailed 
business models as to bolster confidence and credibility in such ventures. Creating 
a “go for broke” mentality may undermine serious efforts needed to make asteroid 
mining ventures both attractive and successful over the long-term given the inher-
ent costs and risks associated with all space ventures. 

Mining for resources on earth is by its very nature risky and those seeking 
quick and easy fortunes are much more likely to lose their money than to see any 
financial rewards. Historical precedents for mining ventures are very easy to find. 
The people who often made the most money were those who either sold mining 
supplies, provisions or other necessities. Comparatively few individual miners 
made money, and great mining fortunes were made by only a few. It is likely that 
more money was made selling picks and shovels, wheelbarrows, food and  
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sundries, and by providing means for turning mined metals into goods and ser-
vices. Such analogies do lose some comparative value once the sheer size and 
complexity of asteroid mining is considered. And it is likely that substantive for-
tunes will be made on some other dimension of the space venture process, includ-
ing non-mining activities, if history is an indication. Still, the importance of creat-
ing a sustainable business model that puts revenue generation on a long-term path  
cannot be over emphasized. 

28.12   Conclusion 

…resources from space change all the rules. They offer us boundless increasing-sum game, 
with wealth beyond our wildest Earth-bound dreams and opportunities for travel that bog-
gle the mind (Lewis 1996, p. 235). 

Space-based ventures have always held the promise of unlimited resources. It is 
no longer a question of whether those resources will be exploited but when they 
will be exploited. Estimates based on current technology suggest such ventures 
will begin to become practical in a minimum of ten to fifteen years. The range of 
possible scenarios for how such ventures might develop is far too extensive at this 
junction, and many essential elements requisite to their success are clear. First and 
foremost, it is highly probable that efficient ventures will include a significant 
amount of robotic possibly even autonomous equipment. It is equally probable 
that even with great improvements in technology and the possibility of autono-
mous robotic machines, humans would be dispatched fairly early in the venture 
process due to their inherent flexibility. The price of that flexibility will be com-
plex environmental systems needed for the support and well-being of humans in 
space. The questions of ownership, transportation and ancillary activities will be 
addressed and answers implemented. Undoubtedly, new problems and issues will 
be discovered that were not even considered initially. Such is the nature of new 
opportunities and new enterprises. What should not surprise anyone is how poorly 
the predictions of the future will prove to be (Davidson 1983). That too, along 
with all the missed and unforeseen opportunities, is part of the pattern for new 
ventures. Asteroid mining, along with human expansion into the solar system, is 
not a question of “if” but “when.”  

In April (2012 - authors’ insert), Planetary Resources, a newly formed private 
space company, announced that it would begin mining asteroids for water in 2020 
(Geggel and Peek 2012, p. 61). 
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Chapter 29  
Legal Considerations on Asteroid Exploitation 
and Deflection 

Virgiliu Pop 

Romanian Space Agency, Bucharest, Romania 

29.1   Exploitation: The Property Status of Asteroids 

29.1.1   Introduction  

The sky is, and has always been, a mine. Human civilization has been using me-
teoritic iron ever since the Neolithic period (Tylecote 1992, p.3). And as human-
kind evolved, it realized it need not wait for stones to fall from above, but it can 
go up there and mine the sky.  

In April 2012, a group of adventurous, wealthy and famous entrepreneurs – 
among them being Google’s Larry Page, Space Adventures’ Eric C Anderson,  
filmmaker James Cameron and space visionary Peter Diamandis were announced 
as backers of the newly established company Planetary Resources, Inc – a venture 
which, according to Wired’s Adam Mann (2012) “plans to send swarms of robots 
to space to scout asteroids for precious metals and set up mines to bring resources 
back to Earth, in the process adding trillions of dollars to the global GDP, helping 
ensure humanity’s prosperity and paving the way for the human settlement of 
space”. 

Is the vision of these entrepreneurs anchored in reality?  Is there really “gold 
in’em thar’ asteroids”? In a mind-blowing sample of astro-demographic mathe-
matics, planetary scientist John S. Lewis (1996, pp. 195-196) estimates that using 
asteroidal iron and steel would generate wealth amounting to $7 billion per per-
son; adding in this equation the other ingredients composing the asteroidal belt - 
such as gold, silver, uranium, etc. - the total would rise to over $100 billion for 
each person on Earth. 

But - should humans be billionaires in asteroidal metals -, how is this wealth 
going to be appropriated and shared? Who, after all, really own the asteroids? What 
is the place and significance of property rights in the context of space activities? 

The depths of space are doubled, in Kenneth Silber’s (1998) view, by an even 
more forbidding realm: the “uncharted legal territory, and unpredictable politics, 
of owning property out there”. He remarks the “general silence of national and 
international law on extraterrestrial property rights”, this field being in his view 
“murky at best, downright hostile at worst”. Other commentators see the extrater-
restrial realms as harboring “a legal vacuum almost as complete as the vacuum of 
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space itself”; they deem the present space law as “rather uneven”, its principles 
“often retreat[ing] into ambiguous generalities or leave gaping holes which must 
be filled before any serious commercial development can occur” As for domestic 
standards, they are considered “either absent or so cumbersome as to inhibit ex-
ploitation” (Roberts et al 1996). H. Nauges (1979, p.269), at his turn, voices a very 
genuine concern:-  

“The difficulty is not … that we are starting from a legal vacuum but that there are a 
number of abstract, imprecise, insufficient and sometimes contradictory legal rules which 
are likely to be subject to genuinely differing legal interpretations”. 

In an era where private enterprise is poised to play a major role in opening the 
high frontier, treaty law norms on this field are indeed scarce and, when they do 
exist, they are imprecise. They fail to define concepts that are fundamental to the 
law of landed property in outer space, such as ‘celestial body’. This particular 
definitional issue raises the question of ownership of asteroids: are they celestial  
bodies from a legal point of view and, hence, outside the sphere of appropriation? 

29.1.2   Are the Asteroids “Celestial Bodies” in the Legal Sense?  

The 1967 Outer Space Treaty (OST) contains in article II a fundamental principle, 
outlawing the national appropriation by any means of outer space and celestial 
bodies. Strict as it may be in this prohibition, the Treaty fails however to define 
the precise object of its application. This silence has prompted two disputes in the 
specialized academic circles: the legal definition of outer space, and the legal de-
finition of a celestial body. 

The question of “how tall is the sky” has been brought to practice in 1976, on 
the occasion of the First Meeting of Equatorial Countries in Bogota, whereby 
eight Equatorial countries claimed their right to exercise national sovereignty over 
the segments of the geostationary synchronous orbit (GSO) located over their 
territories. Whereas flawed in its assertion that the GSO “must not be considered 
part of the outer space” due to “its existence depend[ing] exclusively on its rela-
tion to gravitational phenomena generated by the earth”, the Declaration of the 
First Meeting of Equatorial Countries adopted on December 3, 1976 is correct in 
pointing out that “there is no valid or satisfactory definition of outer space”. 

The fact that there is, also, no valid or satisfactory definition of what is a “ce-
lestial body” in the context of space law has not yet been challenged in practice – 
yet it raises the theoretical question whether asteroids and comets are immovable 
land-like territorial extensions that cannot be legally appropriated, or floating 
movable goods, capable of being captured and reduced into private ownership. 
The legal treatment applicable to various classes of goods is fundamentally differ-
ent, material extensions having a separate legal dimension from territorial exten-
sions, and movables from immovables. Pursuant to the non-appropriation  
principle of Article II of the OST, celestial bodies cannot be appropriated. In prac-
tice, should asteroids and comets be considered celestial bodies, they would fall 
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under this prohibition; adversely, if they are not celestial bodies, they may become 
the object of private property rights. 

It is a generally accepted principle of Private International Law that, while the 
law of the country where the thing is situated regulates the legal regime of the 
rights over immovables, its importance is diminished regarding the rights over 
movables; in this second instance, the law of the owner’s domicile has an impor-
tant role to play according to the principle that “chattels follow the person” (North 
1979, pp. 483 and 552). 

Land is the archetypal spatial extension, as opposed to a material extension. 
Should one take away the substance of the land, the spatial value still remains. 
One cannot consume land; it may, at worst, make it unsuitable for use, but it can-
not completely destroy it. Should one dig a hole in the ground and take away all 
the mass, there will still be the space of the land that is left. The same, an orbit 
may become unsuitable for use by accumulation of debris, but it does not physi-
cally disappear. While landed ownership may seems a flat concept, in fact  
landowners do not own surfaces; they own three-dimensional entities. 

Celestial bodies proper, orbits, points in space and outer space proper are spa-
tial extensions. Outer space and orbits are purely spatial extensions, as they do not 
have any material existence. Unlike incorporeal things, they do exist in three di-
mensions and, in the absence of the non-appropriation principle, they could be 
brought under the sway of national territorial jurisdiction. Celestial bodies, outer 
space and its sub-categories (orbits and point positions) have characteristics ana-
logous to the municipal category of immovables. Other extensions in outer space 
have characteristics analogous to the municipal category of movables. Such is the 
case, for instance, with space objects such as artificial satellites. Unlike territorial 
extensions, national jurisdiction is not prohibited regarding material extensions  
located in the extraterrestrial realms. 

[Some] asteroids and comets could be viewed not as landed extension, but as 
movables. Land has two unique characteristics which distinguish it from all other 
commodities, namely – it is immovable, hence it cannot be physically transferred 
from one person to another, and it is everlasting - the owner of land cannot destroy 
it in its legal sense, his power being limited to the enjoyment or disposition of 
rights in or over it (Simpson 1976, pp.5-6). [Some] asteroids and comets, howev-
er, do not have these characteristics; with the appropriate technology, they could 
be moved; and they can be destroyed, i.e. consumed in their totality. Thus, they 
may qualify as movables. 

In the question of the legal definition of outer space, several approaches have 
been used – such as the “spatialist” and “functionalist” ones. The same approaches 
could be used in the quest for a legal definition of a celestial body.   

Applied to the present topic, a spatialist approach would define celestial bodies 
as objects over a certain size, while objects under that size would not be celestial 
bodies. The practical problem - falling under the spell of the “sorites paradox” - is 
to quantify that size, and to reach a consensus over that. Some concepts are vague, 
lacking sharp boundaries; such is the case for a heap, whereby single grain or two 
grains of wheat cannot be described as a heap. By adding grains, one must admit 
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the presence of a heap sooner or later, so where does one draw the line? (Hyde 
2005) In our case, if we accept that the Moon is a celestial body whereas a piece 
of dust floating in space is not, where does one draw the line between celestial 
bodies and space dust? At what dimension a “stone in space” ceases to be legally 
movable, and becomes legally immovable? Difficult as it is, lawyers have the 
ability to find the mythical “straw that broke the camel’s back”. Where there is no 
natural boundary or one cannot discover it, law can set a conventional boundary - 
such being the case with the legal age. A spatialist approach seems to be favored 
by Article I of the OST, providing for the “free access to all areas of celestial bo-
dies.” From this, it results that one cannot consider a small space rock as a celes-
tial body insofar as it is not viewed primarily as an area permitting landing on it. 
The spatialist approach has its merits insofar as it distinguishes between small 
objects – which are not celestial bodies – and big objects, which are celestial bo-
dies. However, the problem still remains to agree on how small is small. 

Another approach – a functional one - would take into account the actual use of 
the asteroid – i.e. for building a base, or for exploitation of resources, differentiat-
ing between objects used in their spatial dimension – these being deemed as celes-
tial bodies - or in their material dimension, these being movable orebodies.  

Yet another way of setting apart non-appropriable celestial bodies from appro-
priable orebodies would be the use of the criterion of actual movability from orbit 
by human action – or the effective control approach. This would distinguish be-
tween immovables – celestial bodies – and movables in outer space literally, ac-
cording to the actual ability of moving them by human intervention. The fact that 
everything in space moves by itself is not relevant in this context –land is the  
immovable par excellence, yet the Earth orbits the Sun. According to the control 
approach, therefore, it is movable what it can actually be moved, and immovable 
what it cannot be moved. By the action of actually moving it, one makes it appro-
priable. Change occurs in the moment of actual movement; property would install 
when moved. 

Most of the scholars that have studied the problem of defining celestial bodies 
belong to the control school. In the 1960’s, the members of Working Group III of 
the International Institute of Space Law concerning the legal status of celestial 
bodies came with a definition considering celestial bodies in the legal sense as 
“natural objects in outer space … which cannot be artificially moved from their 
natural orbits” (Smirnoff 1966, p. 13). As with any theory not enshrined into law, 
the control approach is not accepted by everybody. In July 1980, testifying in front 
of the US Senate, NASA General Counsel Neil Hosenball expressed his view that 
if an asteroid were moved into Earth orbit for exploitation, it would still be a ce-
lestial body within the meaning of that term, and would not change its character 
by its moving (Leich 1980).  However, there is merit in considering that the 
process of actually moving an asteroid/comet would qualify as extraction, the 
body in cause ceasing to be a resource “in place” and thus by-passing even the 
general prohibition in article 11.3 of the Moon Treaty. 

A number of authors envisage using asteroids as interplanetary vehicles; the le-
gal classification of such objects as movables / space objects would be supported 
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by a functional approach.  Ernst Fasan (1984, p.243) examines the case when an 
asteroid, by way of human intervention, is used as a shell for a space station, los-
ing its natural appearance, together with its legal status of ‘celestial body’ by be-
coming a manmade structure, i.e. legally a space object. This so-called “Asteroid 
Base” would then have to be registered internationally with the Secretary General 
of the United Nations. Should small asteroids be considered space objects they 
could be claimed by way of registration in the national registry of space objects 
referred to by Article VIII of the OST: - 

“A State Party to the Treaty on whose registry an object launched into outer space is car-
ried shall retain jurisdiction and control over such object” 

These provisions have been detailed in the 1975 Convention on Registration of 
Objects Launched into Outer Space, that in Article I(c). defines the term “State of 
Registry” as “a launching State on whose registry a space object is carried…” and 
provides both for a national and international registration of space objects. The 
Registration Convention is very liberal insofar as it gives the State of registry  
concerned the freedom to determine “[t]he contents of each registry and the condi-
tions under which it is maintained” (Article II.3). This may be interpreted as entitl-
ing a State to register small asteroids as space objects on its registry. 

Of course, the status of launching state would come with its privileges and re-
sponsibilities, one of the latter being its international liability as provided by sev-
eral Space treaties. In the light of this international liability, the registration of 
small asteroids as space objects and their private ownership would be in fact of 
benefit to the possible survivors of accidents provoked by small asteroids. Several 
questions spring from this possible approach – such as whether compulsory insur-
ance should be legally imposed upon owners - like the one imposed to atomic 
energy providers. Would this discourage people in claiming asteroids? Were aste-
roids res nullia, nobody would be responsible for damage caused by them; were 
they res communis, then the whole humankind  would be responsible for the dam-
age to a private spaceship or other object by such a common asset. 

Interesting consequences would also result from using the legal status of  
icebergs as a paradigm for the legal classification of comets and asteroids. In fact, 
comets have been often described as the “icebergs of space”, offering striking 
similarities to icebergs (composition, dimension, location in an international area). 
It is to be noted that icebergs have as well a rather unclear legal status, though 
their small-scale exploitation has already begun. Like asteroids and comets, ice-
bergs have a spatial dimension but are used mainly in their material dimension, as 
a floating mineral resource. While article 89 of the UN Convention on the Law of 
the Sea prohibits the national appropriation of the high seas, we have no know-
ledge of States having protested appropriation of icebergs. In the same time, we 
have no knowledge of a formal declaration of ownership over icebergs by the 
entities using them in their material extension; the principle of extraction seems to  
apply, given that icebergs have been appropriated either in their entirety and dis-
placed from their initial location, or parts of them have been moved away without 
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claims being laid for the exclusion of others from the exploitation of that particu-
lar iceberg. 

Given that, as shown supra, the notion of celestial bodies is not legally defined, 
it could be argued that several asteroids might escape the non-appropriation prin-
ciple because of this lacuna. The issue of defining celestial bodies is extremely  
intricate, and there is no absolute answer to be given ex cathedra. We have only 
attempted to present the existing theories and some new approaches, but at the end 
of the day only practice will decide whether [some] asteroids are places or  
movables. 

29.1.3   The Commons Regime – Everybody’s and Nobody’s  

Article I of the Outer Space Treaty proclaims that the extraterrestrial realms –  
outer space, including the Moon and other celestial bodies – shall be “free for 
exploration and use by all States without discrimination of any kind, on a basis of 
equality”, and that “there shall be free access to all areas of celestial bodies”. The 
exploration and use of the extraterrestrial realms is declared as being the “province 
of all mankind”. This norm effectively establishes among the States Parties an 
open access and free use regime on the extraterrestrial realms, making them a 
public good whose owner is everybody and nobody.  

Far from being Orwellian doublethink - that is, simultaneously accepting two 
mutually contradictory beliefs -, this state of affairs hails from the “bundle of 
rights” theory of property. Property is an embodiment of three attributes - jus 
utendi (the right to use), jus fruendi (the right to enjoy the fruits) and jus abutendi 
(the right to “abuse” or “dispose” of one’s own good). The commons regime is 
built around jus utendi (use is permitted, hence “everybody owns the extraterre-
strial realms”) yet forbids jus abutendi (title is denied, hence “nobody owns the 
extraterrestrial realms”). As to jus fruendi – i.e, to collect the “fruits” of the extra-
terrestrial realms - this will be addressed later in this chapter. 

The current incarnation of space law is not strictly an open access regime, con-
taining several regulations. According to Article I of the Outer Space Treaty, the 
freedom of exploration and use of the extraterrestrial realms pertains to States.  
Article VI of the same Treaty requires non-governmental entities to obtain autho-
rization from the appropriate State Party in order to carry out activities in the 
extraterrestrial realms, and to consent to being continually supervised by same. 
States bear international responsibility for national activities carried out in outer 
space and on the celestial bodies, whether these are performed by governmental 
entities or by private enterprise. The regime is therefore a hybrid of res communis 
(whereby ownership pertains to the community as a whole, and every member has 
the non-exclusive right to use the property) at international level – and res publica 
(whereby property is centrally enclosed and cannot be used without permission 
from the community) at municipal level, given the need for a nationally issued  
license. 
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As explained by French jurist Pothier – quoted by the U.S. Supreme Court in 
Geer v. Connecticut [1896], res communis originates from “all those things which 
God had given to the human race”, this community being different from the “posi-
tive community of interest, [existing] between several persons who have the owner-
ship of a thing in which each have their particular portion”. This original community 
was - 

“‘a negative community,’ which resulted from the fact that those things which were 
common to all belonged no more to one than to the others, and hence no one could prevent 
another from taking of these common things that portion which he judged necessary in 
order to subserve his wants. Whilst he was using them, others could not disturb him; but 
when he had ceased to use them, if they were not things which were consumed by the fact 
of use, the things immediately re-entered into the negative community, and another could 
use them”. 

In a nutshell, res communis implies freedom of an actor to use a good; as long as 
one uses this good, one may not be obstructed by another, yet this latter is free to 
use the good as soon as the first has ceased to use it. 

Under space law, jus utendi is not absolute; the right of using the celestial bo-
dies has to be carried out, under the provisions of Article IV of the Outer Space 
Treaty, “exclusively for peaceful purposes”. Article IX of the same pact requires 
the State Parties to use the principle of co-operation and mutual assistance as a 
guide in the exploration and use of the outer space and celestial bodies. The State 
Parties need to conduct all their activities in the extraterrestrial realms “with due 
regard to the corresponding interests of all other States Parties”, according to the 
same legal norm. The Outer Space Treaty elaborates, up to a certain degree, the 
mechanism for accommodating the interests of the other members of the public. 
Thus, Article IX requires States Parties to publicize, “to the greatest extent feasi-
ble and practicable” the nature, conduct and locations of their space activities. If 
an activity by a State Party or one of its nationals is likely to cause “potentially 
harmful interference” with the space activities of other States Parties, the first 
State Party is required by the same tenet to “undertake appropriate international 
consultations” prior to carrying out such activity. In the same time, should a State 
Party to the Outer Space Treaty rightfully fear that a space activity of another 
State Party could harmfully affect its own activities, the first State is entitled to 
request appropriate consultations on this subject. While the Treaty makes no  
mention of it, it is nonetheless understood that a “first-come, first-served” regime 
exists. 

Whereas several rules are established and ought to be respected by the State 
Parties, most of these remain at the stage of principle – as recognized by the  
document’s title – “Treaty on Principles Governing the Activities of States in the 
Exploration and Use of Outer Space, Including the Moon and Other Celestial  
Bodies”. Many open access regimes are self-regulatory, and where the text of the 
law is silent, custom is bound to develop. 

The status quo of the commons regime is not very stable, being challenged on 
two fronts, as we will show next. 
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29.1.4   The Common Heritage of Mankind: From Res Communis 
to Res Communist  

On the left, res communis is bordered by the Common Heritage of Mankind 
(CHM) regime, whereby users have to share with the community the benefits 
accrued from the use of the commons. 

The post-Sputnik and post-colonial era could not escape the Marxian historic 
materialism, where the world and its extraterrestrial surroundings are the scene of 
the class struggle between the antagonistic spacefaring and non-spacefaring na-
tions, developed and developing states, the haves and have-nots. The Marxist 
ideas received escape velocity through the adoption by a very small number of 
countries of the “Agreement Governing the Activities of States on the Moon and 
Other Celestial Bodies”. Informally known as the Moon Agreement, its provisions 
also apply, according to Article 1.1., “to other celestial bodies within the solar 
system, other than the earth, except in so far as specific legal norms enter into 
force with respect to any of these celestial bodies”. Article 11.1 of this legal doc-
ument proclaims that the celestial bodies and their natural resources (literally, “the 
moon and its natural resources”, but see article 1.1. above) are “the common herit-
age of mankind”, whereas Article 11.3 contains a facial prohibition of landed 
property in outer space:- 

“Neither the surface nor the subsurface of the [celestial bodies], nor any part thereof or 
natural resources in place, shall become property of any State, international intergovern-
mental or non-governmental organization, national organization or non-governmental entity 
or of any natural person”. 

Besides prohibition of title, the Moon Agreement contains another key tenet, 
namely an egalitarian distribution of benefits. As an attribute of property, jus 
fruendi embodies the right to enjoy the income (fruits) derived from an asset. Un-
der the Moon Agreement regime, this cannot be fully enjoyed, as Article 11.7.d of 
the said document provides for – 

“[a]n equitable sharing by all States Parties in the benefits derived from [the natural re-
sources of the celestial bodies], whereby the interests and needs of the developing coun-
tries, as well as the efforts of those countries which have contributed either directly or indi-
rectly to the exploration of the [celestial bodies], shall be given special consideration”. 

These provisions are in resonance with the 1848 Manifesto of the Communist 
Party, whereby Karl Marx and Friedrich Engels (1848) called for the “[a]bolition 
of property in land and application of all rents of land to public purposes”. Lenin 
(1917) defined Socialism as the “social ownership of the means of production and 
the distribution of products according to the work of the individual”; in his view, 
Socialism will “ripen into Communism, whose banner bears the motto: ‘From 
each according to his ability, to each according to his needs’. The tenets of the 
Moon Agreement hold middle ground between Socialism and Communism,  
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providing for a share of the lunar benefits from each according to his ability, to 
some according to their work and to some according to their needs. 

In the 1979 report of the Independent Commission on International Develop-
ment Issues, the organism chaired by Willy Brandt (quoted in Vicas, 1980, p.303) 
considered that “‘Global commons’ is a neat catchword, but hardly appropriate”, 
because -  

“It connotes villagers in medieval England who have the right to pasture their cattle in 
the village commons. The space analogy is nations ‘pasturing’ their satellites in the global 
commons. The term connotes something of free access to outer space, but none of the dis-
tributional aspects of the ‘common benefit’ or ‘common heritage’”. 

Indeed, whereas res communis offers free access, it does not entail a share of the 
benefits. The villager pasturing his cow in the village commons needed not share 
the meat and milk with the other villagers, even if originated from the grass grazed 
from a common pool. In contrast, under the CHM regime, the asteroid miner has 
to share with all other humans what his equipment extracted from the asteroids. 

Critics lament the whole society having moved toward a culture of entitlement 
over the years, an ethos whose motto is “weaken the strong to strengthen the 
weak” (Anderson 2002). This culture promotes dependence on government hand-
outs - rating justice by how the government rewards those who don’t succeed,  
rather than the way it encourages those who do, denying thus individual responsi-
bility and creating convenient excuses for failure (Urbahn 2005). Instead, as ex-
plained by John Locke (1690 chap.5, sect. 34) more than three centuries ago, the 
world was given -  

“to the use of the industrious and rational, … not to the fancy or covetousness of the qu-
arrelsome and contentious. He that had as good left for his improvement, as was already 
taken up, needed not complain, ought not to meddle with what was already improved by 
another’s labour: if he did, it is plain he desired the benefit of another’s pains, which he had 
no right to, and not the ground … whereof there was … more than he knew what to do 
with, or his industry could reach to”. 

An egalitarian regime, which not only prohibits the appropriation of asteroids but 
also calls for an ‘equitable’ jus fruendi offers no incentive to exploit them when 
the investors have to share the benefits with free riders who believe in a culture of 
entitlement. Together with Locke, we believe that law ought to provide for the 
“industrious and rational” and not for the “quarrelsome and contentious”.  

29.1.5   Homesteading the Final Frontier  

What distinguishes the res communis from full property rights is its lack of marke-
tability. As explained by Robert P. Merges and Glenn H. Reynolds (1997, p.121), 
rights can be separated in two broad classes, namely usufruct – “a right to contin-
ued use for a limited time” and fee – “a more permanent interest that can be 
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traded, devised, or otherwise transferred”. According to the two authors, while the 
usufruct may prove to be valuable for some purposes in the space environment, a 
fee interest akin to the “fee simple” of common law would have the advantages of 
predictability flexibility. 

In 2004, the US President’s Commission on Implementation of United States 
Space Exploration Policy recommended that -  

“Congress increase the potential for commercial opportunities related to the national 
space exploration vision … by assuring appropriate property rights for those who seek to 
develop space resources and infrastructure” (Aldridge 2004, Recommendation 5-2). 

This lex ferenda proposal would represent an important shift from the res commu-
nis approach consecrated in the OST. 

Private property rights have long been promoted by space advocates as the 
most appropriate – if not the only way for developing and settling outer space. In 
the tradition of the American Frontier, whose settlement was encouraged by go-
vernmental plans of privatizing the public domain, the proponents of private prop-
erty in space seek a similar privatization of the extraterrestrial realms. The frontier 
is inexorably linked with the idea of individualism and private ownership, of 
transforming res nullia and res publica into private property. The association be-
tween space colonization and the American Frontier is a recurrent theme in much 
of the pro-space ethos, complementing the earlier view of the American continent 
as a “New World”. At the end of the 19th Century, historian Frederick Jackson 
Turner (1893) explained American development through “[t]he existence of an 
area of free land, its continuous recession, and the advance of American settlement 
westward”. According to historian Barbara Tuchman (1976), the frontier and pri-
vate property rights are deeply connected, in her view - 

“[t]he open frontier, the hardships of homesteading from scratch, the wealth of natural 
resources, the whole vast challenge of a continent waiting to be exploited, combined to 
produce a prevailing materialism and an American drive bent as much, if not more, on 
money, property, and power than was true of the Old World from which we had fled.” 

In a 2003 testimony before American legislators, Rick Tumlinson, founder of the 
appropriately named Space Frontier Foundation, pleaded for “the right to own new 
land in space”, asserting the crucial need to “begin putting in place the rights of 
those who explore and develop such new ‘lands’ in space to own them” in order 
for these to live up to their potential of great sources of wealth:-  

“Throughout history, it has been the ability to gain and hold land which has driven [the 
explorers and developers] forth, and given them the will to carve new human domains out 
of wilderness. Space is no different. If people are going to invest their wealth and lives in 
opening the frontier, they should have the right to pass what they have done down to the 
next generations. When the time is right, the US should stand up and recognize that in 
space, the same rights to won property exist as on Earth.”  (Tumlinson 2003, p.16) 
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Most of the resources of outer space are, in practical terms, unlimited; given their 
abundance, it is illogical to forbid their private appropriation.  

Perhaps the best arguments for the privatization of the extraterrestrial realms 
have been brought by John Locke, long before the start of the Space Age. In his 
view – to which we adhere -, privatization enhances the common heritage, pro-
vided there is still enough left for the others:- 

“[M]en had a right to appropriate, by their labour … as much of the things of nature, as 
he could use: yet this could not be much, nor to the prejudice of others, where the same 
plenty was still left to those who would use the same industry” (Locke 1690, sect. 37). 

Locke did not justify greed, bearing in mind the interests of the fellow humans. 
Yet, as shown in the previous section, this interest cannot be the entitlement to the 
work of the other, but the right to use one’s “industry” for homesteading the 
common heritage. In his correct reasoning, he who proceeds at appropriating land 
by the means of his labour “does not lessen, but increase the common stock of 
mankind”, because enclosing an acre and using it yields more essential products 
than if the land were left “waste in common”. The privatization is seen, thus, as an 
active administration of the public trust stemming from the common heritage in its 
original sense:-    

“And therefore he that incloses land, and has a greater plenty of the conveniences of life 
from ten acres, than he could have from an hundred left to nature, may truly be said to give 
ninety acres to mankind” (Locke 1690, sect. 37). 

29.1.6   Means of Acquiring Ownership over Asteroids  

If allowed, how could one establish ownership over an asteroid? On March 3rd, 
2000, Greg Nemitz, a space activist and owner of a company named Orbital De-
velopment registered a claim for asteroid Eros with the “Archimedes Institute 
Private Property Rights Registry”. When in February 2001 the NEAR Shoemaker 
spacecraft landed on Eros, Nemitz sent NASA a $20 invoice for parking their 
spacecraft on his property, setting a low amount as a proof his goal was in fact to 
bring publicity to the issue of space property rights. Following a lengthy exchange 
of letters with an uncooperative NASA and other institutions, Nemitz would then 
engage into an actual lawsuit against NASA lasting for over five years and culmi-
nating with Nemitz renouncing to take the case to the Supreme Court, and consi-
dering thus the case closed (Nemitz 2005). 

We have shown before that claims to extraterrestrial real estate unsubstantiated 
by physical acts of possession are not valid means of acquiring ownership [Note: 
For a more elaborate analysis of the subject of extraterrestrial real estate, see Pop, 
V, 2006. Unreal Estate: The Men who Sold the Moon. Liskeard: Exposure  
Publishing]. Simply saying “Asteroid Eros is mine”, and publicizing this claim 
without however taking possession of the object of desire has no legal effect.  
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A mere claim is not tantamount with ownership – or, in plain language, claiming 
does not mean owning. In the acquisition of possession, two concurrent elements - 
“the mind” (animus possidendi) and “the body” (corpus possidendi) are required. 
One is insufficient without another; there must be “both an intention to take the 
thing and some act of a physical nature giving effect to that intention” (Reid 1996, 
p.103). The Scottish jurist Stair (1693, II.i.18) has explained this in very illustra-
tive terms: “if any act of the mind were enough, possession would be very large 
and but imaginary”. An imagination as large as the Universe, in the case of the 
purported extraterrestrial salesmen - who present a very valid animus, but no  
corpus at all. 

While entities such as the “Lunar Embassy” who “sell” plots of “extraterrestrial 
real estate” base their claims on pure animus, several space exploration companies 
intend to claim ownership of space resources – namely, asteroids - only after hav-
ing established effective possession by means of robotic prospectors. In 1998, the 
late US entrepreneur Jim Benson (1998, pp. 46-49) stated his intention to “fly a 
privately sponsored deep space science mission” and claim ownership of an aste-
roid by means of effective possession with the aim of creating “an important and 
historic precedent” in support for space property rights. Can title (should space 
assets be claimable) be gained this way? 

Advocates of telepossession – i.e., property acquisition through telepresence, 
appeal to the 1989 case of Columbus-America Discovery Group (1989). In that 
case, a U.S. District Court in Virginia ruled that a salvage firm could claim an 
undersea wreck it had explored via “telepresence” with an undersea probe 
equipped with a TV camera. Human presence on the ocean floor was not required 
to claim the wreck; instead, the court allowed telepossession, defined as:  

“(i) locating the object searched; (ii) real time imaging of the object; (iii) placement or 
capability to place teleoperated or robotic manipulators on or near the object, capable of 
manipulating it as directed by human beings exercising control from the surface; (iv) 
present intent to control … the location of the object.” 

According to Richard Westfall (2003), establishing telepossession of resources in 
space should involve three tasks: 

• Telepresence (visual observation of the site) – telepossessor must be able to 
show live video pictures of the resource site; 

• Telemetry (communication with and knowledge of the location of the site) – 
telepossessor must know where the resource is and be able to communicate 
with the equipment thereon;  

• Telerobotics (manipulation of the resources at the site) – telepossessor must 
demonstrate ability to manipulate the resource site presumably (but not neces-
sarily) through purifying the ore, reducing metals, or manufacturing parts in 
situ.   
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An interesting precedent justifying the acquisition of property through teleposses-
sion can be found in the Roman law, where a person could acquire ownership or 
other rights not only by his own direct actions, but also through the actions of 
slaves under his power (Roby 1902, p. 432). Slaves had a similar legal status as 
modern robotic space probes; the word “robot” itself was derived from the Czech 
“robota”- meaning “labor” in the early 20th Century (Zunt 1998). Roman slaves 
were mere instruments for their master, being nothing more than chattels, objects 
of property rights and having no independent legal existence as persons. Their 
master had the property in anything that the slaves acquired. In the absence of a 
statement to the contrary, a slave owned in common by two or more masters ac-
quired for them in the ratio of their respective shares in him (Roby 1902, pp.452, 
53, and 433). 

Space lawyer Glenn H. Reynolds agrees that claiming property by landing a ro-
bot may well be possible; he nonetheless considers that the size of the claim has to 
be reasonable – e.g., one can claim “the quarter of a square mile in which your 
robot rolled around”, but not a whole planet (Scripps Howard News Service 
1998). Should such actions be taken, we, too, believe that entities performing them 
may well have a legal standing to make a property claim in the presence of both 
animus and corpus. Of course, the validity of ownership acquisition through space 
telepossession is subject to the permissibility of fee simple property rights in the 
extraterrestrial realms.  

29.1.7   Property Status of the Extracted Asteroidal Resources  

We promised above to address the issue of jus fruendi – i.e, the right to collect the 
“fruits” of the extraterrestrial realms. As we have shown, the CHM regime calls 
for the share of the extracted planetary resources with the international communi-
ty, whereas the supporters of property rights want the enclosure of the lands. Who 
owns the extracted resources under the current, commons regime? 

It is first to be remarked that the legal treatment applied to real estate and sub-
stances removed thereon is different. As C. Sweet (1882, p. 259) says, “[w]hile 
unsevered, minerals form part of the land, and as such are real estate. When se-
vered, they become personal chattels”. Whereas the immovables examined above 
are subject to the lex situs of outer space, extracted resources are movables, sub-
ject mainly to the lex domicilii of the person who caused their removal.  

Is the conversion of immovables into movables by way of extraction, allowed 
in the light of the non-appropriation principle of the Outer Space Treaty? The 
legal text is silent as to the permissibility of appropriating natural materials in the 
course of exploration and use of the celestial bodies. In the absence of a specific 
norm clarifying the ownership of extraterrestrial resources, most scholars draw a 
clear distinction between the appropriation of outer space and celestial bodies, and 
the appropriation of materials thereon. Article I of the OST consecrates the free-
dom of scientific investigation, exploration and use of the extraterrestrial realms, 
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whereas the “residuary rule of presumptive freedom of action” (Lauterpacht 1975, 
p.220) proclaims that what is not prohibited is permitted. 

Indeed, a strong opponent of national appropriation of the high seas, Hugo Gro-
tius did not discourage the appropriation of the resources found there. In support 
of this view, he found it appropriate to cite the play Rudens (“The Rope”) by Titus 
Maccius Plautus: - 

“[W]hen the slave says: - the sea is certainly common to all persons - the fisherman 
agrees; but when the slave adds: - then what is found in the common sea is common proper-
ty -, he rightly objects, saying: - But what my net and hooks have taken, is absolutely my 
own” (Grotius 1608). 

A similar logic is found in John Locke (1690, sect. 30)’s Second Treatise of Civil 
Government, where - 

“by virtue thereof [of the original law of nature], what fish any one catches in the ocean 
... is, by the labour that removes it out of that common state nature left it in, made his prop-
erty who takes the pains about it”. 

Whereas the Moon Agreement contains a more restrictive regime, as long as the 
space powers do not ratify the document, their private enterprises are “entitled to 
acquire and retain space resources” for their own disposition “without limitation 
on possible profit”, as agreed by Stephen Gorove (1985, p. 227). 

In December 1993, Russia set an important precedent by commercializing 
extraterrestrial material retrieved by a Soviet probe. Sotheby’s auctioned three 
small particles of lunar regolith weighing about one carat (200 mg), who sold for 
US$442,500 - i.e. US$2.2 million per gram (Arthur 1998). As no objections were 
voiced by third States, it can be stated that, as an attribute of ownership, the right 
to commercialize extraterrestrial material has entered into customary international 
law. Indeed, Gyula Gal (1996, p.47) finds worthy of mentioning  

“some facts of international practice”, namely that both USA and USSR collected and 
returned lunar samples – objects that “were appropriated by U.S. and Soviet authorities 
respectively and have been owned by them without objection from the international com-
munity.”  

It is safe, therefore, to conclude that although fee simple ownership is prohibited, 
under the Outer Space Treaty regime the conversion of immovables into movables 
by way of extraction is allowed in the light of the non-appropriation principle, a 
distinction being made between the appropriation of outer space and celestial bo-
dies and the appropriation of materials thereon. While lacking fee simple owner-
ship over the land thereof, private actors are entitled to “enterprise rights” - that is, 
to explore and exploit the extraterrestrial natural resources. Ownership of extrater-
restrial products vests in those who sponsored their removal, through the labor 
invested in seizing them and, as an attribute of ownership, the right to extract and 
commercialize extraterrestrial material is part of customary international law.  
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29.2   Deflection: The Legality of Planetary Defense 

29.2.1   Introduction 

The sky is, and has always been, a mine. The asteroids and comets lie up there as a 
giant mine field and, from time to time, some of them deliver their deadly blow to 
Earth. A planet where Homo Sapiens is now the dominant species – but it has not 
always been so. “The dinosaurs” – says Larry Niven (quoted by Chaikin, 2001) – 
“became extinct because they didn't have a space program. And if we become 
extinct because we don't have a space program, it'll serve us right!” 

Blockbusters such as “Armageddon” and “Deep Impact” made the subject of 
planetary defense against potentially hazardous objects (PHOs) a part of the popu-
lar culture, in the current context of the millennaristic fears surrounding the year 
2000 and, more recently, 2012. Together with other global issues such as climate 
change, planetary defense has also prompted vivid debates in the scientific and 
policy circles.  

The prospective of interacting with asteroids and comets raise, indeed, a num-
ber of legal and policy questions. We examined above the issue of appropriation 
and of benefits share – yet another important topic pertains to security. Is planeta-
ry defense a right, or an obligation? Who is entitled - or obliged - to defend the 
Earth from the PHO menace? Are all deflection technologies legal? Can nuclear 
explosions be used not only for deflection, but also for exploiting the mineral rich-
es of asteroids? And, last but not least, could asteroids be used for waging war? 

29.2.2   Defending the Planet: A Right, Or an Obligation?  

Interacting with potentially hazardous objects is, undoubtedly, a space activity. 
Does space law permit such an interaction – and we speak now not of the means 
for carrying out such a deed, but of the end? Under Article I of the OST, the extra-
terrestrial realms-  

“shall be free for … use by all States without discrimination of any kind, on a basis of 
equality and in accordance with international law, and there shall be free access to all areas 
of celestial bodies.” 

The same article mandates the States Parties to conduct the use of the extraterre-
strial realms for the benefit and in the interests of all countries, whereas Article III 
of the OST requires them to carry out their space activities in the interest of main-
taining international security. We believe that the above norms instate a right for 
the States Parties to the OST to defend the planet from PHOs, and that such  
actions are indeed beneficial and in  the interest of all countries and in that of 
maintaining global security. 

In the same time, in the past, pirates and slave traders were held as being 
beyond legal protection, being deemed “hostis humani generi” – enemies of all 
mankind. Accordingly, they could be dealt with as seen fit by any nation – under 
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the principle of universal jurisdiction - even if that nation had not been directly 
attacked. It can be argued that, like the pirates and the slavers before, potentially 
hazardous objects are “hostis humani generi” hence lawfully in the gunsight of 
any nation. All of the above, coupled with the right of self-defense, demonstrate 
beyond any doubt that planetary defense is a State right. 

Is this right also a legal obligation? Unlike municipal law, international law is 
consensual, binding only the States who adhered to the norms in cause - apart 
from the peremptory norms of international law (“jus cogens”). The latter bar 
unlawful acts rather than imposing obligations to act. From a legal point of view, 
the exploration and use of outer space is a right, but is not a duty. There are no 
legal norms compelling States to explore space or to deflect asteroids. While to  
Declan O’Donnell (quoted by Rodriguez, 2004, p.2), a nation capable of deflect-
ing asteroids is liable for an asteroid impact if it acts and any damage is inflicted, 
if does not act and any damage is inflicted; and if it could have acted and didn’t, 
irrespective of the outcome, we believe that such responsibility is not a legal one, 
but a moral one.  

A moral obligation can become a legal one if enshrined into law. There have 
been calls for international treaties whereby signatory states would commit fin-
ances and technology for planetary defense and would also solve the security is-
sues at stake. In the same time, active members of the society consider themselves 
bound by moral obligations – such as eradicating poverty and diseases, and de-
fending the planet from PHOs – hence an active volunteer and privately funded 
network of organizations involved in cataloguing rogue asteroids and raising the 
awareness – such as the B16 foundation, the Association for Space Explorers, the 
Secure World Foundation, various Spaceguard efforts, and so on. 

We have concluded that planetary defense, as an end, is lawful. What about the 
means for achieving it? 

29.2.3   The Legality of Deflection Strategies  

Unlike many rogue entities, potentially hazardous objects are not hiding their 
deadly intentions, and their moves are quite predictable. Astronomy is, for most of 
it, an exact science, hence detecting PHOs and calculating their orbits is an activi-
ty which is becoming more and more precise. 

Like with any enemy, the earlier its intentions are known, the easier it is to 
avoid a deadly encounter, the gentler the methods for confronting it, and the least 
controversial. Dealing with an asteroid likely to strike in 20 years is different from 
dealing with an asteroid expected to strike in 3 months. 

Surveys of PHOs as a first line of defense are, undoubtedly, lawful; NASA, as a 
Government entity of the United States, is actively involved in discovering, veri-
fying, and providing follow-up observations for Earth-crossing asteroids – and 
such are LINEAR, NEAT, CINEOS, Orbit@home and other similar efforts. 

When it comes to the actual deflection strategies following the identification of 
a rogue object, the legal issues become more complicated. Various deflection 
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strategies have been imagined, with various variables such as rapidity of reaction, 
performance, cost, etc. Some strategies are aimed at destroying the PHO, while 
others at altering its orbit so that it misses the earth; some are directly impacting 
the object, while others are indirect. While all strategies have security implica-
tions, some of them make use of systems that are, in practice, weapons – being 
able to be used both against potentially hazardous objects and against other States. 
As with many other dual use technologies, under the guise of a lawful aim such as 
planetary protection, States can develop aggressive means of attacking other coun-
tries or their space systems. 

The technology of a nuclear explosive device used for peaceful purposes has no 
essential distinction from the technology of a nuclear explosive device that would 
be used as a weapon. Given the prohibition in Article IV of the Outer Space Trea-
ty of installing weapons of mass destruction on celestial bodies and in orbit around 
Earth, as well as the stationing of WMDs in outer space, important security issues 
are raised by the possible use of peaceful nuclear explosions for planetary defense 
and the exploitation of extraterrestrial resources, as well as by the presence on the 
celestial bodies of radioactive materials. Peaceful Nuclear Explosions (PNE) were 
legitimated, inter alia, by the 1967 Treaty for the Prohibition of Nuclear Weapons 
in Latin America, whose Article 18.1 allows the Contracting Parties to “carry out 
explosions of nuclear devices for peaceful purposes - including explosions which 
involve devices similar to those used in nuclear weapons”, and by the 1976 Treaty 
Between the USA and USSR on Underground Nuclear Explosions for Peaceful 
Purposes (PNE Treaty).  Would PNE be allowed for the deflection of rogue aste-
roids and for the exploitation of extraterrestrial minerals?  

The language of article IV of the Outer Space Treaty - “[t]he use of any equip-
ment or facility necessary for peaceful exploration of the moon and other celestial 
bodies shall ... not be prohibited” - suggests that the use of absolutely any exploi-
tation equipment, including nuclear explosion devices, is lawful as long as it is 
used for peaceful purposes. The same conclusion would arise from article 3.4 of 
the Moon Agreement that, reiterating the quoted paragraph from Article IV of the 
Outer Space Treaty, omits the term “facility” but extends this provision to the 
“use” of the moon. However, Article III.2.d. of the PNE Treaty forbids, inter alia,  
any explosion except in compliance with the provisions of the 1963 Moscow Trea-
ty Banning Nuclear Weapons Tests in the Atmosphere, in Outer Space and Under 
Water. The Moscow treaty, in the words of Eugene Brooks (1997, p. 246), “flatly 
bans any nuclear explosion in outer space”; its Article I.1.a. contains the undertak-
ing of States Parties “to prohibit, to prevent and not to carry out any other nuclear 
explosions … in the atmosphere; beyond its limits, including outer space”. John 
Kish considers that these provisions apply “in outer space … in the eventual at-
mosphere of celestial bodies” and “to all areas of celestial bodies, including their 
subsoil”, as  

“[a]rticle I (1) (b) of the [Moscow Treaty] prohibits nuclear explosions outside national 
territory, namely “...in any other environment if such explosion causes radioactive debris to 
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be present outside the territorial limits of the state under whose jurisdiction or control such 
explosion is conducted””(Kish 1973, p.185).  

Therefore, use of PNE for the deflection of asteroids or the exploitation of extra-
terrestrial minerals would be illegal. 

Furthermore, the 1996 Comprehensive Nuclear Test-Ban Treaty (CTBT) signed 
by most states has outlawed the use of PNE. Initially opposed by China, the CTBT 
provides for a compromise by providing in article VIII for a Review Conference 
who may consider “the possibility of permitting the conduct of underground nuc-
lear explosions for peaceful purposes”, taking into account “any new scientific and 
technological developments relevant to this Treaty”.  

Eugene Brooks (1997, p.247) believes that “perhaps the time is ripe for the UN 
Space Committee to initiate discussions on whether an exception should not be 
made for nuclear or other drastic means to alter asteroid orbits”. He further reck-
ons that the Space Committee “may also review whether nuclear explosions might 
not be used on celestial bodies for mineral extraction, with provisions for interna-
tional consultations and agreed safeguards”. 

As a historical footnote, another security issue was, until 2002, the ABM capa-
bility of asteroid deflection systems. The bilateral USA-USSR 1972 Anti Ballistic 
Missile Treaty (unilaterally denounced by the USA in 2002) prohibited in Art. V 
the development, testing and deployment of ABM systems or components, includ-
ing space-based ones. Art. II of the ABM Treaty defined the ABM system as a 
“system to counter strategic ballistic missiles or their elements in flight trajecto-
ry”. Asteroid deflection systems such as lasers, nuclear, or railguns, although not 
directly aimed at countering strategic ballistic missiles, could have been accused 
of having an ABM “hidden agenda”, given their real ABM capabilities. The unila-
teral deployment of such a deflection system either by the USA or Russia would 
have entailed the risk of apparent violation of the ABM treaty.  

29.2.4   The Deflection Dilemma(s) 

In the early 1990s, Carl Sagan and other authors described a challenging situation: 
“if one can deflect an asteroid away from a collision, one can also deflect an aste-
roid toward a collision” (Schweickart 2004, p.1) Indeed, using asteroids as kinetic 
weapons of (mass) destruction has been envisaged by many SF authors, such as 
R.A Heinlein whose Klendathu bugs wipe out Buenos Aires by crashing an astero-
id on Earth, or Stephen Baxter with a man-made extinction scenario in his 1997 
novel “Titan”.  The use of space-based kinetic weapons has also been studied by 
military strategists, such as those involved in “Project Thor”. 

The use of asteroids as weapons poses even more theoretical security problems 
than the ones of employing weapon-like systems for deflecting them - supplemen-
tal safeguards may be needed in order to avoid misuse of otherwise peaceful tech-
nologies. It is hereby offered that deflection techniques do exist which would 
solve the Sagan Dilemma – techniques effective enough to deflect a harmful aste-
roid yet imprecise enough to make unfeasible the modification of the orbit of an 
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otherwise harmless asteroid into a collision course with the Earth. Such is the case 
with the surface albedo treatment system currently under development at the 
Scientific Preparatory Academy for Cosmic Explorers (SPACE), a project entail-
ing the use of the Yarkovsky effect by actually painting an asteroid and altering 
hence its orbit away from a collision course [Note: the Yarkovsky effect is the 
result of anisotropic heating of a celestial object. The amount of heat absorbed by 
the object is closely related to its albedo; as uneven heating occurs, the warmer 
surface areas radiate more thermal energy and a resulting net force acts on the 
object. For instance, the side of an asteroid that faces the sun will be heated. As 
the sunlit side of the asteroid rotates away from the sun, the warmer dusk side 
radiates more energy than on the cooler dawn side. The resulting net force acts in 
a direction that is determined by the asteroid’s spin axis, rotation rate, and orbital 
period.] As a non-dual use technology, this solves Sagan’s dilemma, as it cannot 
be used in practice to transform an asteroid into a kinetic weapon, answering also 
to legal issues raised by other, more aggressive techniques (see Ge and Pop, 
2011). 

Astronaut Rusty Schweickart (2004, p.1) believes nonetheless that the deflec-
tion dilemma as expressed by Carl Sagan is virtually non-existent, as “this mali-
cious deflection capability is of so little ‘practical’ use as a weapon that it is of no 
real concern”; however, considers he, there is another dilemma, and that is the 
choice “between doing nothing, thereby suffering the consequences of an impact, 
or pro-actively deflecting an asteroid which will, in the process of "protecting the 
Earth", necessarily place otherwise non-threatened people and property at risk”.  

We consider that there is yet another dilemma, between doing what is lawful 
and doing what is right in the area of planetary defense. The Latin maxim “Fiat 
justitia ruat caelum” - "Let justice be done though the heavens fall" has found a 
literal meaning. In the case of a possible impact, should positive law be followed – 
even if this may mean that nuclear explosions are forbidden in deflecting asteroids 
– or should one use illegal, yet effective means of protecting Earth from asteroids? 
We believe that measures should be taken towards the earliest detection of poten-
tially threatening asteroids, that efforts should be taken for their early deflection 
by gentle means, that the use of nuclear and other dangerous forces be legalized 
when employed for deflecting asteroids that cannot be deflected by other means 
and, even if not legal, these should still be used when confronted with such a  
tremendous menace. 

29.3   Instead of Conclusion: Mines and Mines 

The sky is, and has always been, a mine – in both senses of the word. The me-
diaeval cartographers used to put sea serpents in the blank areas of the maps, in 
order to denote unexplored or dangerous territories. “Here be dragons” and “here 
be tigers” were phrases that scared away some travelers, yet attracted intrepid 
explorers ready to slay the fierce dragons and sell their miraculous skin for many a 
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case of gold. “Here be asteroids” is the new “here be dragons” – a place marked 
on the celestial maps where dangerous, yet priceless astronomical creatures abide. 

Throughout the history, the ability of humans to tame the destructive forces of 
nature has been one of the main factors in the evolution of our species. Deadly 
wild boars were hunted for their meat; deadly wolves were domesticated and 
transformed into faithful guardians; deadly rapids were jammed and their force 
used to create electricity. The asteroids will too be tamed, and transformed from a 
mine field, into a field of mines; from a force that wipes out civilizations into a 
resource that builds them. 

In order for this to happen, we need a framework helping humankind to realize 
the above goal. We need a framework that would interest not only governments, 
but also private actors, into developing the resources of space. That framework is 
best represented by private property rights, whereby the third meaning of the word 
“mine” – that of possession – would be the most appropriate. A private asteroid 
mining industry would not only make the human civilization transcend its terre-
strial boundaries – it would also save it from extinction. Private enterprise, if al-
lowed to make a profit from exploiting the asteroids, would catalogue, survey and 
track them better than a voluntary or a government program; private enterprise 
would devise means of exploiting and moving the asteroids that would not only 
extract their riches, but would also be able to alter their orbits. Mining the sky 
would, then, mean also demining it – but in order for this to happen, humans ought 
to be able to say the word “mine” in its third meaning – that of property – when it 
comes to asteroids. 
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