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 EXECUTIVE SUMMARY
 
“Those who control the spice control the universe.” – Frank Herbert, Dune 

Many interesting ideas have been conceived for building space-based infrastructure in cislunar space. 
From O’Neill’s space colonies, to solar power satellite farms, and even prospecting retrieved near earth 
asteroids. In all the scenarios, one thing remained fixed - the need for space resources at the outpost. 
To satisfy this need, O’Neill suggested an electromagnetic railgun to deliver resources from the lunar 
surface, while NASA’s Asteroid Redirect Mission called for a solar electric tug to deliver asteroid materials 
from interplanetary space. At Made In Space, we propose an entirely new concept. One which is 
scalable, cost effective, and ensures that the abundant material wealth of the inner solar system becomes 
readily available to humankind in a nearly automated fashion. We propose the RAMA architecture, which 
turns asteroids into self-contained spacecraft capable of moving themselves back to cislunar space. The 
RAMA architecture is just as capable of transporting conventional sized asteroids on the 10m length scale 
as transporting asteroids 100m or larger, making it the most versatile asteroid retrieval architecture in terms 
of retrieved-mass capability. 
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This report describes the results of the Phase I study funded by the NASA NIAC program for Made In 
Space to establish the concept feasibility of using space manufacturing to convert asteroids into 
autonomous, mechanical spacecraft. Project RAMA, Reconstituting Asteroids into Mechanical Automata, 
is designed to leverage the future advances of additive manufacturing (AM), in-situ resource utilization 
(ISRU) and in-situ manufacturing (ISM) to realize enormous efficiencies in repeated asteroid redirect 
missions. A team of engineers at Made In Space performed the study work with consultation from the 
asteroid mining industry, academia, and NASA. 
Previous studies for asteroid retrieval have been constrained to studying only asteroids that are both large 
enough to be discovered, and small enough to be captured and transported using Earth-launched 
propulsion technology. Project RAMA is not forced into this constraint. The mission concept studied 
involved transporting a much larger ~50m asteroid to cislunar space. Demonstration of transport of a 50m-
class asteroid has several groundbreaking advantages. First, the returned material is of an industrial, rather 
than just scientific, quantity (>10,000 tonnes vs ~10s of tonnes). Second, the “useless” material in the 
asteroid is gathered and expended as part of the asteroid’s propulsion system, allowing the returned 
asteroid to be considerably “purer” than a conventional asteroid retrieval mission. Third, the infrastructure 
used to convert and return the asteroid is reusable, and capable of continually returning asteroids to 
cislunar space. 
The RAMA architecture, as described in this report, was shown to be cross cutting through the NASA 
technology roadmap as well as the future goals of the greater aerospace industry. During the course of 
the study it was found that the RAMA technology path aligns with over twelve NASA roadmap missions 
across seven NASA technology areas, and has the opportunity to substantially improve the affordability 
and scalability of both the Human Exploration and Operations Mission Directorate (HEOMD) and the 
Science Mission Directorate (SMD) stated goals. 
The approach to studying this concept started with the development of Rock Finder, a rapid optimization 
tool for identifying suitable asteroids for utilization. In parallel to the Rock Finder development, a trade 
study was performed on various ISRU and ISM technologies. A technology roadmap was created to 
identify suitable technologies for turning asteroids into spacecraft. Rock Finder was then used to identify a 
single S-type asteroid, and a mission assessment was performed for a specific set of technologies, 
showing the feasibility of performing a RAMA style mission with the asteroid. The end results suggest that 
the RAMA architecture is a feasible way to automate a self-perpetuating suite of asteroid exploration, 
discovery, and utilization missions within a twenty to thirty year time horizon, demonstrating a maturation 
of the technology from TRL 1 to TRL 2. 
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 PROJECT RAMA TEAM
 

Jason Dunn 
Principle Investigator 

Cofounder and CTO at 
Made In Space, Jason 
served the project as 
the PI. His role focused 
on the overall 
organization of the work 
plan and customer 
deliverables. Jason also 
managed the 
relationships with 
industry and academic 
experts. Jason was a 
main author of this 
report. 

Supporting Roles 

Max Fagin 
Lead Project Engineer 

As the lead project 
engineer for the study, 
Max focused heavily the 
technical details of all 
work plan elements. The 
Rock Finder program 
was created by Max and 
was used to design the 
overall mission concept 
and trajectories. Much of 
the detailed mission 
concept is credited to 
Max. Max was a main 
author of this report. 

Michael Snyder 
Chief Engineer 

Cofounder and Chief 
Engineer at Made In 
Space, Mike was in 
charge of overseeing 
the technical 
development efforts of 
the study. He was 
instrumental in 
determining the 
appropriate study path 
to be executed on, and 
directed the engineering 
focus. 

Eric Joyce 
Project Manager 

As project manager of 
the RAMA study Eric 
managed the overall 
budget and schedule of 
the effort. His 
background expertise in 
space resources and 
mission planning was 
vital in directing the 
overall path of the study 
effort. Eric was active 
throughout the study 
maintaining alignment 
to study goals. 

Phil Metzger, University of Central Florida – Phil brought his experience in ISRU and space resources 
to the RAMA study as a lead advisor to the work. The RAMA team consulted with Phil on mission concept 
design and resource mining options. 
Andrew Rush, Made In Space, CEO – Andrew provided a role of ensuring the RAMA study maintained 
alignment to the overall Made In Space business focus. His contributions were seen through in depth 
reviews of work and connection to other Made In Space development programs. 
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1 INTRODUCTION AND BACKGROUND 
The breakout into the High Frontier doesn’t depend on our being so lucky as to find the asteroids… but it does 

depend on our working out the details of processing asteroidal materials to obtain from them pure metals, silicon, 
and oxygen. – Gerard O’Neill, “2081: A Hopeful View of the Human Future,” 1981 

1.1 PROBLEM AND MOTIVATION 
Humanity has evolved on the largest solid body in our solar system, and transporting anything into space 
is an energy and cost intensive process. So intensive, that if all the materials we have ever launched into 
space were collected and compressed into a single solid body, it would occupy a region no bigger than a 
tennis court [28]. But space already contains billions of objects of this mass or greater: The asteroids. 
It has long been understood that harnessing the 
mass of the asteroids and using it to manufacture 
equipment outside of Earth’s gravity well would be 
an enabler of the space frontier. The exploitation of 
asteroid resources has the potential to transform 
our activities in space from one of Earth 
dependence to one of Earth independence. Fuel 
depots in cislunar space, large-scale space 
manufacturing facilities, future space stations 
(Figure 1-1), and mega-scale space structures 
would bankrupt the world if the mass to build them 
needed to be launched from Earth, but the cost of 
these projects suddenly become feasible with an 
available supply of asteroid resources. 
In addition to enabling space based industries, 
asteroid resources present advantages to industries Figure 1-1: An early hollowed out asteroid concept 
here on Earth. Global resource consumption is as envisioned in the 1965 book “Beyond Tomorrow:
increasing at a rate proportional to both population The Next 50 Years in Space” by Dandrige Cole and
growth and the rate at which existing populations Roy Scarfo. 
increase their demand for resources [17] [18]. Exponentially accelerating technologies, backed by Moore’s 
Law, are bringing about incredible benefit to humanity, while requiring more resources and energy to be 
consumed to create these new devices. Six separate studies have estimated that within two decades there 
will be a global demand for over forty-five trillion sensors [20]. This is formally known as the “Internet of 
Things” (IOT). The question then to ask is, “where does the energy and resources come from to create 
these devices?” 
With current exploration and extraction methods, there are not enough raw materials present on Earth for 
the world’s current population to experience the quality of life of the modern developed world [18]. This 
shortage clearly poses a problem for the upcoming decades not just for the entire population to rise to 
current living standards, but also to meet the growing technological needs on the horizon. The cost 
threshold may continue to be met as it has been in the past by further advances in terrestrial resource 
extraction and recycling; but such advances may not be necessary, given that the same resources are 
found in abundance in the asteroids. And regardless of what technological advances are made in terrestrial 
technologies, there are likely to be externalities to the land, environment and local populations. Asteroid 
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mining is guaranteed to be free of these costs, making asteroid resources “greener” than terrestrial 
resources ever could be, regardless of future innovations. 
For now, the cost to mine these asteroids is far more expensive than the cost of extracting equivalent 
resources from Earth. But that will not always be true. In the next few decades, the convergences of several 
exponentially accelerating technologies are expected to dramatically reduce costs for space resource 
mining endeavors. Logically there will be a tipping point when it will become economically feasible to switch 
to an off-world resource extraction and mining paradigm. 
These observations are by no means novel or original [28]. But they have gained credence in recent years 
as the aerospace community witnessed the birth and growth of several space resource exploration and 
exploitation initiatives to capitalize on the opportunity. NASA’s path finding efforts in programs such as the 
Asteroid Redirect Mission (ARM) have shown national interest and support, while commercial firms such 
as Planetary Resources, Inc. and Deep Space Industries, Inc. have demonstrated that space resources 
represent a financeable endeavor. Internationally, the government of Luxembourg has demonstrated this 
fact with an investment of over $200 million in strategic space resource developments, and domestically, 
the United States demonstrated its commitment with the SPACE act of 2015, recognizing property rights 
to resources mined in space. 
The value of mining asteroid resources is clear; but enabling such a mission requires solving many complex 
challenges [21]. Furthermore, from industry research and technology roadmaps the authors of this report 
believe that all but one of these challenges is being addressed by current asteroid exploitation initiatives 
or from other crosscutting industries. The focus of this NIAC Phase I study is to solve the last challenge 
on this list. 

•	 Remotely mining asteroids without the need for humans – Advances in artificial intelligence 
and robotics are on a steadily increasing curve of capability while on a decreasing curve of cost, 
largely driven by advances in microprocessors. 

•	 Data collection and asteroid detection – Improved sensors, Big Data computation capabilities, 
and improvements in microprocessors will make for finding more near-Earth objects far more 
efficiently than today. 

•	 Launch and propulsion – Advances in both chemical propulsion technologies, reusability of 
rockets, and new in-space propulsion technologies will make transportation to and from mining 
outposts fit within the economic needs of an off-world mining infrastructure. 

•	 Design – Generative design algorithms are allowing for new mission designs to be created in an 
organic evolvable fashion. This in turn creates a more efficient design of both spacecraft and mining 
infrastructure. 

•	 Miniaturization – The rapid miniaturization of spacecraft technology will enable mining 
infrastructure to be optimized for both low cost launch and scalable exploration. This will help 
enable an increase in scouting missions. 

•	 Transportation of asteroid resources – While there have been some concepts for how to 
transport small samples of asteroid materials from its orbital location to a mining/manufacturing 
outpost, there currently exists no method that enables the continuous, automated delivery of entire 
asteroids from interplanetary space to a single mining/manufacturing location of interest. This core-
unsolved problem is the focus of the Project RAMA Phase I study. 
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1.2 A VISION OF SPACE DEVELOPMENT 
Since the beginning of the space race, the space industry has operated under a set of assumptions: 
(1) All space missions start at the bottom of Earth’s gravity well, and are delivered to space on launch 
vehicles employing chemical propulsion. 
(2) Space missions are controlled from Earth, and cannot function without regular communication with 
Earth. 
(3) “Space Industry” means using space to produce data, not physical products (i.e. telecommunications, 
remote sensing, Earth observation). 
The later assumption is the one that will be challenged in the near future. Made In Space believes that 
space will become a useful place to produce physical goods, to enable future jobs, and to expand our 
global economy. The transport of materials (not just data) between Earth and space will open up a new 
set of industries, in which space manufacturing facilities become a cornerstone of the expanded space 
economy. The space environment will be leveraged in the production of equipment that can only be 
produced in space. Microgravity (and partial artificial gravity) will be used to precisely control the 
manufacturing of products made from exotic materials. Manufacturing processes that on Earth rely on the 
costly use of inert gasses will be moved to space, where an abundant supply of vacuum can provide the 
same effect. The heat dumped into Earth’s oceans and atmosphere will instead be radiated out to the 
blackbody of the universe. With growing concern and understanding of Earth’s changing climate, it’s not 
hard to imagine a point where large industrial operations are moved off-planet to avoid the chance of 
environmental damage. 
The challenge of the space industry lies in the preparation of meeting these future needs. Transportation 
companies providing both up-mass and down-mass must be ready to handle the demand of transporting 
both people and equipment to and from space. Advanced space manufacturing capabilities must be 
available for the construction of both large scale space habitats as well as small scale precision parts. Life 
support systems must advance to fully regenerative status to reduce the need for Earth re-supply. Energy 
production and storage techniques must be ready to provide megawatt class power. And finally, the 
resources of the solar system must be tapped to provide easy routes for this growth to take place. 
Fortunately, these challenges can be solved by the clever adaption of technologies under development on 
Earth right now. For many decades, any industry or product that is enabled by the exponential growth of 
information technology in turn falls onto an exponential price/performance level of growth. This acceleration 
is more and more evident in recent years. Miniaturized computers, smart phones, wearable devices, 
consumer drones, and even satellites are now “information technologies.” The CubeSat, which was once 
an educational exercise in spacecraft systems engineering, now packs so much capability that the 
aerospace industry is moving away from massive satellites towards constellations of small, resilient, highly 
advanced smallsats. These trends are nowhere near their theoretical limit, and are expected to continue 
to accelerate in capability and performance. 
This steady advancement affirms the positive view that the industrialization of space will commence in the 
next few decades. Enabled by “big data” computation capabilities and artificial intelligence algorithms 
trained by machine learning, the space robotic systems of the near future will be a far cry from even the 
state of the art robotics in space today. For the early history of robotics pattern recognition was too 
undeveloped to make robots anything more than a “teach-and-repeat” level of automation. A very handy 
tool on the assembly line, but not capable of handling something as complex as a space mission without 
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regular human supervision from Earth. Recent advancements in computation and pattern recognition are 
changing this. Robotics now and in the near future will be capable of performing the complex decision 
making tasks required for space exploration. And in an environment where the risk to human life is so high, 
the robotic construction worker will be gladly welcomed. With these highly capable robotics, and access to 
the vast amount of space resources, a new era in space exploration will be unlocked. 

1.3 THE RAMA SOLUTION 
Made In Space developed RAMA to solve the problem of transporting large supplies of asteroid resources 
from their natural orbits to orbits of greater use in cislunar space. RAMA is a revolutionary, mass-minimalist 
approach to explore and exploit space resources. The concept is based on a “Seed Craft”; a spacecraft 
which contains technically sophisticated ISRU, Additive Manufacturing and robotic capabilities. The Seed 
Craft uses these capabilities to convert the available materials of an asteroids into spacecraft subsystems 
including propulsion, energy storage and guidance systems. The asteroid (now a spacecraft in its own 
right) is able to autonomously carry out a basic mission; such as relocation for easier future rendezvous, 
or to divert to a more useful location empty space. Meanwhile, the Seed Craft which initiated the 
transformation is free to plot a course to the next asteroid, repeating the RAMA process indefinitely. 
Designing RAMA and the Seed Craft is a project of advanced automation. To accomplish a task as 
difficult as converting an asteroid into a spacecraft, the Seed Craft must be outfitted with sophisticated 
robotic manufacturing and material processing technologies. Such technologies do not yet exist, but we 
anticipate ten to twenty years from now they will be developed to a technology readiness level high enough 
for the initial RAMA missions. With computation capabilities that rival todays super computers, the Seed 
Craft would be able to plan an entire mission on its own, adapting and building new equipment to 
accommodate the unique conditions it encounters on each asteroid. 
We can be hopeful for the future of these technologies because many are currently in active development 
in other industries, with large growth potential here on Earth. Alphabet, the parent company of Google, has 
a fleet of self-driving automobiles on the roads of Silicon Valley where Made In Space is head quartered. 
These vehicles adopt low cost LIDAR and radar sensors married with sophisticated feedback, machine 
learning, and other software tools to provide a level of driverless autonomy that meets the high standards 
of our nation’s roadways. Made In Space is currently working on the space manufacturing technologies 
that, among other capabilities, will enable the RAMA mission. Vacuum based additive manufacturing of 
polymers, metals, and composites in microgravity; large-scale structure manufacturing/assembly in space, 
and advanced robotics are all under currently funded programs at Made In Space. 
RAMA Benefits 
Compared to the state-of-the-art (SOA) Asteroid Redirect Mission architecture, RAMA simply does more 
for less [1]. Because RAMA makes use of materials found at the asteroid for mass intensive tasks (like 
providing reaction mass for the propulsion systems), a greater mass can be returned for equivalent mass 
launched. This is even more true if the RAMA Seed Craft can redirect multiple asteroids in a single mission, 
either by using the asteroid’s propulsive capabilities to redirect itself towards another target before 
returning, or using the asteroid’s resources to replenish the Seed Craft’s propellant reserves. The asteroid-
spacecraft itself also has several advantages over transporting resources with conventional spacecraft. An 
asteroid spacecraft can be 100% radiation hardened due to the abundance of shield material, and its 
interior can be completely shielded from micrometeorite debris, making it ideal for long-term missions on 
the order of 5-50 years [12]. Due to the composition of these ISRU-derived (largely mechanical) systems, 
the “useless” materials on the asteroid (that would be separated and disposed of once the asteroid had 
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returned to cislunar space) is put to good use in the RAMA concept as structural support and propellant 
reaction mass. 
Taken to the extreme, the RAMA architecture enables a continuous train of resources to be redirected 
from interplanetary to cislunar space: A train of mechanically driven, asteroid spacecraft, “mine carts,” 
stretching from the depths of the asteroid belt to within 1 Lunar Distance (LD) of the Earth-Moon system. 
A symphony of endless revolving resources working in concert that, once in place, humans could hitch 
aboard and use as “free rides” to interplanetary space and back. Over time, such a system could convert 
these rudimentary spacecraft into sophisticated vehicles fit for human habitation; or fit them with sensors 
as research platforms to map other asteroids. Ultimately RAMA will create a system that will give humanity 
access to safer, faster and cheaper options for accessing the wealth of resources in our solar system. 

1.4 RELATED WORK AT MADE IN SPACE 
Made In Space brings forth a legacy of space manufacturing expertise to the study of the RAMA concept. 
The pioneering efforts of 3D printing in microgravity, beginning in 2011 on parabolic research flights and 
later on the International Space Station in 2014 form the foundation for the working knowledge for 
approaching the RAMA problem set. All the work at Made In Space is focused on a roadmap of enabling 
more and more to be manufactured in space, so that less and less must be launched from Earth over time. 
While the concept of Project RAMA exists on the far end of the Made In Space roadmap, there are many 
programs currently in progress with near term horizons that are enabling to the RAMA vision. The following 
is a description of three active programs at Made In Space; each playing a critical near term step in 
enabling the future RAMA mission technology needs. 

Microgravity Additive Manufacturing: The Additive 
Manufacturing Facility (AMF) onboard the ISS is owned 
and operated by Made In Space offering in-space 
manufacturing as a service to both NASA and other 
organizations around the world. The techniques 
developed by Made In Space to enable AM to work in 
microgravity are key technologies needed to enable the 
Seed Craft to convert asteroids into spacecraft. The 
microgravity AM technology can produce parts in a 
variety of materials from advanced thermopolymers to 
ceramics and metals. 

Space Resource Manufacturing: Under development 
at Made In Space are several methods for additively 
manufacturing products from local resources. This 
technology is capable of working on planetary surfaces, 
such as the Moon and Mars, but would be perfectly 
applicable to an asteroid manufacturing mission. Pictured 
here is a gear produced using JSC-1A lunar regolith 
simulant as a feedstock material along with an additive 
manufacturing technique. The Seed Craft may create 
gears and other mechanical parts in a similar manner. 

3D printed wrench made by AMF on ISS 

Gear made by Made In Space from JSC-1A 
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Archinaut program for robotic space mfg. 

Large Scale Space Manufacturing and Assembly: 
Made In Space and NASA are operating together on a 
Public/Private Partnership through the Archinaut 
Program. Archinaut is a platform of technologies that 
make possible the manufacturing and assembly of very 
large structure in the space environment. The near term 
goals of Archinaut are to construct large spacecraft 
elements using materials launched from Earth, but the 
same methods may one day be used with the Seed Craft 
to create large structures out of asteroid materials in-situ. 

1.5 ASTEROIDS: WHAT AND WHERE? 
Any discussion of asteroid resources must begin with an understanding of the asteroid’s composition, 
structure, and distribution throughout the solar system. The study of asteroids is a highly specialized and 
continuously evolving field, but a general introduction is provided here, based largely on information 
provided in [29]. 
Asteroid Distribution: Collectively, the asteroids represent a total of 3·1021 kg of material, equivalent to 
~5% the mass of the Moon, or a single body ~1400 km across. The majority of this mass is contained 
within the ~900 km dwarf planet Ceres, and most of the remaining mass is distributed in the main belt 
between Mars and Jupiter. 
It is nearly impossible to state any universal rule about asteroids, as their sheer number ensures that there 
will be exceptions to every rule. For example, even though the majority of asteroids are located in the main 
belt, a large number exist in Earth crossing orbits that make them much more accessible (and easier to 
detect) than the main belt population. These asteroids are collectively referred to as Near Earth Objects 
(NEOs) and are defined as any asteroid with a minimum orbital radius of <1.3 AU. Given their proximity to 
Earth, NEOs are the most heavily studied, and will likely be the first asteroids to be tapped for their 
resources. 
Due to a continuous process of collision and accretion that began when our solar system formed (and 
which continues today), asteroid sizes have been smoothed out to follow a predictable power law. This 
trend is depicted in Figure 1-2. In general, an asteroid of any size is ~100 times more prevalent than an 
asteroid 10 times its own size. So if a given region of space can be seen to be populated by 100 asteroids 
with diameters >10km, it is reasonable to assume that there are ~1,000,000 undetected asteroids in the 
same region with diameters >100m. No comprehensive telescopic survey has yet been conducted with the 
ability to detect asteroids <100m in diameter, and our knowledge of asteroids of this size is limited to the 
small population that has been detected when one makes a fortuitous close pass of Earth. 
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Figure 1-2: Asteroid Size Distributions (Source: Marco Colombo, Density Design Research Lab) 

Composition: Asteroids formed from the same circumstellar cloud of gas and dust as the inner planets, 
so their bulk composition is generally similar to Earth. However, Earth’s larger mass and gravity has 
allowed its interior to remain hot and geologically active, concentrating various materials through processes 
that never took place on the asteroids. Asteroids thus tend to be more homogeneous and undifferentiated 
than Earth. While Earth’s surface and interior show high differentiation and can be divided into layers and 
geological zones, a sample from one part of an asteroid is likely to be similar to every other part of the 
same asteroid. 

This lack of differentiation offers both advantages and disadvantages for resource utilization. One 
advantage is that it makes characterization of an asteroid’s composition considerably easier. Unlike Earth, 
an asteroid’s composition is not a strong function of location, and any materials found on an asteroid’s 
surface are likely be present throughout the asteroid’s interior. A lack of differentiation also means that 
valuable materials that are locked up in inaccessible regions on Earth are within easy reach on asteroids. 
Metals like iridium, which on Earth are mostly dissolved deep in our iron core, are distributed uniformly 
throughout an asteroid. Rare platinum group metals can only be found on Earth in locations where geologic 
process have brought them near the surface. But on asteroids, they are likely distributed throughout the 
body, and can be naturally separated while mining for other minerals. 
The disadvantage to this lack of differentiation is that much larger volumes of asteroid materials must be 
processed to yield the same quantity of resources. Mining on Earth is frequently a process of following 
veins where minerals are present in higher quantities than in the surrounding deposits; By contrast, mining 
on asteroids is likely to focus more on moving and processing large volumes of a uniformly low grade ore. 
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Structure: Medium sized asteroids (1-100 km in diameter) have 
sufficient gravity to adhere small rocks and regolith to their 
surface, but insufficient gravity to develop the internal pressure or 
heat required to melt or separate their interiors (Figure 1-3). 
Asteroids in this size range tend to resemble loose packed 
agglomerations with a porous structure. Mining material from 
these asteroids will require comparatively little breaking or 
mechanical processing, as an assortment of materials in a range 
of sizes is already available. By contrast, small asteroids <100m 
in diameter are more likely to be a single continuous body, as their 
surface gravity is too weak to hold on to anything loosely packed. 
The continuous nature of small asteroids is also evident from 
studies of their rotation rate. Small asteroids are regularly 
observed to be rotating rapidly enough that centrifugal force at 
their surface exceeds that of their gravity, implying that the body 
must have some internal cohesion in order to remain intact [5]. This can be expressed by the criteria where 
the period is small enough for centrifugal force to exceed gravitational acceleration seen in Equation 1. 

GM
ω2r > 

r2 

Equation 1: Criterion for an asteroid being unable to remain gravitationally bound 

Which, in terms of the asteroids diameter d, Mass M, and revolution period T can be expressed as Equation 
2. 

πd3 

T < 
2GM 

Equation 2: Criterion, which if met, suggests the asteroid is a single solid mass rather than a 
gravitationally bound collection of smaller masses 

Any asteroid which is observed to meet this criterion is known to have significant internal cohesion. 
Knowledge of the period of revolution can be obtained by repeated observations of the asteroid and 
detecting cycles in its apparent magnitude, but knowledge of the asteroids diameter and mass cannot be 
known accurately without up close observations from a spacecraft. This method should thus be used with 
caution. 
The mining techniques deployed on these small monolithic asteroid will be very different than those 
deployed on a medium asteroid, requiring the ability to break down large chunks before processing. This 
can be an advantage, as the monolithic structure can negate the need for support or reinforcement to 
brace the asteroid against acceleration. 
Albedo/Magnitude: Ground based observations are not able to resolve asteroids as anything other than 
point sources except during very close passes of Earth. The only way to infer an asteroid’s size from 
ground observations is by measuring the amount of light it reflects. Like with stars, this measurement is 
quantified with a photometric magnitude system, where a lower magnitude corresponds to a brighter 
source, and each step of -1 magnitude equates to a factor of 2.5 increases in the intensity of the source. 

Figure 1-3: Asteroid Itokawa, imaged from 
the Hayabusa spacecraft. Note the loose 
packed structure composed of multiple 

smaller solid bodies. 
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