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FACULTY PREFACE
The idea of a human mission to Mars has fascinated mankind at least since the late 1800s, when H.G.
wells and Jules Verne presented their visions of interplanetary flight. This vision was partly fulfilled in
1976, when NASAs Viking 1 and 2 landers transmitted images and data from the arid Martian surface.
Very recent Martian initiatives (Europe’s Mars Express, Japan’s Nozomi, and NASA’s Mars Rover
missions) will greatly develop our understanding of the Red Planet. Unfortunately, the cost and overall
complexity of a human Mars mission have, thus far, prohibited the realization of such a venture.
Despite this, hardened campaigners, lobbyists and entrepreneurs continue to advocate for such
missions. For example, at the 2002 World Space Congress, Houston, Texas, Leonid Gorshkov (RSC
Energia, Russia) described a reusable Interplanetary Expedition Complex for delivering a crew to Mars
in 20221.
This year, our 11-month Master of Space Studies (MSS) Team Project 1 (TP1) is devoted to a “Human
mission to Mars using the International Space Station”. This ambitious project truly embodies ISUs
“3I” philosophy (Interdisciplinary, International, Intercultural). The team is composed of 24 men and
women from 14 different countries. Within the ranks of the team are talented lawyers, scientists,
engineers, business people, policy makers, and others. Collectively, they have fully embraced the
complex interdisciplinary challenge that they were assigned.
TP1, in common with their classmates in TP2 (“Future Navigation Systems”) commenced activities in
the October of 2002 with a comprehensive literature review, which was presented in December. This
valuable, nay essential, exercise laid the foundation for Part 2 of the project. The latter, which began in
January, 2003, had the objective of focusing on a specific, much narrower, aspect of “Human mission
to Mars using the International Space Station”. Such a “narrowing” process is often difficult, even
painful! However, TP1 rose to the challenge and has developed a novel and creative approach to a
“pre-Mars” mission. This work, which includes realistic suggestions for efficient utilization of the
International Space Station (ISS) is described here.
Several aspects of TP1, in common with other ISU TPs are noteworthy both to the ISU Resident
faculty and to our many visitors. For example, one could reasonable argue that very few, if any,
universities or institutions could tackle projects in such a truly “3I” fashion. Hence, the final multifaceted report is probably unique as a single body of work. Another impressive aspect of the TP is the
ability of our students to communicate effectively with a veritable spectrum of international, spacerelated colleagues. Such communications often result in a valuable insight into various topics and
problems (current space policy, the latest propulsion technologies, radiation shielding, etc.). Finally, the
TPs are a wonderful exercise in teamwork. In the context of TP1 “teamwork” means 24 colleagues
with diverse nationalities, ages, academic/professional backgrounds, cultures, personalities and
opinions working together as a single unit. Is this not difficult? Of course it is, but therein lies the
challenge and the ultimate value of the ISU TP!
The last few weeks of this year’s Master in Space Studies (MSS) TPs coincided with the start of the
2003 ISU Summer Session Program (SSP). During this special period, some 108 SSP students plus
numerous SPP staff and faculty shared the beautiful new ISU campus in Strasbourg, France, with MSS
03 students and the resident staff. It was pleasant to see the interaction between the TP1 and the SSP.

1

see: http://www.space.com/news/wsc_future_021020.html
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Finally, and most importantly, TP1 are to be sincerely congratulated on their hard work and dedication
to the team effort. The fruit of their labors are within the covers of this report and should be of
considerable value to a diverse suite of international readers.

Assistant Professor Hugh Hill on behalf of the Resident Faculty.
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STUDENT PREFACE
The Red Planet draws humans with intrigue and mystery. As Earth’s closest neighbor, it tempts its
people with the possibility to explore it. Still, humans have yet to reach Mars. Endless hours of work
and dreams have gone towards the question of how to proceed.
This report, P.A.T.H.-M, Program Advancing Towards Humans on Mars, is the contribution of our
student team to this problem. We propose the Morpheus program to structure the research that can be
done now, before a mission to Mars is called. It is to occur first on the surface of the Earth and next
on a dedicated module of the International Space Station. An interdisciplinary approach is taken. We
present the program as a whole, giving thought to the business, legal, educational, and outreach aspects
of all research proposed.
We are students of the International Space University, Masters of Space Studies, class of 2003. Our
team consists of twenty-four people from fourteen different countries and spans a wide range of
academic disciplines. We have organized ourselves and decided upon our goals, chosen the scientific
and technical foci of the report, and divided the work amongst ourselves. We have proposed a
business and legal structure in which this pre-Mars research could take place. We take pride in
presenting the results of our efforts to you.

“It is hard - though not impossible - to think of any scenario
which would, as Apollo did for the Moon, accelerate the course
of history so that a Mars mission would occur as soon as it became
technically feasible. What is more likely is that astronautical
knowledge and engineering skills will steadily increase until, at
some time in the next century, it becomes clear that a flight to
Mars is a reasonable extension of current technology, largely
using extant hardware.”
Arthur C. Clarke

This report is our small contribution to this increase in
knowledge that will make sending humans to Mars reasonable.
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ABSTRACT
Humanity has the dream of journeying to our neighbor, the Red Planet. Unfortunately, today we are
still far from realizing this dream. This report presents the outline for an overarching program aimed at
coordinating and conducting all of the research and development that needs to take place before a
human mission to Mars can be launched. This is done in the hope that a fresh perspective on a
coherent approach to the problem will facilitate the decision to send humans to Mars.
The Morpheus Program, as it is named, has two major elements: a dedicated Earth facility, Gaia, and a
large space module integrated to the ISS, Ares. These complementary facilities aim to provide the
unique environments that are essential for performing the work at hand. The requirements for these
two facilities are carefully developed, leading to their optimum design and utilization plan. Specific,
detailed research proposals for the use of these facilities are presented. Innovative business solutions
are developed for the financing and organizational structure of the program, at the same time as
addressing the legal and policy issues that have to be faced.
This work clearly shows that a comprehensive and systematic approach is imperative for enabling the
eventual human exploration of Mars.
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1

INTRODUCTION
"The team will design a program in preparation for sending a human to
Mars. The program will involve two complementary facilities, one based on
Earth's surface and the other on the ISS. The goals and utilization plan
of the program and the design of the facilities will be thoroughly addressed
in an interdisciplinary manner."
Team Project Mission Statement

Reaching out for the stars is a dream probably as old as humanity itself. With every step in enhancing
knowledge and pushing limits of what was possible, people came ultimately a step closer to this dream.
They learned how to sail the oceans, fly through the air, and then they left Earth and set foot upon the
Moon. Today, the journey to planet Mars waits as the next endeavor in human history, an undertaking
equally fundamental and challenging.
Sending humans to Mars is an idea that has been thoroughly explored since the 1950s. Scores of
human Mars missions have been designed, at a rate of almost one per year [Portree, 2003]. The fact
remains, however, that despite all curiosity, all attempts, and all longing, humans have yet to go to Mars.
Though much thought and effort has been put into how we will go to Mars, very little thought has gone
into simply preparing to go, that is, conducting those activities that will enable a human mission when it
is to happen.
Ê
The gap between now and the day a human mission to Mars is launched must be bridged.
Ê
In the near and mid-term future, many venues will be used for conducting precursor work to a human
Mars mission. These will potentially include the Earth’s surface, the near-Earth environment (Earth
atmosphere, low earth orbit, Lagrange points, etc.), the Moon, asteroids, the moons of Mars, and Mars
itself. It is apparent that the range of possibilities is almost endless. Clearly, to discuss the potential of
utilizing all of these areas to prepare for a human mission to Mars would be far beyond the scope of
this report. In addition, the mandate given for this project was to investigate a “Human Mission to
Mars using the ISS”. With this in mind, a program has been developed and outlined in this report –
considering both facilities on the Earth’s surface and on the International Space Station – to conduct
an overarching series of activities in preparation of a human mission to Mars, in accordance with the
mission statement.
The rest of this Chapter discusses the need for such a program, along with how the program
breakdown was established. Finally, the concept behind, timeline and organizational structure for the
program are explained.
1.1

The Need for a Pre-Mars Program

An extensive literature survey was conducted prior to the production of this report, entailing a
significant first phase of the project. One of the points highlighted by the survey was clear: In overall
terms, it is understood how to get to Mars, but before an actual mission can go, there are several key
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science questions require answering, a variety of technologies to be developed, and many policy,
business, and legal issues to be resolved. The literature survey revealed furthermore that very little
work has been done in this area so far: No literature was found suggesting that any agency has developed a
comprehensive strategy to conduct Mars precursor work.
A human mission to Mars will undoubtedly be the most complex project ever undertaken by humans.
It is therefore essential that a coherent, systematic approach be developed and implemented to enable
such a project and to ensure mission success.
1.2

Arriving at the Program Breakdown

A systematic approach was developed for arriving at a possible breakdown for a “pre-Mars” program.
Listed below are the steps involved in this process.
Step 1:
Step 2:
Step 3:
Step 4:
Step 5:

Identify problems encountered for launching and conducting a human mission to Mars
Develop criteria for assessing importance/criticality of problems
Develop relative weighting of criteria
Assess levels of importance/criticality for different problems; identify most important
Develop strategy for implementing solution procedures, including a timeline if possible

The comprehensive literature survey conducted in Module 2 led to the identification of an exhaustive
list of problems, and therefore Step 1 was completed, as shown in Phase 1 of Figure 1.1. Steps 2, 3,
and 4 were then used to provide a more focused list of some of the biggest hurdles to overcome. This
was done for two reasons: First, some indication as to the relative importance of these hurdles is
valuable in itself, and second, it would be impossible to address all of the issues within the context of
this report. Narrowing down the choice allows to focus on the more pertinent issues. Step 5 finally
gave the results of the whole process, a “Pre-Mars” Program, and lead to what constitutes the main
part of this report.
Phase 3

Phase 2

Phase 1

Pre-Mars Concept
“Human Mission to
Mars using the ISS”

Literature
Review

Matrix

Major
Issues

Module
Concept

Ground Based
Lab (Earth)
Space-Based
Lab (ISS)
Program
Support

Pre-Mars Program
Figure 1.1: Flowchart showing project phases

To properly address Steps 2, 3, and 4, a method using a decision matrix was devised. This started the
second phase of the project, as shown in Figure 1.1. The matrix allowed each of the hurdles identified
in Step 1 to be assessed using several criteria. The decision matrix was completed by all members of
the team and certain experts, and their results were averaged. The criteria were given a weighting
relative to each other. Combining the weighted score for each criterion gave a level of importance for
each of the hurdles. A second set of weighted criteria was then applied, this time taking into account
additional project constraints, resulting from the tasks given (such as “ISS usage”) and from the overall
team interest in addressing the issue.
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The result of this entire process was the identification of several major issues currently faced by human
Mars missions. The final results of the matrix and further explanation of the criteria used can be found
in Appendix A. Using the results of this process allowed the identification of the more important of
the issues. The findings included input from industry and government representatives, ISU faculty, and
other experts.
Ê
The question then became how to address so many wide-ranging issues in a coherent manner. The
conclusion led to this report.
Ê
Two facilities, one Space-based and one Earth-based, are designed in the context of a pre-Mars
Program. Both facilities are built to accommodate needs not currently satisfied by existing facilities. In
the case that a particular investigation requires the use of an existing facility, a proposal to collaborate
with this facility is made to prevent unnecessary redundancy and additional cost.
The idea of using both Earth-based and
space-based platforms for development is
supported by some proposals for ESA’s
Aurora Program2, as seen in Figure 1.2.
ESA has proposed the use of an Earthbased and an ISS-based facility. As will be
discussed in later chapters, ESA’s proposed
uses for these Earth-based and ISS-based
platforms exactly coincide with those
suggested in this study.
The specific use of a space module
dedicated to furthering the goal of sending
humans to Mars has many other supporters.
Though this will be discussed in detail later
in the report, Astronaut Edward Lu very
recently expressed his support, as is seen by
the below quote.

Facilities and Simulations

Figure 1.2: The required facilities proposed by ESA’s
Aurora Program [ESA(a), 2003]

"If I could add one thing to the Space Station, it would be one very large module... ... because I think there would be a lot
of important research that could be done that could help us get out of low earth orbit and move on to flying towards
Mars..."
Edward Lu, Astronaut, from the International Space Station, June 24, 2003

ESA’s Aurora Program is part of Europe’s “strategy for space”, with the goal of exploring the solar system and
the Universe. Aurora’s primary objective is to create and implement a European long-term plan for the robotic
and human exploration of the solar system, including Mars. [ESA(b), 2003]
2
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1.3

Morpheus: The basic concept

This section introduces the actual approach chosen for implementation, a program aimed at building
the above-mentioned facilities. This program is Morpheus
Ê
Morpheus, God of Dreams in the Greek mythology. What is called the Morpheus Program, is a
multi-element program for advancing human Mars mission research and development. The two main
components are the Ground Segment and the Space Segment, Figure 1.3.
Any research and development needed for space flight is the first and foremost initiated or done on
the ground. Thus, the Ground Segment of the Morpheus Program is the first of the two program
components to be implemented. It consists of two elements: Gaia3, a dedicated, to be built research
facility, and a collaborative network of existing facilities.
After a period of time, specified below, the second component of the Morpheus Program, the Space
Segment, will be implemented, complementing the Ground Segment. The Space Segment is a synonym
for the Ares4 module, which is planned to be docked to the International Space Station and to operate
as space research platform vital for the next step bridging the gap towards a human mission to Mars.
Morpheus Program

Ground Segment

Space Segment

Collaborative
Network

Gaia

Ares

Figure 1.3: The breakdown of the Morpheus Program

Based on these fundamental parameters of Morpheus, the following section is the detailed sequence of
events. This step-wise description of the Morpheus Program will familiarize the reader with the actors
and the elements involved, their timeline and reason for appearance, the structure, and the overall
goals. It will find the basics on which the detailed descriptions of the Ground Segment, the Space
Segment, and the Enabling Overhead Activities can be well understood.

3
4

Gaia is the Greek Goddess of Earth
Ares the Greek mythological name for Mars
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1.4

Morpheus: Program Timeline and Organizational Structure

Morpheus is a complex space research and development program, involving a multitude of actors in
varying combinations during different program phases. Thus, the “face” of Morpheus itself is changing
– underlying a constant flow of events. The chart shown below summarizes these events step by step.

“Morpheus
Program”
Goal
#1

Goal
#2

Gaia
Entrepreneur
1
Collaborative
Network

2

Kasei
Company

$$

3

6

Academia

7

Morpheus
Consortium
Industry

4

$$$
5

Government

Space
Agency

Figure 1.4: Overview of Morpheus Program

Brief summary of the order of events of Morpheus:
An entrepreneur (1), coming up with the idea of the Morpheus Program, establishes the private Kasei Company to get the
program started (2). The Kasei Company organizes the construction of the Gaia ground facility, where scientific research
will be done, and gathers affiliates from academia, industry and governments, who constitute the collaborative network to
provide more research opportunities (3). This constitutes the first goal of Morpheus. After research operations in Gaia
and the affiliated network institutions have begun, the Kasei Company initiates a small, strong private public
partnership, the Morpheus Consortium (4). Partners in this consortium are the Kasei Company itself, interested affiliates
coming out of the collaborative network, and other entities not having been in touch with Morpheus before. By then, it is
assumed that a space agency will make a commitment to prepare and finally undertake a human Mars mission, leading
to funds allocated for the second goal of the program (5). With this financial commitment and own resources, the
Morpheus Consortium then initiates this goal – the construction of the ISS module Ares (6). Ares will be launched and
operated by the space agency in question (7), before potential commercialization in its later years.
Ê
The program starts with the founding of a non-profit organization called Kasei5 Company that will
ultimately initiate the Morpheus Program.6 This company takes the initiative to build the Ground
Segment and raise the required funds, as a critical first step of the Morpheus Program.
Shown in the chart as starting point is the “entrepreneur”, who simply stands as a symbol for the
5
6

Kasei means Mars in Japanese
For details on the legal construction of the company, see section 4.4
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people behind the initialization of the entire program. Whether these people will found the Kasei
Company themselves or find some specialists to do so, can remain unanswered for the scope of this
program proposal.
Why start the Morpheus program with a private non-profit company? During the last several years, the
space industry has experienced strong financial problems worldwide. This has caused many important
programs to be cancelled not because of their lack of success, but instead by the need to free up
funding for projects that are deemed more important. Therefore, flexible new ways of implementing
and maintaining a space program such as Morpheus are necessary. On the other hand, a program like
Morpheus poses notable constraints on its organizational structure. The main reasons for this are its
size and the overall goals: The Morpheus Program aims to significantly contribute to research and
development in preparation for a human mission to Mars, including new ways of utilizing the
International Space Station.
Three basic options have been identified to give Morpheus its framework structure:
•
•
•

a fully private structure
a “traditional” public structure, i.e. an agency-led program
a combination of both (mixed private-public)

In order to define which of these three options best suits the goal of implementing, organizing and
maintaining the Morpheus Program, the advantages and disadvantages of each option have been
assessed and evaluated. The result of this trade-off decision, explained in detail in section 4.2.2, shows
that a mixed private-public organization in average offers the most advantages.
After having identified the necessity of taking a combined private-public approach for Morpheus, the
optimal way of implementing this approach needed to be found. To take a mixed organizational
structure approach does not automatically mean that private and public elements have to be combined
from the very beginning. In the case of the ambitious Morpheus Program, given the current political
situation regarding space, the financial constraints of all space agencies and the struggles with both
Mars exploration and the ISS, it seems to be the only reasonable way to start off with a purely private
element, the Kasei Company, to provide the necessary “thrust”. The other elements, private partners
(industry, academia) and public partners (governments, space agencies), will be added through the
development of the program. Thus, the usual concept of Public Private Partnership (PPP) is turned
around in a unique approach to form a Private Public Partnership instead.
Ê
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Figure 1.5: Timeline for the Morpheus Program. It should be noted
that phase 1b only starts when the funding is in order for Ares development (i.e. phase 1a is variable)

After the initial step, the founding of the Kasei Company, contracts will be signed in order to start off
with phase 0 – the foundation of the Ground Segment, Figure 1.5. As can be seen in Figure 1.3 above,
the Ground Segment of the Morpheus Program consists of two main parts: the Gaia ground facility
and the collaborative network.
The construction of the Gaia building will last approximately 2 years. During this time, the Kasei
Company will begin to build up the collaborative network of interested institutions and individuals for
later collaborative purposes7: A special Advisory Board for the Kasei Company is gathered together,
which will work side-by-side with the board of directors of the company (see section 4.2.3), however
without legal powers. This Advisory Board will have a small number of dedicated senior experts
coming from all space-related sectors and who are willing to give the young Morpheus Program
valuable assistance. They will contribute with their experience and knowledge to help judging which
researchers and experiments will be accepted into the facility and the network. At the same time, a
sales representative will be sent out in order to attract clients to conduct their research in Gaia. By
doing so, it is hoped to begin research the moment the facilities are completed.
Ê
With the end of the Ground Segment construction and the beginning of scientific research, the
Morpheus program enters phase 1A. Through a complete commercialization plan of this part
including outreach activities, first revenue should be generated as outlined in section 4.3.2, and be used
to finance parts of Gaia and the activities following. With the arrival of phase 1A, Morpheus has reached
the first goal: a fully functional Mars mission preparatory research facility for scientific use and
technology development, supplemented by a worldwide network of cooperating institutions for
facilitating this research (e.g. by giving Gaia scientists access to foreign or outsourced capacities).
However, during phase 1A, there is another huge step forward to take: the implementation of the
desired private public partnership (see above). Promising scientific results achieved in Gaia and the
collaborative network should show the space community that a relatively low cost Mars-focused facility
can achieve a high science return per dollar spent. This success of Gaia plus constant outreach efforts
of the Kasei Company and sustainable agency networking shall promote the development of a true
consortium of professional entities: the Morpheus Consortium. Members in this partnership will
range from the Kasei Company to space agencies, private industry, universities, and research
7

The collaborative network is described in section 2.3.2.
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associations. They all will come together to facilitate the next goal of Morpheus: the final development
and construction of the Space Segment, Ares. It must be noted that the Morpheus Consortium is a
flexible partnership without legal personality rather than a new framing company.8 As soon as this
consortium is fully developed, it will be the primary driver of the Morpheus Program.
The current reference time of phase 1A is five years.
Ê
At a certain point in time – calculated five years from the start of phase 1A – it is assumed that at least
one major space agency, being partner in the Morpheus Consortium, commits itself to firmly prepare
and finally undertake a human Mars mission.9 With this commitment, the Consortium can aim to
gather enough financial support to enter phase 1B: the detailed design, final development, and
construction of the Ares space module.
Ares, described in detail in section 3.6, is the Space Segment of the Morpheus Program. This spacious
module, will be docked to the International Space Station as next important step in enhancing the
development of a human mission to planet Mars. At this point in the Morpheus Program timeline it
becomes clear that the Ground Segment (Gaia + network) does not only serve scientific purposes, but
is also based on economical considerations: Beside the various laboratories, Gaia contains a midfidelity version of Ares for testing and technology development. During the entire phase 1A, experts
work on the further development of the module. Ultimately, it is hoped that the work done at Gaia will
enable to reduce the then needed cost to develop Ares from what is expected to be USD 300 million
to around USD 250 million. It is also hoped that the Kasei Company will have been able to collect
capital in the range of USD 10 million10 or more that can be contributed to the consortium’s efforts
towards finally constructing Ares. These two factors plus the space agency’s main financial
commitment and additional support of the Morpheus Consortium will ultimately result in a successful
phase 1B.
Once phase 1B is finished, the Ares module could be launched (see below).11
Ê
With the launch of Ares, the Morpheus program has reached the second goal and enters into phase
2A: the operation and utilization of the Ares module as part of the International Space Station.

For legal details, see section 4.4. It must be emphasized that the Morpheus Consortium and the collaborative
network differ in terms of structure and purpose, and thus must not be confused: The collaborative network is
simply a group of affiliates who have some connection to the science and research conducted in the Gaia ground
facility. Through the network, scientists can be sent to Gaia, experiments of Gaia projects can be done in
facilities elsewhere around the world, and information can easily be exchanged. The Morpheus Consortium,
however, is a very strong contractual partnership between entities and space agencies with the main purpose of
resource bundling for financing and realizing the Ares space module for ISS.
9 Based on this assumption, the start of Ares activities mainly depends on the moment in which one of the major
space agencies makes this commitment – thus the length of the project phase 1A is dependent on this external
factor.
10 This additional capital is collected through revenues created by the Gaia facility operation. See business section
for details (section 4.4).
11 Phase 1B ends with the launch of the Ares module.
8
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The first five years of Ares’ lifecycle will be used for research on the ISS.12 This period of research in
space is not only the logical next step in the further development of the Gaia project on ground, but
will also be necessary in order for the Morpheus Consortium to further pursue the promotion of a
human mission to Mars.
The actual launch of Ares as well as its operation in space will have to be conducted by a major space
agency13. In other words, while the overall Morpheus Program is still continuing, a third main
actor appears beside the Kasei Company (primarily responsible for Gaia) and the Morpheus
Consortium (primarily responsible for developing and financing Ares): a space agency (primarily responsible for
operating Ares).
Ê
After five years of purely scientific research on Ares, there is the option to start utilizing Ares for
commercial purposes including sending tourists to the station: Phase 2B begins. This will generate a
supplementary income in order to pay for the yearly maintenance. To entice more tourists, it will be
necessary for the cost to launch humans into space to drop. It is also necessary to consider that the ISS
partners may not be interested in allowing a module on the ISS to become primarily a tourist module
because micro gravity experiments being done in other parts of the ISS could be disrupted and other
issues may ensue due to the presence of untrained tourists. On the other hand, however, the presence
of tourists on board the ISS is a question of the ISS flight schedule: In regular intervals, cargo
spacecraft have to dock to ISS and the station’s orbit has to be lifted (station re-boost). These periods
of disrupted micro gravity conditions leave enough time for regularly allowing tourism on ISS.
Phase 2B is the last described in this program proposal. It remains to be seen how the story of Ares
will continue after 10 years as module of the ISS.14

1.5
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2

MORPHEUS PROGRAM: THE GROUND SEGMENT

2.1

Introduction

A human mission to Mars will clearly require the ground development of all of the elements of the
extremely complex system that will eventually support humans in their journey. Technologies will need
to be developed and science questions will need to be addressed. The Morpheus Program has been
conceived to find realistic scientific, technological, financial, and political solutions to some of the
challenges still faced before humans can be sent to Mars. These solutions are initially sought primarily
in the Ground Segment element of the Morpheus Program. This Ground Segment consists of two
main parts, as shown in Figure 2.1:
•
•

A dedicated facility, Gaia, built especially as part of the Morpheus Program
The collaborative network of existing facilities worldwide

Morpheus Program

Ground Segment

Gaia

Collaborative
Network

Space Segment

Ares

Figure 2.1: The breakdown of the Morpheus Program, showing the Ground Segment

A research facility on the Earth’s surface finds its justification in financial, safety, and scientific
arguments. This is cheaper, achievable immediately, safer for humans, and can yield better results due
to fewer resource restrictions. With this in mind, interplanetary missions do not happen without ever
leaving the Earth’s surface, and there exist both scientific research and technologies that must be
proven in space. These activities will be included in the Space Segment.
Many Earth facilities useful for preparing for an eventual human Mars mission already exist or are
planned. These facilities will, in part, form the proposed collaborative network, which will be used to
the greatest extent possible. This has the benefit of being cheaper than building an entirely new Mars
research facility from scratch, and at the same time keeping pre-Mars research visible internationally.
All pre-Mars phase experiments and research that can be conducted within the collaborative network
will be.
However, after understanding all of the research and development that needs to be done, it is clear that
many aspects of interplanetary human missions that need to be addressed before sending humans to
Mars cannot be studied in existing facilities. For this reason, a dedicated Mars research facility will be
built specifically in support of the Morpheus program. This facility’s capabilities will fill the gap
between those required for a successful pre-Mars phase and those currently available.
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The following chapter presents a discussion of the requirements for the Ground Segment of the
Morpheus Program. This takes the form of an assessment of the science and technology hurdles that
must be overcome before a human mission to Mars can be launched. As mentioned, the ultimate goal
of Morpheus is to facilitate a human mission to Mars, and so the Ground Segment as a whole must
eventually address all of the identified hurdles. Based on the requirements for the Ground Segment as
a whole, the requirements for the Gaia facility are derived, in terms of providing facilities to conduct
pre-Mars research that is currently not being conducted elsewhere. This is followed by a description of
the design of the Gaia facility. The collaborative network is also discussed.
With the combination of the dedicated Gaia facility and collaborative network, the possibilities for preMars research are numerous. Hence, the end of the chapter finds specific proposals for investigation to
be conducted within the Ground Segment, some at Gaia and some hosted by the collaborative
network. These investigation proposals are not intended to be comprehensive, but rather to highlight
some of the work to be done and how the Ground Segment aids this. Further details as to why these
particular investigations have been proposed follow in the next section. The investigation proposals
found in this chapter are:
•
•
•
•
•
2.2

The development of a Mars dust analog
Martian regolith-based radiation shielding
The development of ViGAR, a space human centrifuge, as a medical countermeasure
In-Situ Resource Utilization (ISRU).
Crew considerations (space psychology)
Requirements for the Ground Segment

The following section describes the process taken for arriving at the research requirements for the
Ground Segment of the Morpheus Program, followed by the derivation and explanation of these
requirements.
2.2.1

The Process

The research and development requirements for the Ground Segment of the Morpheus Program are
critical in implementing the design of the Gaia facility and the establishment of the collaborative
network. There is however, a very long list of advances that need to be made before humans can be
sent to Mars. It is critical to organize and manage this data effectively.
An extensive literature survey yielded endless possibilities for different ways of getting to Mars,
different technologies that can be used, and how the different combinations of this lead to different
science investigations that require answer. In order to maintain a coherent structure to the
requirements for the Ground Segment, these issues can be filtered in one of two ways. Either, specific
mission architecture can be assumed as a baseline and all of the investigations resulting from this
examined. Or, a generic list of required investigations can be developed which is independent of
specific mission architecture.
The second approach was taken, as it was felt that the work resulting from this would be more
valuable, meaning that any research undertaken under the auspices of the Morpheus program will be
valid regardless of the mission architecture eventually selected for a human Mars mission. Also, it
would be very difficult to settle on the ‘most likely’ mission architecture for a human Mars mission, as
this is something that not many experts have been able to agree upon to date. Having decided upon
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this approach, the requirements for the Ground Segment are presented below, based on available
literature.
2.2.2

Developing the Requirements for the Ground Segment

In order to understand what must be done in the Ground Segment, the problem itself must first be
understood, i.e., the problem of sending humans to Mars. Here, a brief analysis of the problem is
followed by a discussion of the requirements for solving this problem.
The Problem

Ultimately, a human mission to Mars involves three main elements and the interactions between these
three elements. These elements are the human, the system (spacecraft or habitat), and the environment
(internal and external, relative to the system). There are many different points at which these elements
intersect and interact and understanding these complex interactions is vital to the success of the
mission. This is shown in Figure 2.2.

Figure 2.2: Human-System-Environment (HSE) Model
[Concept of HSE Model based in part on Science and Technology Series, NASA Mars Conference, 1988]

The human, system, and environment elements interact to varying degrees and are interdependent.
These elements and their interactions must be taken into consideration during the development of
science and technology in the pre-Mars phase and tested in Earth-based analogue environments
and/or in space (ISS). The HSE Model is an excellent tool for visualizing all of the elements of an
immense problem, and also serves as a cross check, to ensure that when research requirements are
being developed, nothing is overlooked. Any area requiring research in the pre-Mars phase will fall
somewhere in the diagram above.
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The Requirements for the Ground Segment: Science and Technology Planning

Before discussing details of the kinds of research that the Ground Segment will be required to do, it is
necessary to develop some generic practices that should be followed. Preparation for the exploration
of Mars should be based on well-thought-out goals, as well as strategies for systematically achieving
those goals. It would involve:
•
•
•
•
•
•
•

Identification of existing technologies, knowledge, and resources
Identification of critical science and technologies to be developed
Prioritization of enabling science and technology
Defining the time and method required for carrying out such investigations
Technology development
Technology demonstration
Technology validation

Science and technology are very much dependant upon each other. The technology development
process should be matched with the evolving scientific knowledge in a balanced, empirical, and
strategic manner. It is worth mentioning that such experiments would require an iterative approach.

Science Requirements

Technology Options

System Concept
Development ( Architecture, Safety
and
andReliability,
reliability, Cost
cost etc)
etc.)
Figure 2.3: Science & Technology Iterative Process Flow

It is important to keep in mind that despite extensive characterization of various mission elements and
their science and technology needs, residual unknown elements will persist. Hence, continuous
monitoring is required to trace new knowledge as it becomes available. The success of any mission
depends upon both the incorporation of this newly available knowledge and the continual
development of existing technologies to meet new and unknown challenges. One of the purposes of
Gaia is to keep up-to-date with the latest information, and to act as the center point for the
distribution of this information to the relevant interested parties.
Having established the general approach and philosophy that must be applied to the research
conducted in the Ground Segment of the Morpheus Program, some of the specific kinds of research
that might be done can be evaluated (Note, the Ground Segment includes both Gaia and the
collaborative network).
The technologies to be developed are plenty, and it is beyond the scope of this report to list them
individually. However, as discussed previously, it is imperative to focus on those that are critical and
largely independent of mission architecture. There are several sources that can be consulted and
methods that can be used to establish a list of necessary research areas. Sources include human Mars

International Space University, MSS 2003

15

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

mission designs detailing specific technology and science requirements, and sources relating to specific
disciplines, having established the ‘critical-path’ for a particular aspect. After review, distillation, and
organization of the data found from these sources, the required science and technology research has
been identified. The following is a list of areas that need development before undertaking a Mars
mission.
Table 2.1: The required science and technology research for the Ground Segment
Research Area

Description

Propulsion

Development and testing of chemical and cryogenic systems, nuclear thermal
rockets, and electrical propulsion systems
Propellant storage systems

In-situ resource

Propellant production research and necessary hardware development

utilization

Drilling, extraction, and purification methods research for water

Power

Solar power (photovoltaic systems and solar dynamic systems)
Nuclear power
Power storage systems

Attitude Control and

Newer and improved software technologies for ACDS systems

Determination

Improved sensors for velocity and attitude information

Systems

Improved navigation systems

Thermal Control

Active and passive thermal control systems adapted for Mars environment
Radiators for nuclear power plant

Structures

Research into inflatable structures and deployable structures
Improvement in the area of “Structural Analysis Software” that could give results
close to the experimental ones

Materials

Analysis of material degradation due to exposure to radiation
Meteorite impact protection technology

Entry Descent

Research into the concepts of aerodynamic braking

Landing Systems

Development of heat shields
Soft landing systems

Spacecraft

Spacecraft autonomous systems, capable of performing maintenance and repair

Autonomous

operation in space with limited assistance from the Earth

Systems.

Advanced built-in equipment-testing infrastructure

Surface Mobility/EVA

Rovers and robots (fuel cell research for powering the robots/rovers, solar storm
shelters within the rovers, type of wheels, navigation, etc)
Rover development (including pressurized human, un-pressurized, tele-operated,
small, large)
Development of EVA suit for Mars

Information

Advanced avionics software, nanotechnology, ultra large software integration

Technology

(ULSI)
Mathematical models for radiation studies (behavior of trapped radiation belts,
interaction of heavy ions and galactic cosmic rays with spacecraft, effects of
radiation on biological tissues)

Dust

Martian dust characterization research

Mitigation systems

Solar array dust mitigation
Research on filters and filtration systems
Dust filtration systems for habitats, EVA suits
Dust and decontamination systems for EVA suits and rovers

Tele medicine

Improvement in the telemedicine infrastructure
Autonomous diagnostic and health care systems
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Crew Health

Crew psychology issues (isolation and confinement)
Countermeasures for space deconditioning (artificial gravity and hardware
development)
Partial gravity research
Decompression illness research and schedules for EVA and development of
portable Hyperbaric chambers.
Health and performance issues for crews in space and Mars
Human factors research
Pharmacological research

Biological Sciences

Plant and cell biology experiments and supporting hardware
Effects of heavy ions on biological tissues
Exobiology and Earth-based extremophile studies

Closed Ecological

Static discharge systems

Life Support Systems

Filtration systems
Humidification systems
Air management systems (pressure, composition and air quality)
Water management systems (water recycling, quality monitoring)
Waste management (collection and storage of waste and treatment for recycling)
Food management systems (advanced methods for food production, storage and
recycling)

Environmental

Thermal control

Protection

Biological process control (microbial contamination)

Communication

Improved communication infrastructure
Mitigating the effects of the long signal delay in data transfers

Habitat/structures

Requirements for human space and privacy
Color, lighting and interior architecture
Vibration and acoustics
Structural testing and certification for habitats

Radiation Shielding

Regolith capability
Radiation shielding materials (hydrogen, carbon nanotubes)
Radiation sensors for EVA suits and habitat
Early warning sensors for predicting solar particle events

Key

Research possible to be conducted at Gaia
Investigation proposals outlined in this report

This list is by no means complete but shows the extent of science and technology to be done in the
pre-Mars phase. The list forms the research and development requirements for the Ground Segment.
This means that this research will be conducted by the members of the collaborative network and in
Gaia.
The Research Requirements to be fulfilled by Gaia

Based on the above requirements for the Ground Segment as a whole, it is necessary to define the
specific requirements for the dedicated ground facility, Gaia. The requirements for the research that
Gaia must facilitate feed directly into the design requirements for the building itself. Before selecting
the requirements to be fulfilled by Gaia, some criteria must be established upon which to make this
choice. As has been discussed above, the research done at Gaia will focus on that not currently
possible elsewhere due to lack of facilities, or that which has not gone through much development to
date. However, it must also be noted, that it would be unrealistic to imagine huge infrastructures being

International Space University, MSS 2003

17

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

built as part of the Morpheus Program, and so requirements must be kept within certain limits. This
leads to the following criteria using which the requirements for Gaia will be derived:
•
•

Research must have reasonable infrastructure/facility requirements
Research should be subject of little previous study

A combination of these criteria led to certain requirements having been identified. For example,
nuclear power development would not be within the scope of study conducted at Gaia due to the
extremely high infrastructure and facilities requirements. The requirements are highlighted in the table
above, in the right-hand column. In summary, Gaia will primarily conduct research in the areas detailed
below in Table 2.2.
Table 2.2: The research to be conducted at Gaia
Research Area

Reason

In Situ Resource Utilization

•

Relatively little development done to date

•

Potentially, a strongly mission enhancing technology

•

Relatively simple facilities required for development

Surface mobility and EVA

•

Relatively little development done to date

development and testing

•

Mission critical technologies

•

Relatively simple facilities required for testing

•

Gaia facilities combined with partial Mars analogue site would
allow for long term operations testing that would be difficult to do
elsewhere

Inflatable and deployable

•

Relatively little development done to date

structures

•

Mission critical technologies

•

Relatively simple facilities required for testing

Information technology and the

•

A lot of development remains to be done

development of software and

•

Essential to a mission and requires much development over long

•

Simple facilities required for development

•

Relatively little development done to date

•

Mission critical technologies

•

Required facilities for development and testing fairly easily

time periods

models
Dust mitigation

obtained
Tele-medicine and crew health

•

Relatively little development done to date

•

Mission critical

•

Relatively simple and low volume of facilities required for
development

Habitation

Radiation shielding

•

Relatively little development done to date

•

Mission critical

•

Relatively simple facilities required for development

•

Some development done to date

•

Mission critical technologies

•

Relatively simple facilities required for parts of development

The areas not specifically covered by Gaia are expected to undergo development elsewhere, at facilities
within the collaborative network. As will be discussed in the following section, Gaia is designed to
meet the needs of the above research areas in as wide-ranging a manner as possible.
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The above research areas are discussed in general as applicable in the outline of the design of the Gaia
facility. Gaia can be used for a wide variety of experiments and scientific studies. Hence, it was felt that
it would be desirable to illustrate the actual use of the facility (and the rest of the Ground Segment) for
pre-Mars research. This is done by further outlining different investigations proposing the use of the
resources available. There are several advantages to this. Not only is the feasibility and practicality of
such research and the facility established, but also, certain areas of specific interest can be investigated
in detail, but within the frame of the overall program. In addition, this process highlights any
additional, specific requirements for the facility itself.
To narrow the focus, the above-mentioned broad areas were refined and specific topics chosen for
further investigation and research. The investigation studies and scientific proposals, which form the
core of this section, are a result of this process. Table 2.3 shows the investigation proposals presented
in this study. Four of the investigations can be conducted at the Gaia facility and one elsewhere in the
collaborative network. The experiments have been chosen as they are critical to a human Mars mission.
Table 2.3: Examples of Investigation Proposals conducted as part of the Ground Segment
Investigation

Location

Notes

Gaia

Observations of Mars show that the surface layer of dust across

Proposal
Mars Dust Analog

the planet is fairly homogeneous due to dust storms. This study
aims to produce an Earth analogue to this dust, of a higher fidelity
than currently existing analogues. This is essential for:
•

Improving the reliability of systems tests that will interact

•

Provide

with Mars dust
an

international

standard

dust

to

allow

comparisons between experiments internationally
Martian Regolith-

Gaia

Radiation shielding is a mission critical technology and new,
innovative methods are constantly sought. Development of other

Based Shielding

radiation shielding technologies is already underway elsewhere,
e.g. materials such as carbon nanotubes. Using Martian regolith
mixed with a hydrogen-based polymer to form cement is an
innovative

idea

and

not

very

well

explored.

Successful

development and implementation of this method would reduce the
mass that needs to be transported to the surface of Mars.
In Situ Resource

Gaia

The development of a system to produce propellant on the
surface of Mars is proposed. ISRU techniques can also be used

Utilization

to produce consumables such as water and oxygen. The focus of
this proposal was taken as propellant because in early human
missions, significantly closed life support systems mean that a
limited amounts of consumables need to be transported.
However, the ability to produce propellant on the surface rather
than transport it could result in a huge mass saving for a Mars
mission.
ViGAR Ground

Gaia

A space-based human centrifuge, ViGAR, is proposed and

Research Proposal

detailed in the next section, including reasons for this specific

(Medical

investigation. The aim is to provide varying levels of periodic

countermeasures)

artificial gravity as a medical countermeasure. This proposal
discusses the ground-based development of the ViGAR system.
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Crew Consideration

Collaborative

The investigation proposes to study and find countermeasures for

(Space psychology)

Network

the effects of isolation and confinement on the psychological wellbeing,

group

dynamics,

cognitive

functioning,

and

work

performance of the participants. It is critical to a human Mars
mission and very little work has been done specifically relating
this area of study to a Mars mission.

Each of the investigation proposals is discussed in an interdisciplinary manner. A good background
study introduces the problem and provides a justification for choosing the problem for further
research. When appropriate, proposals include an initial experimental protocol that addresses one or
more fundamental issues affecting the mission.
Ê
Following, the design of Gaia, based on the above-developed requirements is discussed. The
description includes brief discussions of how and where specific research will be implemented in Gaia.
Factors other than just research requirements affect the design of the building, and these are also
presented. A description of the collaborative network is given. The end of the chapter finds the
proposed investigations for the Ground Segment, as introduced above.

2.3

Ground Segment Description

As mentioned in Section 2.1, the Ground Segment consists of two main parts: a core facility, Gaia,
with new capabilities nonexistent elsewhere, and a network grouping a number of partners together to
enable the goals of the Morpheus Program to be fulfilled. Following, the Gaia facility and the
collaborative network are discussed.
2.3.1

Gaia: The Core Facility

This dedicated Gaia facility is to be located in the southern Californian desert of the United States. It
has access to an area with much space activity, and is in a place where the desert itself can act as a form
of Mars analogue for things such as long range rover testing Its annual operating costs are projected at
approximately USD 2.4 million, with an expected peak income near USD 5 million yearly. Thirteen
permanent full-time employees are initially planned to run Gaia, with outside scientists and researchers
renting use of the facilities. Further details relating to the location and business can be found in
Chapter 4, Enabling Overhead Activities.
Gaia will:
•
•
•

Research new solutions for scientific and technological issues
House experiments that require facilities that do not exist today
Outsource the experiments that can be performed in existing facilities (those part of the
Morpheus collaborative network)

Overall Description

The design and concept of Gaia is unique. Since the Morpheus program is dedicated to precursor work
to human missions to Mars, the concept behind the Gaia architecture is to represent this in the design
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of the building. Hence, as one arrives at the entrance to the building, the shape is of an ‘M’ as in Mars
(see Figure 2.4). The same principle has been applied to the top of the building, (see Figure 2.5). This
also gives the building the appearance of an ‘M’ from an aerial view.

Figure 2.4: Front View of Gaia from the Ground

Figure 2.5: Arial View of Gaia

The building consists of three main sections: the Left Wing, the Ares Hall (located between the two
wings), and the Right Wing, (see Figure 2.6). There are three floors in the two wings but the Ares Hall
is an atrium with a single floor that extends the height of the building. Figure 2.7 shows the three floor
plans of Gaia. There is a parking lot in front of the entrance for the employees and visitors. The land
extending behind Gaia is to be used as the Mars Rover Track (MRT). There is also additional land
around Gaia to accommodate possible future expansion of the ground segment of the Morpheus
program.
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Left
Wing

Ares

Right

Hall

Wing

Figure 2.6: The Gaia Facility

There were many design considerations that needed to be taken into account when designing the
layout of the ground facility. Gaia is not only a prime research facility, it is also to be a center for
education and outreach purposes, as raising public awareness of the issues related to human Mars
missions is one of the main goals of the Morpheus Program. In addition, the Morpheus Program is
initially started by the private Kasei Company and so generating revenue from as many sources as
possible is essential to the survival of the program. As is discussed in EOA chapter (Section 4) the
income expected to be generated from visitors to the center is significant. Taking this into
consideration, the building is designed to facilitate educational and tourist visits. The design
requirements included the following:
•
•
•
•
•
•
•

House specific, identified science and technology developments (see Section 2.2.2)
Have re-configurable/extra laboratory for science and technology investigations not
specifically identified in the pre-design phase
Have maximum access possible for visitors to the facility, without compromising integrity of
investigations
Give visitors a ‘hands-on’ feel where possible
Provide facilities for entertainment, education, and outreach
Provide any other necessary facilities for staff
Provide room for future expansion

As can be seen, there are many requirements that affected the design of the facility, and these effects
can be seen in the final design. The most notable feature of the facility is the presence of two Ares
modules. While the descriptions and main uses for these are discussed later in this section, the primary
reasons for having two modules was to have one mid fidelity version for science and technology
investigations to be undertaken and a second, low fidelity mock-up that tourists can walk through and
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‘interact’ with. This is expected to be one of the primary attractions of the facility. Ares is an extremely
large module, three floors high, that will allow people to get a true feel of what it must be like to live in
space for extended periods of time.
Ground Floor

First Floor
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Second Floor

3D Floor Plan

Figure 2.7: Floor Plans of Gaia
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Other, more general features have been included in the facility as general principles. Viewing galleries
and windows are incorporated wherever possible to make the work of the facility as visible to visitors
as possible. For example, visitors will be able to see the ‘real’ Ares module or the control room of the
Mars Environment room. A two-floor conference room/auditorium has been provided for giving
presentations, showing videos, and hosting educational seminars. There is a library that could be
available to the public on special request, and there is a cafeteria also available to the public. All of the
laboratory facilities that have been identified as necessary (see section 2.2.2) have been included,
together with the necessary office space.
Table 2.5 shows the different rooms in Gaia, giving their size in terms of floor space, a description, the
facilities and equipment available, and any outreach possibilities existing for the room. A more indepth discussion of some special features of Gaia (Ares Hall, Right Wing, Left Wing, Martian
Environment Room, and outside facilities) follows.
Ares Hall

The Ares Hall is the main feature of the Gaia facility, located in its very center. The main entrance to
Gaia is located at the front of this hall. The hall is 15 meters wide and 30 meters long. There is a
reception at the entrance to the hall. In the middle of this hall, there is a full-scale mock up of the Ares
module (see Figure 2.6). The walls and ceilings are made of glass to allow the hall to be as light as
possible and to give the feeling of space, creating an atrium effect. The largely glass construction has
several other advantages. It means that the approach to the building is very impressive as the Ares
module can be seen from the outside (see Figure 2.4 and Figure 2.5). Also, the internal glass walls
mean that the general public can look into most of the neighboring rooms of the left and right wings
and watch real work happening. This will also provide much more of a feeling of being part of the
facility and the work going on there, rather than just visiting it.
The mock-up of the Ares module is entirely for outreach and educational purposes, and, as mentioned
above, the general public is allowed to enter and visit this module. Ares has three floors and, though
the actual module would not have any entrances in its ‘side’, the mockup will be accessible directly
from all three floors, by means of a drawbridge linking each floor of Ares to the main building. This
will allow a larger volume of people to pass through the module at any one time, and would also be
easier to evacuate in the case of an emergency. There is also the option of including the possibility for
visitors to try on a Mars space suit. The space suit would be a fairly low fidelity mock-up, with the idea
being to give people more of a real concept of the size and the feel of the suit. It would also be an
excellent educational tool.
There is a Space Exposition (see Figure 2.8), in the hall where the main activities of the Morpheus
program are exhibited, along with those activities occurring at Gaia. The exposition would include
more general information relating to human Mars missions and the current status of technology. In the
future, in the event that a human Mars mission is launched, it would be a central source of information
about the progress of the mission and any other related matters. People would visit the center to get
up-to-date information and additional material, such as short video clips filmed by the Mars crew and
transmitted back to Earth. It may be possible to loan the Exposition to interested museums around the
world from time to time. There is also a small gift shop (see Figure 2.9) where people can purchase
Morpheus program, Gaia, and Ares merchandise, as well as other educational and promotional
products.
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Figure 2.8: The Reception and the Space Exposition in the Ares Hall

Figure 2.9: The gift shop in the Ares Hall
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Right wing

The right wing of Gaia is shown in shown in Figure 2.6. It has three floors (see Figure 2.7) each with
an area of 600m2 (20m x 30m). The Machine Shop, the Rover Garage/Mars Rover Track control
room, and the Integration Room are placed at the back of the building in order to be next to the Mars
Rover Track. Also, they are placed next to each other as much interaction is expected among these
three rooms. The Dust Room and the ISPP Lab are located close to the Martian Environment Room
since they will interact closely. For instance, the Dust Room will provide a Mars dust analog to be used
in the Mars Environment Chamber, and an ISPP device could also be tested in the chamber. Also, the
Regolith Brick Lab is next to Dust Room to facilitate the dust analog being used for the regolith brick
development with ease.
On the second floor are the Medical Center, the Library, and many offices. The Medical Center is
located in the same wing as the Machine Shop, in case of any accidents. The Medical Center would also
monitor the health of any people involved in studies at the facilities. It can also be used to develop and
demonstrate tele-medicine techniques.
Left wing

The left wing of Gaia is shown in Figure 2.6. It has three floors (see Figure 2.7) each with an area of
600m2 (20m x 30m). The ground floor houses the Ares Operations room, the Mars Space Suit room,
and the Centrifuge Test Facility. In this wing, the activities that involve humans in the studies have
been placed together. All of the rooms have some glass walls for the public to be able to view the
experiments as they happen. The control room monitors are placed in the rooms so that they are
visible to the outside.
The Ares Operations room is the height of three floors and it is possible to see in from the outside
through the windows. It is an excellent opportunity for outreach as the public can see what kind of
operations can be performed on a mockup of real flight hardware. Also, closer to the time of a human
Mars mission, it might be possible for the tourists to see the astronauts training in the Ares mockup.
The visitors will be able to compare what they see and experience in the mockup they walk through
and experience in the Ares Hall with what they see happening in the ‘real’ case.
Martian Environment Room

The data from the Viking Lander-1 reveals that the Mars surface pressure is varying between 6 to 9
mbar [Hauber, 2000]. The surface temperature ranges between 140 and 300 K, with an average value
of 210.1 K [Hauber, 2000]. The Solar irradiance is 595 W/m² and the Solar constant, at a mean
distance from the Sun, is 588.98 W/m [Hauber, 2000]. The lower atmosphere is composed of three
main gases: CO2 (95.32%), N2 (2.7%), and 40Ar (1.6%). The rest of the composition consists of less
than 1.5% of O2, CO, H2O, 36Ar + 38Ar, Ne, Kr, Xe, and O3. [Hauber, 2000] The red dry dust of Mars
is mainly constituted SiO2 and FeO as described in the section 2.4.1 Gaia Mars Dust Analog.
The data presented above about Martian environment reveal that Mars is a very hostile environment.
As a result, extensive testing of mission systems is required to mitigate any possible failures. One of the
methods of doing this, as seen in appendix D, is to perform the tests in a simulated Martian analog
environment. In this case, not to recreate the operations as for Martian rover testing, but to conduct
tests on the actual materials and mechanisms in a Mars analog environment composition. Only a few
such facilities exist at this moment. The characteristics of several of them are listed in Table 2.4.
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Table 2.4: Existing Martian Environmental Analog Facilities
Lighting
Size
Temperature
Pressure
system
Planetary and
Space
Simulation
Chamber
(DLR)
Mars
Electrostatic
Chamber
(MEC)
(KSC)
Mars
Simulation
Laboratory
(Aarhus
University,
Demark)

Vertical
cylinder
D = 1.4 m
L = 1.8 m
Horizontal
cylinder
D = 1.3 m
L = 2.0 m
Horizontal
cylinder
D = 0.75 m
L = 3.0 m
[wind tunnel
inside
D = 0.4 m
L = 1.5]

From 77K to
room
temperature

From 10-8
bar to 1 bar

Xe high
pressure tubes
(1.4 kW/m2)

Between
150 K and 473 K
(typical: 170 K)

Between
0.3 and 1013
mbar
(typical:
9 mbar)

No

Down to 153K
(~ -120°C)

Down to
3x10-2 mbar
No
Operating
5-10 mbar

Remarks
2 modes:
Space vacuum
Planetary
simulation

For electrostatic
studies

Use of Mars
dust analog
Closed loop
wind tunnel in
the vacuum
chamber

However, even though these facilities present interesting properties they also show certain limitations.
The main problem is the small volume of the existing chambers. In the Gaia facility, it is desired to
perform small rover and Martian spacesuit testing, which requires a larger working volume.
To recreate the environmental properties of Mars, a two-meter diameter cylindrical chamber is built
over a length of three meters (Figure 2.10). Hemispheres of one-meter radii cover the two ends. The
pressurized volume is 13.6 m³. The experiment deck inside the chamber is nominally 1 m x 3 m, but it
is also possible to have a 1.5 m x 3 m deck and a 2 m x 3 m deck. The possible disadvantage of having
a wider deck is that height is lost. The deck also has another interesting characteristic; there are many
tiny holes (Diameter < 1 mm) on the surface. These holes are connected to a pressurized tank and jets
from them are able to propel a layer of dust covering the surface into the chamber to simulate a low
scale dust storm. There is also a rack (0.5 m x 3 m) at the top of the chamber to attach a lighting
system if necessary.
There are five different operations systems in the chamber. The pressure system serves to keep the
chamber at the desired pressure. It consists of a pump and a backup pump that can function at very
low temperatures (~140 K). The working pressure range of the system is between 5 and 10 mbar,
similar to that experienced on the Mars surface. A manometer is used to monitor the inside pressure of
the chamber and serves as input for the pressure controller to regulate the pressure within the
chamber.
Closely related to the pressure system, the filtration system is necessary to avoid dust getting into the
pump. This system is located in the pipe just before the pump. The requirements on the filter are
driven by the type of dust used in the Martian Environment Chamber.
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Figure 2.10: Martian Environment Chamber

The atmospheric system serves to maintain the correct atmospheric composition. It consists mainly of
a gas analyzer in the chamber that provides the composition of the atmosphere. This sensor is linked
to a flow controller that allows the chamber to fill with the right amount of each required gas
depending on the experiment (for typical values see the first paragraph of this section). The flow
controller also allows the gas to pass through the experiment deck to simulate a dust storm in the
chamber.
The temperature system controls the temperature range in the chamber. The range of temperatures for
the chamber is between 140 K and 300 K. A cooling subsystem with gaseous/liquid nitrogen is utilized
to cool the chamber. Electrical heating is used to warm up the chamber during/after the experiment.
In order to regulate the temperature within the chamber, temperature measurements are accomplished
by the numerous thermocouples that are installed in the chamber.
In case of an experiment that requires a lighting system, it is possible to attach one on the rack located
on the ceiling of the chamber. The lighting system provides an equivalent Solar irradiation of around
595 W/m² depending on the need of the experiment.
The Martian Environment Chamber constitutes an improvement in the family of Mars analog
environments allow a wider variety of tests to be performed. Larger payloads could be fitted in the
chamber. At the same time, the pressure, the temperature, the atmosphere composition, the lighting,
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and the dust are analogous to Mars surface properties.
Outside

The Mars Rover Track (MRT) is an important element of the Gaia Facility. It consists of 0.8km2 of
terrain, which is located behind the Gaia Facility. The Californian desert acts as a Mars analog. The
MRT will be used to test many different kinds of rovers, including small-unpressurized rovers, large
unpressurized rovers (human and robotic), tele-operated rovers, and pressurized human rovers.
Though there are some existing sites used as Mars analogs to test rovers, none are located in areas with
existing infrastructure that would allow long-term and extensive testing. This is the advantage Gaia
offers. Having a facility where investigations can be controlled nearby means long-duration tests of
rovers can be conducted, field operations simulations can be undertaken for training astronauts for
surface operations, and more traditional hardware development and validation can be undertaken.
There is also an outside stand where the public can sit and see the rovers ‘in action’ when engineers are
performing tests.
Parking facilities have been made available for staff and visitors. Of the 0.8km2 of land that forms the
Gaia facility, only a very small fraction is taken up by the Gaia building and parking. Though plans
exist to use the rest of the land for the Mars Rover Track, there is ample room for future expansion of
the Gaia building if necessary.
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Table 2.5: Table describing the rooms in Gaia
Room Name

Size

Description

Facilities/Equipment

Outreach

RIGHT WING
First Floor
Martian

62m2

•

Houses a Martian Environment chamber

Environment Room

height of 2

•

Simulates characteristics of the Martian environment, including

levels

light conditions, pressure, atmospheric composition, dust

•
•

environment, and thermal conditions
•

Used to test hardware components in ‘real’ Martian conditions,

•

Martian Environment

the room over two floors to

Equipment to maintain the

allow the general public to

chamber

see the activities in the

Cameras filming inside the

Mars Environment Room
•

the chamber

the public
56m2

•

The objective is to develop an analog Martian dust (see

•

•

dust samples

about the importance of

•

Dust containers

having a good dust analog·

the development of the bricks made from regolith

•

Sieves and filtering

•

Capacity to contain 2 to 10 tons of dust

•

Dust must be kept moisture-free (creates requirements for

•

Regolith Brick Lab

43m

•
•

Showing samples of dust to
the public

equipment
•

‘Give-away’/sell samples of
‘Mars dust’

room)
2

Tutorials to teach people

Dust could be used in the Martian Environment chamber or in

section 2.4.1)
•

Hardware to analyze the

Public can see the
experiments going on inside

the room outside, visible to
Dust Room

Windows on three sides of

chamber

chamber and monitors in

e.g., ISPP plants and components, Mars suit, small rovers

•

•

R&D laboratory to develop bricks made from Martian regolith

•

Oven (to bake samples)

(see section 2.4.2)

•

Molds

use of these bricks, e.g.,

Closely linked to Dust Room

•

Mixing Equipment

“destruction’ tests to

Tutorials to demonstrate the

demonstrate strength of
bricks·
•
ISPP Lab

50m

2

•

Laboratory for the technology development for In-Situ

•

Propellant Production plant (see section 2.4.3).
•

Closely linked to dust room

Show samples

ISPP plant and
components

•

Chemical analysis
equipment
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Machine Shop

45m

2

•

height of 2
levels

•

Allows internal development of basic hardware components,

•

Mechanical unit

e.g., rover components

•

Electrical unit

•

Computers

For more complex hardware, partners of the collaborative
network partners would be contracted

•

Also the base for maintenance workers of Gaia

Rover Garage

25 m2

•

Houses rovers or other devices that will be tested in the MRT

(Rover Control

height of 2

•

Located between the Integration Room and the Machine Shop

Room)

levels

Integration Room

45m2

•

Possible visits of this room
by the public

to enable interaction of all three
•

•

Used to integrate the hardware that is developed in-house,
e.g., rovers that are manufactured in the Machine Shop

Windows are over two
floors to allow the public to
see the integration activities

WC

25m

2

Second Floor
Cafeteria

156m

WC

25m2

2

•

Available to both staff and public

Martian Atmosphere Room, Machine Shop, Rover Garage (Rover Control Room), Integration Room
Third Floor
Offices

260m2

Library

91m2

Medical Center

WC

49m

2

•

Work space for staff

•

•

Space for future expansion

•

Specialized, dedicated library pertaining to human Mars

Standard office equipment
•

Pre-arranged visits by

missions

researchers and students

•

Keep up-dated record of most current information

possible

•

Provide first-aid in case of emergencies

•

Health monitoring of people involved in investigations

•

Development of telemedicine techniques

•

Standard medical

•

techniques

equipment
•

Telemedicine equipment

•

1-to-1, mid-fidelity version

Demonstrate telemedicine

25m2

LEFT WING
First Floor
2

Ares Module

300m

Operations

height of 3

•

Contains a 1-to-1, mid-fidelity version of the Ares module

•

Used to train the astronauts that will fly in the space module
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levels
Centrifuge (ViGAR)

118m2

•

Operations are also tested

•

Habitability, layout, configuration experiments undertaken

•

Houses the ground prototype of the device ViGAR (see

•

ViGAR device

section 2.4.4) that is an exercise bike combined with a

•

Monitoring equipment

Test Facility
•

•

Cameras and monitoring

public viewing

equipment
•

Windows on two sides of
the room to allow general

centrifuge.

public to see the activities in

The ground prototype of ViGAR will be assembled and tested

the room

in this room.
Mars Suit Lab

2

25m

•

The prototype will be used for astronaut training

•

Mars space suit is developed

•

Windows on two sides of
the room to allow general
public to see the activities in
the room

2

WC

25m

Conference Room

100m2

•

80 seats.

•

Audio-visual equipment

•

Conference·

height of 2

•

One entrance on the first floor and one entrance on the

•

Teleconferencing

•

Diverse events, e.g.,

Second Floor

levels

second floor

equipment

educational seminars,
movies, presentations,
teleconferencing

Offices
WC

70m

2

•

Work space for staff

•

Space for future expansion

•

Standard office equipment

•

Standard office equipment

25m2

Ares Module Operations
Third Floor
Offices
WC

70m

2

•

Work space for staff

•

Space for future expansion

25m2

Ares Module Operations, Conference Room

International Space University, MSS 2003

33

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

2.3.2

The Collaborative Network

The collaborative network consists of industry partners, universities, research institutions, and space
agencies that have an affiliation with the Morpheus program. These organizations generally have some
complementary facilities that can be utilized by the Morpheus program or vice versa. The nature of
these partnerships and collaborations will vary from case to case, as commitment levels and
compatibility will differ from organization to organization. Appendix B provides a list of potential
organizations that could become a part of the collaborative network.
2.4

Investigation Proposals

2.4.1

Gaia Mars Dust Analog

Introduction

The lack of knowledge about the potential hazards of Martian dust is one of the issues that are
regularly raised in objection to sending humans to Mars. Undoubtedly, there are many good reasons to
be concerned based on the experiences of the Apollo missions where lunar dust soon became a
significant problem for the proper functioning of spacesuits, and on the Lander missions to Mars
where electrostatic adhesion has been observed [Ahlf et al, 2000]. The composition of the Martian dust
is gradually becoming better understood, and the range of unmanned Mars missions currently active or
planned for the near future should continue to characterize it more accurately. There are safety-of-life
issues pertaining to the toxicity of the Martian dust, which cannot easily be addressed except by either
accurate in-situ testing or better yet by sample return. However, for many of the other unknowns a
suitable Earth analog dust, prepared from natural sources or fabricated to specific requirements, could
provide answers. If the analog dust matches the true Martian regolith sufficiently well for given
physical and chemical properties then there are countless experiments that could be conducted to
prepare the way for a human mission to Mars, notably in the effects of electrostatic charging,
secondary radiation production, dust storm modeling and many more.
Given the criticality of understanding the risks generated by Martian dust for a human mission, and the
difficulty in obtaining actual samples from Mars, there is extensive work that can be done on Earth if a
suitable analog can be found. The concept is by no means novel, but there is still significant
investigation to be done if the analog is to be valuable for many purposes. Martian dust analogs do
exist, notably JSC Mars-1 [Allen et al. 1997], but do not have the complete set of characteristics that
would be desirable for a Martian dust model. A database of detailed studies of such terrestrial analogs would
assist the study of geological and astrobiological specimens in future missions to Mars [Kuhlman et al. 2001]
Objectives

The objectives of the Martian dust analog study is to further the work already done in this area and
attempt to produce an optimal dust analog for use in ongoing research. The uses of a high-fidelity
Mars dust analog are wide ranging and the needs of other investigations are in themselves a strong
justification for the development of the Gaia Mars dust analog.
The characteristics to be matched with the Martian regolith include:
• Chemical composition
• Density
• Size distribution & granularity
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•
•
•
•
•
•

Other mechanical properties (stress behavior, moduli etc.)
Abrasive properties (degree of rounding or angularity of particles)
Spectral signature (absorption and reflection characteristics)
Electrostatic charge and charging capability
Magnetic properties
Water content

Desired properties of analog dust

It may well be the case that no single Earth analog will be suitable for all applications. By compiling a
list of available analogs and their particular physical and chemical properties, as well as obtaining
samples and in some cases large quantities of dust, it should be possible to provide an appropriate dust
analog for each given investigation. As more information about the Martian surface is obtained
(through near term projects such as the Beagle 2 Lander and the Mars 2003 Exploration Rovers) the
requirements for the dust analog can be refined. By manipulation of existing Earth-derived dusts, it
should be possible to tailor the analog to better fit the Martian regolith. For example, if the size
composition of Martian dust is more accurately measured, then the analog dust could be sieved and
separated into narrowly defined size ranges and then recombined to match the ratio of the Martian
regolith. Of course, the exact composition of the Martian dust depends on the location and recent
wind conditions, but due to global scale dust storms, the surface dust is widely homogenized.
The chemical composition of the soil examined in different locations by the Viking experiments was
closely similar to that measured by the Mars Pathfinder, though the rock sample taken by Pathfinder
was significantly different in composition from the local soil [Reider et al, 1987]. The implication is that
it is possible to create a Martian dust analog that is representative of the bulk properties across much
of the planet. The same would obviously not be true of the Earth, where soil composition is a function
of local geology and biology. In fact, the diversity of dust types across the Earth is what enables
scientists to look for analogs ‘in their own backyard’ rather than having to attempt to reproduce the
Martian dust composition from scratch. Fortunately, there are dusts on Earth that are similar to
Martian soil, and some have been already used for some Mars analog applications. Matching the Earth
dust to that of Mars requires the synergy of data from previous missions and remote sensing. Taking
typical values obtained from the Landers, we have a base line for the chemical composition desired for
our analog dust (Figure 2.11)
Martian Soil Composition [Rieder et al, 1997]
SiO2
FeO
Al2O3
MgO
CaO
SO3
Na2O
TiO2
Cl
K2O
other

Figure 2.11: The Martian soil chemical composition
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The density of the ‘drifting’ material near Viking Lander 1 has density of 1.2 ± 0.2 g/cm3 and the
‘blocky’ material has density 1.6 ± 0.4 g/cm3 [Carlton et al.]. The dust around the Pathfinder Sojourner
had average density of 1.52 g/cm3 [Matijevic et al. 1997]. The density of a dust depends on the level of
settling that takes place, explaining the difference between the values obtained by Viking. Once again,
the bulk similarity is shown, and any dust analog used in studies where the mechanical characteristics
are of interest should aim to match these values. The size distribution of the dust particles on Mars has
not been accurately measured by in-situ experimentation, though the Viking data suggested a range
from 0.1 to 1500 µm [Allen et al. 1997]. There are a number of ways of attempting to estimate the size
composition of dust particles from remote sensing, including a method known as Shkuratov scattering
theory, which uses reflectance spectra to infer particle sizes [Poulet, Erard & Gendrin, 2003]. However,
these techniques leave a high level of uncertainty.
Many of the other mechanical properties of the Martian dust remain unknown, though they can be
modeled to some extent knowing the mineralogy and composition of the dust. Further missions
should continue to clarify these details. Abrasion due to the wind on Mars is not as significant as might
be first assumed due to the low atmospheric pressure, but the influx of dust into mechanical devices
will undoubtedly worsen the condition of the moving parts. Once again, we would currently have to
rely on models to indicate what to expect in this regard, but general considerations would apply.
Certain assumptions can be made about the abrasive nature of the dust from the survival of
instruments on Viking (they functioned for around six years so wind abrasion cannot have been too
detrimental), and from the understanding of dust smoothing processes.
Besides the mechanical and chemical attributes, the analog should be able to match the spectral
characteristics of the Martian dust in order that it can be used in modeling many Martian surface
properties (surface temperature, solar backscattering etc.). Furthermore, the measurable spectral
properties of the Martian analog dust could strengthen the models used for radiative transfer equations
for modeling the Martian atmosphere [Crowley et al. 2003]. Many of the current models of the Martian
atmosphere avoid the complexity added by the inclusion of the dust, but any full treatment would
include the effects of scattering by dust and the opacity of the atmosphere that it could create
[Angelats i Coll et al. 2003]. These aspects could be measured once a sufficiently good analog was
developed, and the results could be fed into numerical models to strengthen results for Martian
weather forecasting. An additional benefit of closely matching spectral characteristics is in providing
the correct color of the analog, which would improve the realism of training and outreach activities.
The spectral signature of the Martian dust is well documented as it can be analyzed from remote
sensing capabilities of orbiters as well as landers. Even data from the Hubble Space Telescope can be
incorporated for spectral determination. [Fedorova et al. 2002; Morris et al. 2002]
Correctly matching the electrostatic properties of is one of the most important functions of the Gaia
Mars dust analog. The possibility for charging of the Martian atmosphere is deemed to be high, due to
the dryness, circulation of charged dust particles and radiation effects. The contribution of the dust to
this issue is not fully determined, though some electrostatic characteristics of the Martian regolith have
been noted anecdotally. Triboelectric charging of rovers could eventually lead to Paschen discharge,
which would be very likely to cause damage to sensitive instruments and equipment. This very
phenomenon has been observed on the Mars Pathfinder Soujourner [Siebert & Kolecki, 1996].
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Figure 2.12: Mars Pathfinder Sojourner, NASA JPL [Landis, 1997]

Figure 2.13: Results of dust accumulation per day in the MAE experiment,
NASA JPL [Landis, 1997]

If the physical and chemical properties of the analog dust are well matched to Mars dust, and the
conditions of charging are similar to those on Mars (atmospheric pressure, temperature, humidity etc.),
then it is sensible to assume that the charging properties would be similar also. The charging properties
are not easy to measure without in-situ experimentation, and difficult to model numerically due to the
existence of many minerals and sizes within a given dust sample. Therefore, using the Martian
environment simulator (section 2.3.1 “Martian Environment Room”), effective tests could be devised.
Gross, Grek and Calle have conducted preliminary tests of this nature using the Johnson Space Center
analog dust, JSC Mars-1, though there is much scope for further study as their system suffered from a
number of shortfalls, not least in the electromagnetic fidelity [Gross, Grek & Calle, 2001; Gross, 2003].
Viking has crudely studied the magnetic properties of the Martian dust using a magnetic lifting arm.
Mars has only a weak intrinsic magnetic field [Luhmann, 1997], and only 1-7% of the dust could be
picked up with a strong magnet. For comparison, JSC Mars-1 has approximately 25% magnetic
material [Allen et al, 1997]
Martian surface dust is much drier than anything found on Earth. The water content of dust strongly
affects its electrostatic and mechanical properties, and so any quality analog must have its water
eliminated wherever possible. Baking is the simple solution to this problem, provided that other
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important properties remain unchanged in the process. Moreover, this adds to the complexity of
storage of the analog dust before use, as it will quickly trap atmospheric water if allowed to, though the
use of chemical desiccants may be possible.
Some currently available dust analogs

As mentioned above, NASA have been making use of JSC Mars-1, which is an analog derived from the
Pu’u Nene cinder cone in Hawaii. This dust is a particularly good model for the spectral signature of
Martian regolith, and many of its other features are very similar to what is known about Mars.

Figure 2.14: VIS/NIR reflectance spectra for JSC Mars-1 and Martian dust, [Allen et al. 1997]
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Figure 2.15: Mineral composition of JSC Mars-1 and Martian dust,

[data from Allen et al.1997 and Reider et al. 1987 ]

International Space University, MSS 2003

38

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

The JSC Mars-1 analog dust has a particle size distribution that is within the boundaries of the known
data for Mars dust, but as this data is not very precise it is difficult to be sure whether it is a good
match. JSC Mars-1 is created after sieving at 1mm size, so that all the dust is smaller in diameter than
this. Its size composition is shown in Figure 2.16.
Other Mars dust analogs include samples from the central Australian desert (near Mount Olga)
[Kuhlmann et al. 2001] and the Miocene Vogelsberg volcanic complex in Germany [Bishop et al.
2002]. There are in fact a wide number of these existing analogs, generally selected for one or a few
criteria, often including convenience of access. Some are traditional lunar analogs and have been used
as Mars analogs due to the fact that they have been studied thoroughly (such as the Minnesota analog
used in section 2.4.2, Martian Regolith-Based Shielding). It is also possible to synthesize a higher
fidelity analog from a precursor, but this of course is a more laborious process [Tosca et al. 2002].

cumulative percentage
of dust below given size

Cumulative percentage of dust size
composition from JSC Mars-1
100
80
60
40
20
0
0

200

400

600

800

1000

dust particle size / micrometers
Figure 2.16: Size composition of JSC Mars-1, [data from Allen et al.1997]

The role of the Gaia Mars dust analog

It is apparent from the above discussion that there are a number of existing Mars dust analogs, and this
lack of standardization is not helpful to ongoing research. Research done using one analog cannot
easily be compared to that using another. In addition, the lack of fidelity of many analogs means that
the results that are obtained are really not representative of the Martian environment.
The aim of the Gaia Mars dust analog proposal is to investigate the fidelity of the existing analogs,
incorporate new findings into the requirements and supply other investigations with sufficient
quantities of homogeneous material for fair comparative studies. The dust that is produced in this
fashion is to be incorporated into the Mars environment simulation room (section 2.3.1); the ISRU
testing program (section 2.4.3); the radiation shielding bricks (section 2.4.2), and particle filtration
development (section 3.9.3). There are many more possible development uses, such as Mars Spacesuit
testing; development of cleanliness protocols for EVA’s; rover testing; novel structural materials such
as Martian ice/dust bricks [Zubrin, 1996] etc.; as well as high-fidelity training and operations procedure
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development that will require a Mars analog dust. As it is therefore such a key element in many vital
investigations, it is paramount that it is given sufficient resources and emphasis. For this reason, it is
highly suitable to be included in a dedicated development project, such as the Gaia facility. It can act as
an in-house resource to all other investigations that would need it, as well as being distributed to
collaborative partners as required.
The quantities and qualities involved depend largely on the kinds of investigations done and the
precision needed. It may be perfectly acceptable to provide a low-fidelity analog in bulk for some
applications, such as training and mock-ups, whereas a high-fidelity dust would be needed for more
sparing use in other scientific investigations and technology developments. Within the Mars
environment facility, there will be phases of operation in which a large volume of the mid to high
fidelity dust is needed, and this will probably be in the order of a few tones of material. NASA JSC
acquired 9100 kg of the Pu’u Nene dust from Hawaii, and subsequently provided it to other research
groups. In the same manner, the Gaia facility could become the primary source for carefully prepared
Mars dust analog, and in fact the need may best be calculated as a mass per year. Undoubtedly the dust
will be eventually contaminated and discarded, as well as being distributed to other collaborative
partners and interested parties.
Costs and Manpower requirement

The costs involved in this study are somewhat difficult to calculate, though it is supposed that the
ongoing research would need between 1-4 full time researchers plus 1-2 technicians to help prepare
and handle the dust as needed. The Gaia facility will require between 2 and 10 tones of the material per
year from whichever source proves to be the closest to Martian regolith (currently believed to be the
JSC Mars-1, therefore shipping from Hawaii should be considered in the annual costing).
Equipment Required

To conduct the research, a suite of ‘off the shelf’ laboratory apparatus would be needed, including
clean boxes with finely filtered air supply, chemical analysis equipment (mass spectrometry etc.), highquality sieving system, Faraday cup for charge measurement etc. There is no anticipated need for
customized equipment, and irregular apparatus could be rented for the short term if necessary. There
would be a large scope for collaborative work and outsourcing of experimental testing, especially with
the JSC team handling the Hawaiian analog. A dedicated lab plus additional dry storage space for the
dust would be ideal, though it may be possible to share space with the Mars environment room
project. If it is deemed necessary to enhance or synthesize a high-fidelity dust, then the workload in
preparation will rise also. Hopefully, a simple combination of blending, sieving or powdering processes
would be all that is required to produce a valid Mars dust analog for most uses.
Spin offs and Spin In

The most obvious need for spin-in technology and procedures would come from industries familiar
with handling dusts and powders (such as the paint and pigment industry, as well as the production of
construction materials such as cement etc.) and the chemical industry. Methods of producing
homogenous mixtures are well developed within these fields, as are the relevant safety and handling
procedures. The use of this dust could produce certain spin-off products including methods for
cleanliness, especially regarding electrostatically charged particles, and of course any of the filtration
techniques developed in conjunction with the dust production (Section 3.9.3).
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Legal Issues

The handling of the dust and the work place environment will be governed by the appropriate
Californian legal regime, in which the Gaia facility is to be built. Given the fine nature of the particles
of dust, breathing apparatus will be required and the number of hours that workers can be exposed to
the dust is likely to be subject to regulations. It may be necessary to plan work in shifts to
accommodate this issue. Furthermore, the safe disposal of the dust will be under scrutiny, and it
should not be released into the waste water network nor the standard garbage disposal bins, for
reasons of occupational health due to the fine dust particles. In all likelihood there will be no risk of
direct toxicity from the dusts used, in which case they could be disposed of in a land-fill site or similar,
but every care must be taken not to pollute the water table or rivers with a foreign dust. Environmental
advice should be sought at an early stage to establish disposal protocols.
The use of the Hawaiian dust as a Mars analog may be protected by IP rights from JSC, in which case
there should be the possibility to negotiate. Given that JSC have offered the dust to anyone who
wishes to use it in investigation, there should be no problem in developing it further in our facility.
Outreach

Once the dust has gone beyond the initial development phase and is being amassed or synthesized for
ongoing research in Mars technology development, then there may be the possibility for marketing the
prepared dust to other research facilities. While this may not necessarily require cash return, it could be
a useful means of encouraging the outsourcing of research to institutes or companies with interest in
pursuing their own studies. An alternative use for the dust which is no longer needed could be to sell it
in a variety of guises within the outreach activity. Cacti growing in Mars analog dust could be sold in
the visitor center, as could products made from ‘Mars concrete’ or ‘Mars bricks’ which could be
formed with the discarded analog dust. While not immediately the most appealing part of the Gaia
program from an outreach point of view, there are ways in which dust could be presented that would
highlight its importance to the success of a human mission to Mars.
Conclusion

The creation of a Gaia Mars dust analog will be a highly important step in the development and
validation of techniques to mitigate the hazards of the Martian environment. It will also enable humans
to prepare themselves and their equipment to make best use of Martian resources. Of course, it will be
vital to remember that the dust prepared in the Gaia facility is only an analog and will undoubtedly
differ in some respects from the real Martian soil. Design requirements for equipment and habitation
for the Martian surface will need to extend beyond those derived from the analog, in order that its
limitations do not jeopardize the mission. However, the advantages of standardizing an analog for use
worldwide are clear, and hence the development of the Gaia Mars dust analog will become an
important stepping-stone on the path to Mars.
2.4.2

Martian Regolith-Based Shielding (MRS)

Introduction: Radiation on the Martian surface

Low-energy radiation can easily be stopped, while radiation with higher energy is more dangerous and
harder to stop. The latter can produce secondary radiation that is more dangerous than primary
radiation, so additional shielding is needed to stop the secondary radiation. Due to this secondary
radiation, there are cases where a little shielding is worse than no shielding at all. When heavier ions go
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through thick shielding, they both fragment and more often cause greater damage. Therefore, the
thickness of the shielding should not be too large in order assure that the shield produces as little of
the harmful secondary radiation as possible.
The window of opportunity to travel between Earth and Mars is only every two years due to the
different orbits of the planets. This means that the astronauts and cosmonauts traveling to Mars could
spend a long time on the Martian surface. There is no strong magnetic field to deflect radiation
particles on Mars, and the CO2–rich Martian atmosphere is about 140 times thinner than Earth’s
atmosphere [Dig. Take Cov.Lunar, 2003]. It is therefore essential to have good radiation shielding for
the habitats, laboratories and the shelters to protect against galactic cosmic rays (GCR), solar particle
events (SPE), and global dust storms.
GCR comes from sources outside the solar system. It consists of protons (approximately 90% of the
total flux), and fully ionized heavier atomic nuclei called HZE particles. These nuclei range from
hydrogen to uranium. In addition, there is a small share of electrons in the GCR (approximately 2%).
In contrast to deep space where neutrons are only created when the radiation is passing through the
spacecraft shielding, neutrons in addition be made on the Martian surface when GCR hit the ground.
Even though protons and helium nuclei are the most common in GCR, the heavier nuclei are
important due to the large quality factor, Q. A larger Q is more harmful, and tells about the biological
effectiveness of the radiation. See Table 2.6 for Q-factors of different types of radiation together with
the composition of the GCR.
Table 2.6: Shows the Q-factor for different types of radiation and the composition of
Galactic Cosmic Rays [Chappell, 1994].

Radiation type
X-rays
γ-rays
Electrons
Electrons and positrons
β-particles
Protons
Neutrons
Alpha-particles
Iron ions
HZE

Q-factor % in GCR
1
1
1
2
1
1-10
85
2-20
20
12
20
1

The Linear Energy Transfer (LET) of the radiation is the measurement of the number of ionizations
that radiation causes per unit distance when the radiation travels through tissue or a living cell. Low
LET radiation is, for example, medical X-rays and gamma rays. Alpha particles and fission fragments
both have high LET.
Impact on humans

Lack of efficient radiation protection can cause short and long-term harm to humans. Illness, or in the
worst case death, can be among the effects of radiation, depending on the type of radiation and how
long the person is exposed. Radiation with enough energy to ionize matter can break down molecules
in the human body and form free radicals. A free radical is reactive, unstable, and able to harm tissue
because this molecular fragment has an extra electron. Radiation can also damage the DNA
(Deoxyribose Nucleic Acid) directly. Short-term radiation effects include cell death, changes in blood
count, reduction in sperm count, vomiting, transient anorexia, nausea, diarrhea, gastrointestinal
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disturbances, disturbance of the central nervous system, and death of organisms. Long-term effects
include cancer and other genetic changes, sterility (temporary or permanent), and cataracts. Sixty
percent of astronaut cancer risk is due to the ions of carbon, oxygen, magnesium, silicon, and iron.
Thirty percent is due to other HZE ions, and about eight percent is attributable to protons [Wilson et
al, 2003]. Effects such as bone marrow suppression and immune system compromise can cause death
within 30-60 days [Chappell, 1994].
Radiation shielding on Mars

No one knows exactly the best way to shield humans from GCR on Mars. One of the best ways
known today to stop cosmic rays is to use lightweight atoms. They shatter the heavy nuclei without
producing hazardous secondary radiation such as neutrons. Liquid hydrogen is the most effective
shielding material, but is difficult to transport from Earth to Mars and is inconvenient to use [Nelson,
2003]. Other materials that can be used as shielding materials are, ranked from best to worst,
polyethylene, water, aluminum, and lead. The densities of some shielding materials are shown in Table
2.7.
Table 2.7: Shows the densities of potential radiation shielding materials
[Chappell, 1994] and [Kim et al, 1998, p.6]

Shielding material
Lead
Aluminum
Water
Lithium hydride
Liquid hydrogen
Martian regolith

Density (g/cm3)
11.35
2.7
1.0
0.82
0.07
1.4

There is a need to use in-situ resources because of the high cost of transporting materials from Earth.
The next best thing to use as radiation shielding is therefore structural elements such as concrete, made
of a mixture of regolith and hydrogen-based polymer binders. Regolith is easily available on the
Martian surface and makes the concrete rigid. The Martian topsoil is mostly comprised of just five
elements: oxygen (62.5 mol-percent), silicon (21.77), iron (6.73), magnesium (6.06) and calcium (2.92)
[Kim et al, 1998, p.6]. Polyethylene has more hydrogen than any other polymer and is cheap to
produce, but has to be transported from Earth. The polymer can also be produced on-site from
carbon dioxide and water. By using microwaves it is possible to create plastic-looking bricks that
increase the shielding properties compared to regolith alone.
In addition to acting as shielding for the environmental radiation, the regolith-polymer mixture can be
used as shielding around a possibly nuclear reactor. The nuclear reactor might then be placed closer to
the human habitat. The mixture can also be used in foundations if the concrete is good enough [Jain,
2003, p. 45].
Past experiments

Experiments to find the optimum mixture of the two components have been done in collaboration
between NASA Langley Research Center and the College of William and Mary [Kim et al, 2001]. The
regolith used in this experiment is from a quarry in Minnesota and is similar to lunar soil, which again
is similar to Martian topsoil [Nelson, 2003]. The composites were irradiated with a 55 MeV proton
beam, and neutron beams of up to 800 MeV. The shielding effects were measured on microelectronic
devices by placing them behind the shielding, and the structural properties of the composites were also
measured. It was found that the shielding is more effective with increasing concentrations of polyimide
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(LaRC Soluble Imide, LaRC-SI).
A theoretical investigation of different mixtures of Martian regolith and epoxy has been done by
NASA Langley Research Center [Kim et al, 1998]. The epoxy that is being investigated (ICI Fiberite
934) is an aerospace-qualified resin. Different weight percentages 10%, 20%, and 30% of the epoxy in
the shielding are being investigated at different thicknesses. The compositions containing the most
hydrogen were the most effective at all thicknesses.
More investigation needed

There have so far been few experiments concentrating on using regolith mixed with polymer binders.
To investigate this topic further, the Martian regolith-based Shielding (MRS) science demonstration has
been designed. The objective of the MRS is to find effective radiation shielding for a crew on the
Martian surface. Pure liquid hydrogen, aluminum, and polyethylene, as well as mixtures of simulated
Martian regolith and polymers will be tested. Different percentages of the polymer are tested to see
which is the most effective. Since tests have been done on neutron and proton beams before, this
demonstration will concentrate on the heavy nuclei in the GCR. In addition, thick composites of
different materials will be investigated via irradiation with heavy ions and neutron beams. Neutron
beams will be tested because neutrons are created when GCR hit the Martian surface, as mentioned
above. The goal is to find the most effective mixture of regolith and hydrogen-based polymer that
attenuates the most primary radiation and generates the least secondary radiation. Other materials will
be tested for comparison. Aluminum is expected to make large amounts of secondary radiation when
irradiated with heavy nuclei found in the GCR.
The MRS design is attractive for several reasons. It will demonstrate how effective various radiation
shielding can be, what percentage of polymer binders is optimal for use in the regolith-polymer
mixture, and compare different radiation shielding possibilities with existing results from previous
experiments. A well-developed concrete together with polymers is a good general material that can
handle the extreme temperatures on Mars, the high compressive stresses, the solar radiation, and the
tensile stresses that constructions will experience on the Martian surface. In addition to developing
shielding that makes life safer for humans traveling to Mars, the MRS design may also have
applications on Earth. If an effective radiation shielding is found, it could be used in shields around
nuclear reactors [Res. Dev. bricks, 2000].
Experimental protocol

Two different regoliths will be mixed with polymer. The first to be used is a regolith developed by the
Morpheus Program (see section 2.4). This regolith will be developed to be as characteristically similar
to the Martian topsoil as possible. This dust will be mixed with two different polymers. A second
regolith, from a quarry in Minnesota, will also be used. By using this regolith, it is possible to compare
the results achieved in this science demonstration with results obtained in previous experiments, and
conclusions can more easily be made [Kim et al, 2001].
Two polymer binders will be used: LaRC Soluble Imide (LaRC-SI) [Kim et al, 2001] and polyethylene.
Using LaRC-SI facilitates the comparison of new results to existing results. LaRC-SI was developed at
NASA Langley Research Center, and is a unique amorphous thermoplastic, tough, lightweight, with a
high glass transition temperature and solvent resistance. Polyethylene is cheap and easy to
manufacture. The Morpheus program will also work on development of a new polymer type that is
easy to manufacture from materials on Mars, such as water and carbon dioxide, once on the Martian
surface. The shielding materials that will be tested are given in Table 2.8.
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The experiments will be done using the following procedure. Regolith 1 will be developed in the Dust
Lab in the Gaia building. The mixtures of the regolith and hydrogen-based polymers will be made in
the Brick Development and Production Lab, also in the Gaia building. The development procedure is
as follows. Two different hydrogen-based polymers will be used to mix with Regolith 1, as described in
Table 2.8. Six bars will be made in total, three blocks for each type of polymer, with 20, 30, and 40% of
the polymers in the mixture. Each mixture will be thoroughly mixed in a dry state and put in a drying
oven to remove moisture. The mixture will then be poured into a stainless steel mold that creates a
small sample bar with sides of 2.5 by 10 centimeters, and a thickness of 5 centimeters. Finally, it will be
heated for about 40 minutes at 125 ˚C. Six additional blocks will be made based on Regolith 2.
Table 2.8: Shows the different shielding materials that will be tested in the MRS design.
Mixtures of regolith and hydrogen-based polymers, as well as pure liquid
hydrogen, Aluminum, and polyethylene will be tested.

Testing material #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Shielding material composition
Regolith 1 (80 %) + polyethylene (20 %)
Regolith 1 (70 %) + polyethylene (30 %)
Regolith 1 (60 %) + polyethylene (40 %)
Regolith 1 (80 %) + LaRC Soluble Imide (20 %)
Regolith 1 (70 %) + LaRC Soluble Imide (30 %)
Regolith 1 (60 %) + LaRC Soluble Imide (40 %)
Regolith 2 (80 %) + polyethylene (20 %)
Regolith 2 (70 %) + polyethylene (30 %)
Regolith 2 (60 %) + polyethylene (40 %)
Regolith 2 (80 %) + LaRC Soluble Imide (20 %)
Regolith 2 (70 %) + LaRC Soluble Imide (30 %)
Regolith 2 (60 %) + LaRC Soluble Imide (40 %)
Pure liquid hydrogen
Aluminum
Polyethylene

The blocks will be brought to National Institute for Radiological Sciences (NIRS) in Japan. Testing
materials 1 through 12 (see Table 2.8) will be irradiated with heavy nuclei from the Heavy Ion Medical
Accelerator in the NIRS lab. The tests will first concentrate on irradiating the blocks with iron and
silicon ions, and if sufficient funding is received then testing of carbon, oxygen, and magnesium will
follow.
To measure how much radiation is attenuated by the blocks and the amount of secondary radiation
generated, a Tissue Equivalent Proportional Counter (TEPC)-detector will be used. There are two
types of TEPC-detectors. The one used in the MRS design is based on individual pulse height analysis
and single event registration [Solheim, 2002]. The amount of neutrons after the beams have passed
through the blocks indicates the secondary radiation. The amount of radiation attenuated will be
measured by comparison of beam energy before and after passing through the blocks, registration of
the number of nuclei that pass through the shield, and analysis of pulse-height distributions.
In addition, pure liquid hydrogen, aluminum, and polyethylene will be prepared and irradiated with the
same beams. Liquid hydrogen is the best shielding against GCR. Aluminum is expected to produce
large amounts of secondary radiation. If the blocks are produced thicker, even more secondary
radiation will be produced if aluminum is used as radiation shielding.
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Extensive analysis of the results will be made to sort and interpret all the results from the experiments.
The results will then be compared with previous experiments done by other institutes.
Additional testing will be done pending available funding. More data is needed where thicker radiation
shielding is irradiated with heavy nuclei and neutrons. Neutron beams can be made by irradiating a
tungsten target with a proton beam. The primary and secondary particles (neutrons) can be separated
by using bending magnets. Blocks of 10 and 15-centimeter thickness will be made, and the same tests
as previously described will be done. The data will be interpreted to see how much the thickness of the
blocks influences the attenuation of heavy nuclei and production of secondary radiation.
The mixtures of regolith and hydrogen-based polymers will both be tested mechanically (to measure
the structural properties) and thermally before and after exposure to radiation. The mechanical testing
includes pressure/compression testing. According to the ASTM D965 standard [ASTM, 2003] the
block is cut into pieces. Compression testing will then be done at room temperatures. The parameters
that will be measured are structural properties of the maximum load, stress at maximum loads, and
Young’s modulus. The results will then be analyzed and compared to previous experiments and
standards used for building structures. These tests are necessary to make sure that blocks at the bottom
of a structure will not crack. To measure the glass transition temperature and the mass loss, Thermo
Mechanical and Thermo Gravimetric Analysis (TMA and TGA) will be used. These tests will show if
the mixtures have good mechanical properties and are stable at extreme temperatures.
The operational scenario is described in Table 2.9. It also tells what will be done if sufficient funding is
available.
Table 2.9: Outlines the operational scenario of what will be done and where it will be done.
It also tells what will be done if sufficient funding is made.

What will be done?
Production of Regolith 1
Manufacturing of bricks 1 – 12 with 5 cm
thickness
Preparation of liquid hydrogen, aluminum
and polyethylene for testing.
Mechanical and thermal testing before
radiation
Irradiation with heavy nuclei
Mechanical and thermal testing after
radiation
Manufacturing of bricks 1 – 12 with
thickness 10 and 15 cm
Preparation of liquid hydrogen, aluminum
and polyethylene for testing.
Mechanical and thermal testing before
radiation
Irradiation with heavy nuclei and neutron
beams
Mechanical and thermal testing after
radiation

Where?
Dust Lab in Gaia building
Brick Development and Production Lab
in Gaia building
Brick Development and Production Lab
in Gaia building
Brick Development and Production Lab
in Gaia building
National Institute for Radiological
Sciences (NIRS) in Japan
Brick Development and Production Lab
in Gaia building
Brick Development and Production Lab
in Gaia building
Brick Development and Production Lab
in Gaia building
Brick Development and Production Lab
in Gaia building
National Institute for Radiological
Sciences (NIRS) in Japan
Brick Development and Production Lab
in Gaia building

If enough
funding
If enough
funding
If enough
funding
If enough
funding
If enough
funding

At least two employees will be needed to work full-time on this project. One of them should be an
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expert in radiation and materials. The other person can be a Ph.D. student. A third person is desirable
if possible to aid division of labor and to the interpretation of the results. The MRS design is likely to
persist for approximately two years. It will begin when Regolith 1 is developed in the Dust Lab by the
Morpheus Program. Then the bricks will be developed, the tests made, and the results interpreted.
The Brick Development and Production Lab will be approximately 20 square meters. Special
equipment in the lab will, among other things, include an oven to bake the samples, a stainless steel
mold to remove moisture from the bricks, equipment to mix the samples, and a microscope to
evaluate the samples. In addition, two offices are needed to do paper work, plan the tests and to
interpret the results.
Conclusion

If successful, the MRS design will contribute to human safety on future expeditions to Mars. The
experiments described in this section expect to find the most effective radiation shielding against
neutrons and the heavy nuclei in GCR. The goal is to create a shielding that alternates the radiation to
such an extent that it is within the allowed radiation dose limits for humans. The shielding is designed
in a way that makes it possible to produce and extract most necessary components from materials
available on the Martian surface and in the Martian atmosphere. This decreases the transportation
costs from Earth to Mars drastically, and gives leeway to transport higher mass percentages of other
essential equipment from Earth to Mars.
After the MRS design is completed, it will be necessary to develop effective and efficient procedures
for processing polyamides from the carbon dioxide-rich Martian atmosphere and water in the most
cost-effective and feasible way. In addition, it is necessary to research where on the Martian surface the
best regolith for shielding can be found.
2.4.3

In Situ Resource Utilization (ISRU)

Introduction

The use of In Situ Resource Utilization (ISRU) is included in most Mars mission architectures to date.
Generally the ISRU unit is sent with the Mars Ascent Vehicle (MAV) one year before the arrival of the
crew. The goals of IRSU are to produce propellants (In Situ Propellant Production or ISPP) and life
support consumables (oxygen and water) by using local resources on Mars. The atmosphere, a source
for basic elements, and the MAV are the primary resources available. The objective of ISPP is to
collect and compress carbon dioxide from the Martian atmosphere, convert it to hydrogen and oxygen
through chemical reactions such as Sabatier Reactor and Reverse Water Gas Shift (RWGS), and to use
this in making propellant [NASA, 1997; Cougnet, 2002].
As ISRU is integral to most mission architectures, much of the research and development has to be
done as early as possible. For this reason, an ISRU study has been placed in the Morpheus Program.
The main goal of this investigation proposal is to study the process in detail, developing customizable
hardware capable of providing propellant for robotic and human missions to Mars. This study is also
significant due to the effects of carbon dioxide on Earth, considering it is the most abundant
compound in the Martian atmosphere. Carbon dioxide comprises the majority of carbon emissions
from heavy industries. When combined with vehicular emissions, the resulting atmospheric carbon
dioxide concentrations have been associated with the greenhouse effect. By the end of this section the
importance of this will be presented not only for missions to Mars, but also for planet Earth.

International Space University, MSS 2003

47

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

The Process

Following is a description of the basic process for propellant (ISPP) production:
The Martian atmosphere, at a pressure of 5 mbar to 10 mbar and a temperature from 150K to
240K, is the intake. Before any chemical processing the gases must be cleaned and filtered of all
small particles (especially dust) that could damage the reactor. One possibility for this filter is the
ESP Filtration system, proposed for development by the Morpheus Program and discussed in
section 3.9.3.
The chemical reaction takes place at a pressure of one bar (Earth’s atmosphere), after which the
compressor must be used to bring the gas to the appropriate pressure.
Before entering the Sabatier reactor, the other gaseous
components must be removed from the atmosphere. This is
done by running the gas trough a bed of materials, specifically
adsorbing nitrogen and argon. The bed is then heated to
recover the gases, after which they are cooled for storage. It is
important to recover these inert gases because they can be
use as buffer gas for the life support systems. A proposed
idea is to use two of these beds; while the first one is
absorbing, the second one is heated.

Table 2.10: Mars atmosphere
Composition
[JSC- Energy system Div, 2003]

Mars atmosphere composition
C O2
95.5%
N2
2.7%
Ar
1.6%
O2
0.15%
Water
traces

Figure 2.17: ISRU unit [NASA, 1997; Cougnet, 2002]

Next is the Sabatier reactor, the heart of the process. Everything is based on a simple and wellknown chemical equation, the Sabatier reaction:
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C O 2 (g) + 4 H 2 (g)

C H 4 (g) + 2 H 2 O (g)

The reactor itself is a tube filled with a ruthenium catalyst bed (nickel can also be used but is less
efficient). This reactor is robust, simple, and scalable (adjusting the size of the tube results in different
production rates). This equation is of interest because most of the Martian atmosphere is composed of
carbon dioxide. The reaction is spontaneous and efficient (over 90%). It takes place in a range of
temperatures from 200°C to 300°C and is exothermic. A certain amount of power must be provided to
initiate the reaction, but once going, it becomes nearly self-sustaining. The main disadvantage of this
reaction is that it requires hydrogen tanks be sent to Mars, which are extra payload. Different solutions
may be able to provide hydrogen on-site from the Martian atmosphere. These solutions are mainly
based on water electrolysis that will be discussed later. Current scientific understanding suggests that
water (or without first processing Hydrogen and Oxygen) is unlikely to be available on Mars. However,
if this were to change in the near future, the use of Martian water would greatly help in-situ resource
utilization potential. The following information assumes that the process operates at standard pressure
and may need to be adapted for use on Mars.
At the exit of the Sabatier reactor, water and methane exist in gaseous form. They must be
separated and collected separately. This is done by condensing the water vapor in a separator, at a
temperature of 280K. A colder environment could create ice and jam the system.
Once the methane is separated from the liquid water it can be liquefied and stored in a cryogenic
tank, or directly in the tanks of the return vehicle.
The liquid water obtained from the separator is
then fed into an electrolysis cell. This yields some
oxygen that will be liquefied and stored. The
hydrogen yield can be either cooled and stored or,
more probably, reinjected into the Sabatier reactor,
thereby reducing the amount of hydrogen that
must be brought from Earth.

Table 2.11: Boiling/Condensation temperature
[Benenson, 2002]

Boiling/Condensation temperature
C H4
111.65 K
O2
90.19 K
Ar
87.3 K
N2
77.36 K
H2
20.35 K

This is a description of the propellant production plant only. If this facility is desired for the
production of life support consumables in addition, some of the water can simply be recovered in
liquid form in tanks. Table 2.12 below compares the requirements for propellant and consumable gases
to be provided by the ISRU units from the NASA Mars reference mission and European Mars mission
architecture studies [European Mars Missions Architecture Study, ESA 2003 & Human Exploration of
Mars, NASA 2003].
Table 2.12: Required product quantities [NASA, 1997; Cougnet, 2002]

Product

Function

Methane
Oxygen
Oxygen

Propellant
Propellant
Life support (breathing)
Life support
(drinking, hygiene)
Life support
(buffer gas)

Water
Nitrogen/Argon
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Required quantities
NASA reference
European Mars mission
mission
architecture studies
5.8 tons
7 tons
20.2 tons
25 tons
4.5 tons
5 tons
23.2 tons

24 tons

3.9 tons

4.5 tons
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Both mission architectures consider a crew composed of six people and a stay time of 600 days on the
surface of Mars. For the European concept, the estimated lifetime is around fifteen years, which
represents three crewed missions including repair, maintenance and part repair. For the American
concept, each ISRU unit is used for two MAV.
The Sabatier reaction produces water and methane in a mass ratio of 2.25. By electrolyzing the water
more oxygen is yielded. Using the Sabatier electrolysis process yields oxygen and methane in mass ratio
of 2. This means that for every ton of methane produced, 2.25 tons of water are produced that are
later broken down into 2 tons of oxygen and 0.25 tons of hydrogen that can be redirected to the
Sabatier reactor. Unfortunately, the reference Mars Ascent Vehicles use a propellant mixture with an
oxygen: methane mass ratio of 3.35 [Human Exploration of Mars, 2003]. That is, not enough oxygen is
produced per methane molecule, or vice versa, too much methane is produced per oxygen molecule.
Many potential solutions exist:
To avoid the overproduction of methane, carbon dioxide (coming from the Martian atmosphere)
can be electrolyzed to produce oxygen. The difficulty here is the required reaction temperature
between 1000°C and 1100°C:
2 C O 2 (g)

2 C O (g) + O 2 (g)

Another possibility is to pyrolyze the methane to get rid the extra methane and produce some
hydrogen that can then be used in the Sabatier reactor. The advantage of this reaction is that it
yields nearly pure hydrogen. The disadvantage is that it is difficult to get rid of the carbon
produced. The reaction requires moderate energy (H=74.9 kJ/mole) and takes place in a
temperature range from 1000°C to 1200°C with an efficiency of 95% at 1200°C.
C H 4 (g)

C (s) + 2 H 2 (g)

The final possibility is called the Reverse Water Gas Shift (RWGS). This reaction also uses the
carbon dioxide present in the atmosphere to produce carbon monoxide and water. This water is
then sent to the electrolysis cell, which produces hydrogen (used in the Sabatier reactor) and the
extra oxygen needed. The reaction is mildly endothermic (H=9 kcal/mole) and takes places in a
temperature range of 400°C to 650°C:
C O 2 (g) + H 2 (g)

C O (g) + H 2O (g)

Table 2.13 Summarizes some of the major components of the ISPP unit.
Table 2.13: Component production [NASA, 1997; Cougnet, 2002]

Component

NASA Reference mission
Daily
Mass
Power
production rate
(kg)
(kWe)
87.8 kg /atm
233
1.33

Compressor
Sabatier
12.4 kg CH4
reactor
Water
27.8 kg H2O
electrolysis
* Needs only to be started.

European mission architecture
Daily
Mass
Power
production rate
(kg)
(kWe)
232.8 kg CO2
950
7.2 – 15.5

272

0.62

10.08 kg CH4

150 - 200

*

778

5.79

58.8 kg H2O

300 - 350

11.5
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Figure 2.18: ISRU unit from the NASA Reference mission [NASA 1997]

Commercial use and spin-off possibilities

First, studies and development of a unit will enable us to mine liquid oxygen, methane, and hydrogen
from the Martian atmosphere. The primary goal is a Mars application, but this system has also some
Earth-based potential. Most of the economy on Earth is based on hydrocarbons. When they are
combusted (e.g., car fumes, heavy industry emissions) carbon dioxide is one of the products released.
For many years it has been believed that carbon dioxide is partially responsible for the global warming
(the greenhouse effect) of Earth. Nowadays, care is taken at all levels of society in attempts to avoid
the massive production of carbon dioxide. One potential solution is to collect the carbon dioxide so
that it can be used in a modified ISPP unit to produce methane and water. Once the technological
process is mastered, heavy units could be developed and sold to act as pollution “absorbers”. These
considerations were related to the upstream part. For the downstream aspect, once suitable Earth units
are developed, they will be able to consume large amounts of carbon dioxide to produce large
quantities of methane and also some hydrogen and oxygen. The methane and hydrogen could be sold
to the fuel cell companies; indeed one of the biggest current problems with the fuel cell market is the
production of hydrogen. One solution is to get it from methane. However, as methane has a global
warming potential of 21, meaning one molecule of methane adds to the heat trapped by the Earth’s
atmosphere 21 times more than one molecule of carbon dioxide does, much care must be taken with
this idea. In summary, by using ISRU units, methane could be sold for hydrogen production, hydrogen
sold directly to the different entities involved in fuel cell use and production. The fuel cell market is
expanding with a bright future, the spin-in for ISRU has good possible benefits and may consequently
spin-off back into the fuel cell market.
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Hydrogen
Market

Figure 2.19: Commercial possibilities

Conclusion

To conclude, the “living off the land” philosophy is important for a future human mission to Mars.
Though much of the process is known, much more research and development is needed to study and
optimize the process and hardware in Martian environmental conditions. Once this is done, the ISRU
unit will play a key role in planetary exploration. As development continues, some adapted ISRU units
could be then used on planet Earth to improve the daily life of humans.
2.4.4

Countermeasures Enabling Long Duration Spaceflight- Part 1

Introduction

For a crew to arrive at a destination such as Mars in fit condition, they will have to counter effects of
bone loss, muscle weakness, vestibular readjustment, cardiovascular deconditioning, profound
metabolic and endocrine alterations, and altered sensory motor performance. They will also have to
overcome the psychological stresses of sensory deprivation and monotonous lifestyles. These health
risks increase with space flight duration and therefore pose great concern for long duration space flight
within low Earth orbit as well as an interplanetary mission to Mars. For the next generation of
exploratory missions, the key to mission success lies in overcoming the physiological limitations of
prolonged exposure to microgravity by means of effective countermeasures to ensure the long-term
health maintenance of the astronauts.
Current evidence suggests that several countermeasures should be used simultaneously in order to
maintain optimal functioning of the human body and limit adverse physiological change. The crew
needs to follow a rigorous time-consuming countermeasures schedule while in orbit on a day-to-day
basis. However, despite the use of existing countermeasures, there is evidence of continued muscle and
bone deconditioning and post-flight problems such as orthostatic intolerance and decreased exercise
capacity, indicating a need for crew rehabilitation upon return to Earth. The ISS crew spends up to 3
hours per day doing exercises and their post flight rehabilitation time is equivalent to the time spent in
space.
One of the systems most affected by microgravity is the musculoskeletal system. Due to the sudden
absence of mechanical load on the body, there appears to be a disuse osteoporosis of the bones and
disuse atrophy of the muscles. Bone mineral density appears to decrease at an average rate of about 1%
per month and begins within the first few days in space. Current flight studies indicate that the bone
loss in weight-bearing bones is proportional to the length of flight and that bone loss occurs despite
available countermeasures. The most severe losses occur between the second and fifth months in
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space. Recovery of bone mass upon return to Earth may take up to two years. Likewise, the muscles
begin to atrophy and become smaller and weaker. Calcium and phosphorous metabolism, which is
closely linked to the musculoskeletal system, is also affected. Aerobic and to some degree resistive
exercises have been the primary countermeasures against bone loss and muscle loss throughout the
history of space flight, but have been only partially effective [De Hart, 2002, p.602]. All this has cast
doubt on the effectiveness of exercise programs for musculoskeletal reconditioning. But this has also
revived the interest in artificial gravity.
The basic premise about artificial gravity is to replace a “no gravity environment” with a “gravity
environment” and therefore minimize the microgravity induced physiological changes. There are
ground-based studies, which support the benefits of centrifugation in both experimental animal models
and humans. However most studies give a qualitative assessment. The benefits of artificial gravity are
yet to be quantified by both ground based studies and space based research. Currently, in scientific
literature, the focus is on an integrated approach, using both artificial gravity and exercise to fight
microgravity induced changes.
Countermeasure Proposal For Morpheus Program

The objective of this proposal for the Morpheus Program is to take a holistic approach to counter the
key physiological problems and thereby enable the “human” with “technology” so that they can
together push the frontiers. In this proposal – two important aspects will be addressed:
•
•

Technical design of a new countermeasure device Virtual Gravity Artificial Reality (ViGAR)
shall be described (see section 3.9.2) and
Ground based research proposal to determine the countermeasures training schedule with
ViGAR will be outlined (see section 2.4.4).

ViGAR is designed to provide an integrated countermeasure to the Ares crew. It would provide
periodic gravity environment as well as exercise, by means of a short arm centrifuge coupled with a
variable load bicycle. ViGAR will be a test bed for variable gravity research on the Ares Module. It will
also be a tool to make the quantitative assessment about the “Gravity Dose” requirements in terms of
the amount of gravitational load and the frequency of such an exposure, that is required to maintain
physiological conditioning in space.
Before recommending the training schedule on ViGAR for the space crew on the Ares, it is important
to validate the training schedule by ground based research. It is for this reason the ground research
proposal has been developed.
The following section will briefly review the human physiology in microgravity and the
countermeasures that are currently used in spaceflight. These reviews are done in the context of the
ViGAR proposal and seek to justify why we need to have research and develop novel countermeasures
to enable a Mars mission.
Human Physiology in Microgravity

The human body is an integrated and interdependent system and by its inherent design adapted to
work best at 1g. This complicated system responds to a novel environment such as microgravity with a
series of physiological responses resulting in a partial or complete adaptation. Although several factors
affect human health during space flight, weightlessness is the dominant and single most important one.
The body’s response to weightlessness has been characterized by the scientific community through the
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cumulative exposure of nearly 700 people spending close to 60 person years in space. For the sake of
simplicity, the physiological changes due to weightlessness can be grouped into six main areas:
1.
2.
3.
4.
5.
6.

Bone changes
Reduction of muscle mass
Neurosensory changes
Cardiovascular changes
Fluid and electrolyte loss and hormonal changes
Hematology (red blood cell) changes

Figure 2.20 represents the changes in different physiological systems in the body and shows many
interactions among different functional changes, which occur in the body as a result of the
microgravity environment.
Microgravity
Reduced loading and disuse of
weight-bearing tissues

Reduced Hydrostatic
gradient

Altered Vestibular
function

Altered sensory and
balance information

Head ward shift of
fluid

Space motion
sickness

Altered muscle
functions

Redistribution of
circulation blood

Altered heart
function

Altered microcirculatory
function and peripheral
tone

Altered body
metabolism

Altered Blood
Pressure function

Reduced orthostatic
tolerance

Altered pulmonary
function

Alter renal (kidney)
hemodynamics

Muscle atrophy

Bone demineralization

Altered muscle
metabolism

Altered endocrine
(hormone) secretion

Altered calcium
metabolism and
calcitropic hormones

Loss of extracellular
fluid and salt

Reduced maximum
exercise capacity

Altered urine
flow and
composition

Reduced total blood volume

Altered plasma
electrolytes

Loss of body water
and salts

Loss of
intracellular fluids
and salts

Suppressed erthropoiesis

Neurosensory

Hematology

Muscle

Cardiovascular/Cardiopulmonary

Fluid/Electrolyte/Hormone

Bone

Figure 2.20: Physiological Changes in Microgravity
[Adapted From National Space Biomedical Research Institute]

Medical Countermeasures: A review

“Countermeasures” is a term used for preventative and therapeutic interventions carried out before or
during a space mission. A large number of countermeasures exist for crews on the ISS to counteract
the adverse effects of microgravity, including exercise, physical methods like Lower Body Negative
Pressure (LBNP), and pharmacological countermeasures.
In the past four decades of human space flight several medical countermeasures have been used to
counter space deconditioning. Table 2.14 lists the various countermeasures used in the Russian and
American space programs and outlines the problems that could be encountered with each of them.
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Table 2.14: Countermeasures Used In Space Flight (1960’s To Present)

Methods

Devices used

Problems

Physical Methods for
Redistribution of Blood
The fluid redistribution causes a
cascade of events leading to fluid
volume losses, metabolic,
morphological, heamodynamic and
hormonal changes, which might
pose a problem during reentry and
landing. Physical devices as well as
exercise can help to condition the
cardiovascular system and mitigate
orthostatic intolerance.

Lower Body Negative Pressure
(LBNP) Device e.g., Chibis Suit,
LBNP Apparatus
Negative pressure is applied to the
lower body to induce fluid shifts to
the lower torso with the goal of
improving the orthostatic tolerance
upon return to the earth.
G Suit and Pressure Cuffs
Contra-gravity suit increases the
pressure on the lower body to
prevent pooling of the blood into
the extremities during reentry and
after landing.
Electro stimulation
Various muscle groups are
stimulated by an apparatus called
“Tonus” in order to reduce the
disuse atrophy of muscles.
Ergometer
A bicycle-like apparatus that can be
pedaled with either the feet or the
hands.
Treadmill
For exercise of the lower limbs.
Bungee cord straps are used to
restrain the individual to the
treadmill
and
to
simulate
gravitational forces ranging from
0.5- 0.7 g.
Penguin Suit
Specialized elasticized suit that
provides
continuous
passive
loading on the gravity-resisting
muscles. Typically worn for 8 hours
a day.
Elastic expanders and springs
Loading device for arm exercises.
Others
Mini Gym, Rowing machine

The cardiovascular system adapts
to microgravity by resetting several
control mechanisms. LBNP and Gsuits
focus
on
the
fluid
redistribution problem, but their
mechanisms of action is exactly
opposite. The main use of the Gsuit is for reentry and the LBNP is
used for in-flight training.
Orthostatic intolerance is present in
the post-flight conditions despite
the use of these physical
countermeasures.

Exercise Devices
Exercises like pedaling, walking,
and jogging can help to prevent or
decrease the loss of muscle mass
and strength. Exercise can also help
condition the cardiovascular system
and reduce bone demineralisation.
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As the length of missions increases,
longer and more frequent periods
of exercise training are required.
Various exercise devices are used in
combination, and up to three hours
of exercise per day were
recommended for missions lasting
more than two weeks. The various
equipment used has its own
limitations, for example – the
treadmill restraint system is
reported as being difficult to use,
and causes shoulder, back, and leg
discomfort during heavy exercise.
Cosmonauts / Astronauts have
shown varying degrees of postflight
deconditioning
despite
strenuous exercise programs, and
need rehabilitation on return to
Earth. The longer the mission
duration,
the
longer
the
rehabilitation period despite the use
of an onboard exercise regimen.
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Miscellaneous Devices/
Methods

Pharmacological Support
Nutritional Regulation
May be possible countermeasures
to space-induced physiological
changes such as fluid shifts,
Cardiovascular
deconditioning,
musculoskeletal deconditioning.

Psychological Support
Environmental
Factors Optimization

Self-Generated LBNP exercise
device in microgravity
It is a combination for LBNP and
exercise device.
Cuban Boot
These boots provide a pressure of
60 torr on the feet and give a
perception of standing on solid
ground. Used to decrease spatial
illusions.
Biofeedback
For prevention and treatment of
motion sickness.
Anti Motion sickness drugs
To prevent/ treat motion sickness.
Antibiotics (Prophylactic)
To prevent infections used by
space travelers, especially for long
duration missions.
Vitamin and mineral
supplement Drugs
Used
against
cardiovascular
deconditioning and bone mineral
loss.
Salt and water (Saline)
Rehydration by consuming saline
solution prior to re-entry helps
reduce orthostatic intolerance. (1
liter of saline ingested two hours
before re-entry)
Books, Videos, Private
conversation
Lighting, Noise, Surroundings

Several devices have been tried and
tested in space once or twice and
not much data is available to
validate the scientific studies with
any of these.

Studies with nutritional and
pharmacological countermeasures
are difficult to conduct and
interpret. Drugs can affect many
bodily functions simultaneously and
can produce unwanted side effects.
Especially in space, due to the
altered physiology, drugs may
behave unpredictably.

Despite exhaustive crew selection,
training and the use of extensive
countermeasures, there have been
psychological incidences in space
flight.

There is a need to continually develop, test and validate novel countermeasures or modify current
countermeasures to enable long-term human presence in space. Artificial gravity has been researched
as a promising countermeasure. Artificial gravity is the only countermeasure that removes the cause of
deconditioning as it works across different physiological systems and may prove beneficial in limiting
bone loss, which is a major cause for concern in long duration space flights (See Table 2.15).
Due to the large costs and also the lack of heavy launchers, full-scaled rotating spacecraft for humans
are not currently feasible. However, short radius centrifugation is cost effective and space-efficient. It
is relatively easy to implement and can fit within any spacecraft or space station. Short-arm centrifuge
designs have been considered to be an effective countermeasure for weightlessness. Periodic
centrifugation has shown to be beneficial in preventing post-flight orthostatic intolerance in human
centrifuge studies [Iwasaki et al, 1998, p. 175] and in primate studies [Korolkov et al, 2001, p. 237].
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An onboard short arm centrifuge on the ISS (if technically and financially possible) would also be a
very useful tool for studying the effects of variable levels of artificial gravity in weightlessness and
would validate its efficiency as a countermeasure. It would be helpful as a tool to characterize the
physiological changes in human beings in a reduced gravity environment like on Mars. Different
physiological systems Table 2.15 lists the various known countermeasures used and investigated as
beneficial for long duration human space flight, in addition to how each of the countermeasures affect
the different physiological systems.
Table 2.15: Countermeasures and their effects across different physiological systems

Countermeasure

Cardiovascular

LBNP
G Suit
Electrostimulation
Ergometer
Treadmill
Penguin suits
Springs
Rowing machine
Self generated
LBNP
Cuban Boot
Biofeedback
Anti motion
sickness drugs
Sleep Medication
Vitamins and
Supplements
Salt and water
Artificial gravity
Vibration

+++
+++

Neurovestibular Musculoskeletal

+
++
+++
+++
+++
++
++
++
++

+++
+++
+
+
+
++

+

++
+
NK

Immunology
and
endocrinal
NK
NK

Psychological

++
++

+
+

+
+
++

+

+

+
++

+
++

++
++

+
+

+
+
NK

NK
NK

+
NK

++

+..................... Effects present
++ & +++... Profound effects
NK................. Effects not known
As pointed out earlier, exercises have multiple but limited benefits on the cardiovascular system and
musculoskeletal system. Artificial gravity can be used to complement exercise and other
countermeasures. Current proposals, including a NASA study, recommend the systematic investigation
of combination countermeasures with exercise and artificial gravity [De Hart, 2002, p.609].
One very notable example of an integrated countermeasures approach using both centrifugation and
exercise is the Self Powered Human centrifuge or Space Cycle TM concept devised by Kreitenberg et al
[1998]. The space cycle was capable of hosting two people at one time and was designed for space,
keeping in mind its potential use on the ISS for countermeasures research. Similarly, ground based
studies on animal models as well as human volunteers, using centrifugation after a period of
deconditioning by microgravity analogs like bed rest and water immersion, have shown promising
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results.
The Space segment (See Section 3.9.2) of this report outlines the Virtual Gravity Artificial Reality
(ViGAR) technical proposal. In this section, the ground proposal for defining the use of ViGAR as a
countermeasures device will be outlined.
Ground Research Proposal for developing the training schedule with ViGAR

The ground research proposal will seek to address the unknown variables of artificial gravity and try to
answer some of the critical questions like:
• What is the minimum g level required to limit the adverse effects of microgravity?
• What is the relationship of the physiological response vs. g level?
• What is the optimal frequency of gravity exposure?
• What is the duration of centrifugation to get measurable benefits?
• What is the relationship of exercise and artificial gravity? What types of exercise are best in
combination to centrifugation?
• What are the adverse effects of artificial gravity and what can be done to counter them?
• What is the length of adaptation period from artificial gravity to zero gravity and vice versa?
Objectives

The purpose of this proposal is to assess and identify the most appropriate physiological
reconditioning protocol to counter known deconditioning in microgravity environments. The
investigation will use artificial gravity (AG) and exercise as tools, by means of a randomized controlled
study of human volunteers on ground-based human centrifuges. The objectives of the countermeasure
proposal are:
•
•
•
•

To study the efficiency of the artificial gravity as an effective countermeasure
To assess the interactions of artificial gravity with different types of exercise and
identify the most promising reconditioning schedule
To study the adaptation to intermittent exposure to artificial gravity and the retention
of adaptation
To help make recommendations for astronaut training schedules with exercise and
artificial gravity using the ViGAR device

Rationale

The changes that occur in the human body are a function of the magnitude and duration of exposure
to a reduced gravitational force. To counter the multitude of physiological effects of microgravity,
artificial gravity coupled with exercise could be the most effective countermeasure. It would provide
the necessary gravity environment as well as prevent cardiovascular and musculoskeletal
deconditioning. Due to the limited number of crewmembers, data obtained from crew is often
insufficient to clarify the efficiency of the countermeasure. Hence, investigating the effects of the
combination countermeasure on the ground, before testing, in space, is proposed. This data may prove
invaluable for devising a training schedule for the astronauts.
Most of the research data available today was collected under microgravity conditions in low Earth
orbit. Therefore, measurement of the continuum of changes under different gravitational forces has
not yet been possible [Davis, 1999, p.165].
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Studies indicate that there may be a gravitational dose – a physiological response relationship similar to
a drug dose response relationship. With ViGAR in operational condition in space, it would be possible
to study the effects of partial gravity on human physiology and determine the gravitational dose –
physiological response relationship. Exercise has been used extensively as a countermeasure in the
space program but has been found to have limited positive effects on both muscle as well as bone. The
American and the Russian programs have different exercise schedules [De Hart, 2002, p 609]. It would
therefore be worthwhile to investigate the effects of the different types of exercises on simulated
deconditioning with and without centrifugation.
Experiment Protocol

The study will be conducted at ground based centrifuge facilities. The facilities should also have an
infrastructure in place for bed rest studies. A list of the centrifuge facilities that could be used is given
in chapter 4, EOA.
A multi centric study would be ideal, as it would enable quick validation of the results as well as
providing a large amount of data in a short duration of time. As the study involves human volunteers,
it would need prior approval of the ethical committee. Eighteen healthy volunteers would be chosen
for the study after careful clinical examination. The subjects would then be randomly allocated into
different groups.
Phase 1 – Key physiological parameters will be identified and measured to obtain baseline data in
Phase 1 (this can be later compared to objectively assess the extent of physiological deconditioning
during head down tilt and subsequent re-conditioning with the proposed countermeasures, i.e.
centrifugation and exercise).
Phase 2 – Six degrees Head down tilt and Bed rest studies (Anti-orthostatic posture). All the eighteen
subjects for will be subjected to the head down tilt and bed rest studies for 7-10 days [Nicogossian,
1994]. The duration of 7 – 10 days is adequate for simulating the effects of deconditioning. Bed rest
study is a standard method of microgravity deconditioning and existing data is available for
comparison. Bed rest studies with head down tilt elicit some of the early physiological effects of
microgravity with greater fidelity than horizontal bed rest. In addition the physiological changes are
more pronounced and comparable to space deconditioning and include effects on musculoskeletal
system, cardiovascular system, decrease in plasma volume and red blood cells and also some vestibular
disturbances.
Phase 3 – Two experimental subgroups Group 1 and Group 2 are exposed to the countermeasures
after deconditioning with bed rest.
• Group 1 – “Control” group with exercise as the only countermeasures. There is no g
exposure. This group will be subdivided into smaller groups based on the type of
exercise being done.
Group 1 A – Pure Aerobic exercise (no of subjects =3)
Group 1 B – Pure Anaerobic exercise (no of subjects=3)
Group 1 C – Aerobic and Anaerobic exercise (no of subjects=3)
Current studies show that aerobic exercises which form the mainstay of the countermeasures is not
very effective in limiting musculoskeletal deconditioning, however, it is beneficial for the
cardiovascular system. The focus has moved to anaerobic resistive exercises. Resistive exercises are
difficult to perform in space and need special devices in microgravity conditions. However the
objective is to find an acceptable compromise between the two sets of exercises.
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•

Group 2 – This group would be exposed to both exercise and g exposure. The smaller
subdivisions would again be based on the type of exercise being done.
Group 2A – Combination of Pure Aerobic exercise and g exposure (no of
subjects= 3)
Group 2B - Combination of Pure Anaerobic exercise and g exposure (no of
subjects=3)
Group 2C - Combination of Aerobic and Anaerobic exercise and g exposure
(no of subjects =3)

It would also be useful to incrementally vary the levels of g and compare it with the physiological
response. The present study can also be extended to compare the effectiveness of prolonged exposure
to lower centrifugal forces vs. short duration exposure to higher centrifugal forces as a
countermeasure, for e.g. 4g for 30 minutes or 1.4g for 2 hours respectively. This would help us to
define the level of g and duration of exposure. Physiological monitoring with proven measures of
cardiovascular and musculoskeletal conditioning would be done at several stages (for each group) as
well as at regular intervals throughout the study duration: for example baseline readings, during the
Head down tilt and bed rest, post bed-rest (deconditioning) during exercise and centrifugation and
after reconditioning.
Key measuring parameters include general physical parameters like body mass index (BMI), key
circumferences (leg arm and thigh), weight, height, pulse, blood pressure, urine and stool analysis for
mineral loss, bone collagen degradation products in urine and blood by commercial Enzyme Linked
Immunosorbent Assay (ELISA) tests, electrocardiogram (ECG), psychological assessment, blood tests
(hormonal assessment), exercise capacity and muscle strength assessment, centrifuge monitoring,
vestibular studies ( if the VR device can integrate the sensors for recording the Vestibulocular reflex)
and orthostatic tolerance tests.
For experiment timeline and cost refer to timeline and cost section in ViGAR technology proposal
(section 3.9.2)
Limitation of Ground based centrifuge research

The ground based centrifuge study would have an inherent limitation i.e., is the presence of a constant
acceleration vector of 1g. This has to be taken into consideration while interpreting the results and
some studies have to be repeated on orbit in the Ares module without the complicating g- vector,
before making reliable conclusions.
Conclusion

This ground research proposal is developed in close conjunction with the technical design of ViGAR.
The results of this study will tell us whether or nor artificial gravity is useful for reversing the changes
of microgravity induced deconditioning. It will also help us identify the best combination of exercise
(aerobic, anaerobic or mixed) and artificial gravity. The results of this study will be broad in scope and
would be useful for defining other countermeasure schedules for future space travelers. It would also
be useful for earth based clinical applications for the treatment of bed-ridden patients with artificial
gravity and also for osteoporosis.

International Space University, MSS 2003

60

P.A.T.H. - M

Morpheus Program: The Ground Segment

Program Advancing Towards Humans on Mars

2.4.5

Crew Considerations (Space Psychology)

Introduction

Currently some of the biggest unsolved issues in the preparation for a mission to Mars, (as considered
by the space agencies) are radiation and the psychological aspects of a human endeavor of such
magnitude. From a psychosocial aspect the main areas that need to be addressed are: crew selection,
crew composition and training, and the effects of prolonged isolation and confinement on the wellbeing and work performance of the crewmembers.
In the process of crew selection, starting points will be the main existing criteria to date, namely selectout and select-in. The goal of the psychiatric or medical select-out criteria is to detect and identify past
or present existence of psychopathological disorders as well as predisposition for developing a disorder
in the future. The select-in psychological criteria are designed to look for certain personality traits that
would be best fitting for the required job (e.g. astronaut on a long duration interplanetary mission).
From this comes the necessity for well-defined job descriptions and well-defined psychological traits
that are required for it. This select-in criteria is much harder to accomplish than the select-out. The
three main groups of traits that NASA identified when faced with the challenges of long duration
space flight are aptitude for the job, motivation, and sensitivity to self and others [Santy, 1994].
Skill and motivation will be primary considerations from the very beginning. Previous experience has
shown that people who are task oriented usually are best suited for shuttle mission, and people who
have better interpersonal traits are assigned on long duration ISS missions. However, an interplanetary
mission will entail much more stressors and unknowns. While the ISS crew can look at the Earth and
still feel connection with it as a home, the Mars crew will have to face the reality of losing sight of it
with feelings of being on a long journey, alone in the void of space. For the mission to Mars people
with exceptional professional and interpersonal skills, motivation and character traits will be needed.
Group compatibility and cohesiveness will play a very important role. It is impossible to have a perfect
human being, however, there can be training to a certain extent in some areas in order to meet the
challenges of the mission. In order to achieve group cohesiveness, NASA’s experts advise that mission
planners will have to help space crews to identify group goals. Once the goals are clear and well understood, and
the crewmembers feel personal commitment to them; then it is very important for the ground support
to find ways to maintain interest in them, since they will be long term. Setting up smaller and
meaningful goals for the time in between as well as supervision, rewards and individual career growth
would help to keep reasonable level of motivation. The transit time required for a return trip to Mars
should be filled with meaningful scientific research, both from the point of view of the science itself as
well as the mental stability of the crew. Too much time without a specific task is not conducive to
positive crew morale in the close confinement of a spacecraft. At the same time, in order to avoid
additional stress and errors in the performance, the workload should be well planned. However, there
have been some indications that when there is a slight overload, the crew performs best [NASA, 1985].
Regarding the crew composition, the number and the skills of the astronauts will depend on the
specific requirements of the mission. Another dimension will be the intercultural aspect of the crew.
Ideally there should be selected a team of candidates best suited for a mission to Mars according to
their professional capabilities, character traits and interpersonal communication abilities, regardless of
their nationality or gender. There are different views on what should be considered an ideal crew for a
Mars mission.
Because of the complexity and autonomy of the Mars mission, it is best to cross train the members.
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The recommended professions for training could be engineering, geology and medicine. Since crew
health will be of prime concern in a long duration mission, there are debates of whether or not to
include a doctor on board to handle in-flight emergencies. However this would not be mandatory if an
onboard crew health support system could be developed and incorporated into the transit vehicle.
Zubrin argues that the crew size must be kept to a minimum for reasons of cost, technical feasibility,
endangering the minimum number of people and the previous success of small teams of explorers
[Zubrin, 1996]. As for the gender of the crew, from a psychosocial aspect, Bishop notes it is advisable
to have a mixed gender crew of at least five members or, even better, seven [2002]. This number has
shown to work well for group dynamics. It is high enough to prevent conformity but small enough and
with an odd number to prevent coupling and sub-grouping. There is no strong evidence for a
particular gender mix, however, studies in analog environments show that an all female crew is less
bothered by cramped conditions than an all male crew, and a mixed crew performs even better. With a
mixed gender crew in a long duration space mission, some sexual issues are raised. For example,
should married couples be considered, or would it be better to avoid that. This is a sensitive issue, and
in order to protect astronauts’ privacy to date there has not been any data published whether people
still have sex drive in space. Since many other physiological functions are affected by the stressors of
the space environment, would sex still matter?
Isolation and confinement: a review

Psychological problems associated with prolonged isolation, confinement, and weightlessness at the
same time are numerous. After the initial excitement is over, besides the physiological changes, the
crew also will have to face the reality of being in a closed and cramped environment with virtually no
privacy for many months. They will have to deal with each other’s annoying habits. They will have
periods of work stress and then long boredom during travel to Mars. Some of the symptoms that have
been noted in astronauts during long duration missions are depression, anxiety, bad mood, sleep
disorders and loss of motivation. As a result of this there have been crew conflicts, reduced
productivity and reduced stability under stress [Kass et al. 1995].
Studies in Antarctica have indicated effects of isolation on states of consciousness in some individuals.
Sensory deprivation or isolation may increase susceptibility to hypnotic states, which are characterized
with changes in Electroencephalography (EEG) such as increase in alpha brain waves. This
phenomenon may endanger human performance in space. Careful screening during selection process is
recommended in order to detect predispositions [Barabasz, 1991]. Perhaps EEG monitoring can also
be used during training process in isolation and confinement as well as during mission as a tool of early
detection of problems.
Concerning training for long duration missions a great deal can be learned from and built upon the
basis of the Russian space program experience. From the beginning they have given special emphasis
on crew compatibility, psychological training and support for the mission [Santy, 1994]. For a mission
to Mars, after the initial crew selection, it is advisable to have few phases in the training process
addressing the psychological issues. Perhaps the crew can be first exposed to the challenges of isolation
and confinement in analog environments like Antarctica and submarines for two to three months.
Then final testing and training could be conducted on the International Space Station, which will add
the stress of the space environment [Bishop, 2002].
Taking into consideration all the political and economic issues that are raised in a complex
international project of this magnitude, the team should be comprised of people from different
participant countries in the project. Besides the language differences the crewmembers from different
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cultures seem to approach tasks or to adapt to some situations differently. Social researchers have
identified certain national traits in work culture. For example Russians are used to collective work,
while Americans prefer individual tasks. Another culturally related aspect is body language and physical
distance between people during verbal or nonverbal communication. It has been observed that people
from the Mediterranean region, or “touch countries” have a tendency to stand closer to each other,
while Americans or Japanese seem to be uncomfortable in such situations. In confinement all of these
aspects need to be considered in order to avoid tensions and misinterpretations of messages [Peeters
and Sciacovelli, 1996]. Therefore, in order to better understand cultural differences in communication
and to find ways to improve group cohesiveness and compatibility, this will be one of the aspects that
will be investigated in the below proposed isolation study of an international crew of participants.
Proposal for isolation and confinement study

This study aims to simulate the conditions of isolation and confinement that would be encountered
during a Mars mission. It will be conducted in an isolation facility where it is possible to simulate
different environmental conditions like variable lighting, day and night shifts, noise level etc. It will be
approved and performed in accordance with the guidelines of an ethical committee as it involves
human volunteers. The objectives of the study are to monitor, characterize and to find
countermeasures for the effects of isolation and confinement on the participants’:
•
•
•
•

Psychological well-being,
Group dynamics (interpersonal and intercultural),
Cognitive functioning
Work performance.

Experiment description

There will be two experiments for a duration of 550 days each, in order to simulate the minimum time
needed for a round trip to Mars. Participants’ total number will be 20. In each experiment there will be
two groups undergoing isolation and confinement at the same time. The groups will be living in
separate isolation quarters. During the first experiment the two groups will be able to interact with
each other at certain points in time for completion of some tasks. The goal of this set up is to allow all
the subjects to get to know each other and then around the middle of the isolation period to give them
a chance to choose between themselves, and make up two teams of 4 or 5 people that they are best
compatible, and want to work with. In the next experiment, the third and the fourth group, the
participants will not interact and will remain within the original group composition.
Selection Process

The selection of the participants for the study will be using the same criteria as the above mentioned
for astronauts, from medical and psychological aspects. Also, it is recommended that they are
motivated skilled professionals in order to perform certain experiments during the isolation.
Multicultural team: As it would be in a case for selecting astronauts for a mission to Mars, it is
recommended that participants be selected from the countries that fund the project. Unless it is
privately funded project in which case nationality will not matter, only the most suitable candidates
from professional and character trait aspect will be selected.
Age: 40-55 years old. There are number of physiological and psychosocial reasons for selecting people
in this age range. Previous experience has shown that they are less affected by radiation; they adapt
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better to weightlessness and have greater tolerance to weightlessness deconditioning. However, their
skeletal system is more prone to osteoporoses. From professional and psychosocial aspect they would
be more experienced in their area of expertise as well as settled in their goals and roles within the
society [NASA, 1985].
Groups: Four groups will be formed varying the number, gender and cultural background of the
participants. The goal of which is to investigate their compatibility, cohesiveness, emotional, and
motivational aspects within different group compositions. All the crews will be a mixture of
international participants.
• Group 1 will be mixed gender crew of five people, three men and two women
• Group 2 will be all male crew of four people
• Group 3 will be six persons, composed of three married couples
• Group 4 will be five persons all female crew
Possible issues that could arise and would need to be dealt with are:
• Difficulties dealing with the opposite sex in isolation and confinement
• Possible intimate sexual relationships and jealousy from other crew members
• Social and cultural boundaries might lose effectiveness
• Biases/stereotypes regarding the capabilities of the members of other culture or opposite sex
Experimental protocol:
In this experiment only the effects of certain psychological countermeasures will be investigated.
• Group 1 receives neurofeedback (a form of operant conditioning) as a countermeasure for
depression and for maintaining mental fitness/cognitive sharpness
• Group 2 receives virtual reality as a countermeasure for sensory deprivation
• Group 3 will practice yoga, transcendental meditation
• Group 4 will not receive any specially planned treatment and will not practice specific
relaxation techniques
All the groups will be exposed to the same psychological support and the same life support conditions.
For all the groups there will be planned protocol of activities that they will perform such as research
tasks, housekeeping, exercise and leisure activities. Standard psychological countermeasures like:
psychological monitoring and support, communication with family through email, reward surprises
with small presents like electronic music files, videos, and books, will be implemented for all the
participants. All the communication will be conducted taking into account the time delay of up to 40
minutes, as would be during a mission to Mars (see Figure 2.21 and Table 2.17). There will also be post
isolation psychological support for the participants and their families. A novel aspect in this
experiment will be regarding the interior design and wall decorating. The colors will be automatically
changed in accordance with the changes of seasons.
Timeline and cost estimation
Total timeline for the study is five years. Six months of planning, selection and preparation of
candidates, about three years of isolation and confinement experiments (2x 550-days), and one and a
half years for analysis of the data (Table 2.16). Estimated cost of the experiment is 1 000 Euros per
subject day. Due to ethical considerations and protection of privacy of the participants, there will be no
public outreach regarding the experiment, and no allowance of visitors at the isolation facility.
However, lessons learned from the study can be applied in psychological testing of patients, reality TV
shows.
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Table 2.16: Study Timeline

Y1

Y2

Y3

Y4

Y5

Selection
Team 1
Team 2
Training
Team 1
Team 2
Operation
Team 1
Team 2
Post
Team 1
Team 2

Table 2.17: Key phase requirements

Selection Phase

Training Phase

Operation Phase

Post-Isolation Phase

Medical Examination

Training

Scheduling Experiments

Medical Examination

To learn about
Effects on psychological
condition
•
Potential psychological
problems
•
Stress coping
•
Existing countermeasures
•
Different cultures and
ethnicities
•
Facilities and equipment
•
Schedule
•
Activities
•
Experiments
•
Psychological support

Supervision of Operation

Psychological Test

Monitoring Subjects

•

Health Management

Psychological Support

Environmental Monitoring

Data Analysis

Psychological Examination
Including:
•
Non-standardized
interviews ( Select-Out)
•
Non-structured
interviews (Select-In)
•
Group interviews with
multi-cultural group
•
Evaluation in simulated
environment
Inter-personal
skills under
stressful
condition
Sociability
Language skills
Communication
skills
Inter-personal
behavior pattern
Stress coping

•

Familiarization to
•
Isolation facility
•
Experimental devices
•
Psychological support
devices
•
Intercultural environment
•
Crewmates
•
Mission control crews
Simulated Training with
communication delays
Re-evaluation by
•
Medical examination
•
Crew compatibility
Dry run (3days)
Stay in real isolation chamber to
find
•
critical errors
•
potential problems
in experiment operation and
isolation facility
•
individual understanding
and skill level
Increase ability to cope with:
•
misunderstanding
•
behavioral differences
•
communication error
due to cultural differences

Interviews

Including:
Room temperature,
humidity, CO2 concentration
etc.
Maintenance
•
Facility
•
Experiment devices
Psychological support
(Considering the time delay
up to 40 minutes)
•
Pre-packed surprise gifts
like music CD’s, Books
hidden in the isolation
chamber
•
Preloaded family videos
and photos stored in the
computer
Clues/ passwords for finding the
above will be given to the crew
at certain points of the mission.
•
Voice analysis for stress (to
be monitored by the
ground support)

Obtain Informed consensus
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Independent Panel

M
Isolation Chamber
M
Mission Control

Managements

M

R
Engineers

Researchers

Doctors

E
International Partners
On site

E

E

E

E

R
E
Family and Friends

R
E

International
Partner

International
Partners

Figure 2.21: Schematic representation of the organization of the experiment,
showing the interaction between the various elements (M: Monitoring, E: E-mail, R: Reports). [Based
on NASDA Technical Memorandum, 2002]

The study would give valuable insight on group dynamics of international crews in long-term isolation
and confinement. The findings from the use of neurofeedback training and transcendental meditation
as psycho-physiological countermeasures, and virtual reality as a countermeasure for sensory
deprivation, would enable preparation of psychological support for long duration exploration missions.
Human medical research in the context of Morpheus

Ethics for human experimentation. Progress in medical science is largely dependant on research,
which ultimately must rest in part on experimentation involving human subjects. Medical research is
therefore subject to ethical standards that promote respect for all human beings and protect their
health and rights. For the purposes of this project, two experimental proposals mandate participation
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of human subjects, namely isolation studies and centrifuge studies to determine the efficiency of
artificial gravity as a countermeasure. The participation of human subjects in “ground-based studies”
would be adequately dealt with the terrestrial ethical codes however it is also important to outline
special considerations for astronauts in the Ares space element. This section will therefore address the
ethical consideration for human experiments for two unique environments - ground based clinical
research and space based clinical research.
Documents relating to ground based human medical research.
•

The Nuremburg Code (Germany) 1949 states that the voluntary consent of human subjects is
essential and the investigator is responsible for ascertaining the quality of consent. The
Nuremburg code sets a foundation for human subject research and defines that scientifically
qualified investigators should carry out the research, and that any results should justify the
risks of the research. The subject should be free to quit at any point and the experiment
should be terminated if excessive risk to one group is determined.

•

The Declaration of Helsinki is the official regulatory document of the World Medical
Association, and was drafted in 1964.15 The document provides guidance to physicians and
other participants in medical research involving human subjects. It emphasizes the primacy of
patient health and well-being and acknowledges that research populations, as well as those
who cannot give or refuse consent for themselves, are often vulnerable and need special
protection. Its principles are similar to Nuremburg code, with several additions16

While the concerns for human subjects broaden, the fundamental themes of the guidelines remain
constant: value life, do no harm, and respect and treat all subjects equally. Thus, the need for having
ethical codes for human experimentation is to maximize possible scientific and social benefits and to
minimize possible harms and wrongs to the participating individuals.
Documents relating to space based human medical research. Terrestrial ethical guidelines cannot
be directly applied to space medical research without taking into consideration one important aspect:
Space is an experimental ground and is inherently risky. Every astronaut / cosmonaut who ventures
into space is a potential human experimental subject.
Long duration space travel like a mission to Mars will entail significant health hazards based on the
current medical knowledge. Humans have been in space for about 40 years, yet the data on human
physiological changes to microgravity and potential countermeasures is limited. One of the many
reasons for the limited knowledge is attributable to privacy and confidentiality of astronaut medical information.
At NASA, medical information of an astronaut is regarded as confidential and is known only to the
astronaut and his/ her flight surgeon. Though this seems to be well within the purview of the above
mentioned ethical guidelines, it poses challenges for the long-term safety of space travel. Nonavailability of medical data cascades into a non-availability of medical databases to facilitate medical
contingency planning for long duration space missions like a mission to Mars. Therefore ethical
15

The latest amendment was done at the 54th WMA General Assembly in 2002.

The following excerpt from the Declaration of Helsinki links this international document with
national law requirements: “Research investigators should be aware of the ethical, legal and regulatory requirements
for research on human subjects in their own countries as well as applicable international requirements. No national
ethical, legal or regulatory requirement should be allowed to reduce or eliminate any of the protections for human subjects
set forth in this Declaration.”
16
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boundaries regarding the astronaut privacy and confidentiality need to be appropriately redefined to
enable long duration space flights. This limitation can be overcome by adopting “Occupational Health
Models” to balance the privacy and safety and this will also permit the ethical collection of astronaut
medical data. In the occupational heath model “the confidentiality of the individual’s medical
information can be judged to be less important when balanced against the safety of the workplace for
all workers (i.e., astronauts)” [Ball and Evans, 2001, p. 187].
In the coming decades, the International Space Station will be the main environment for extended
astronaut habitation in space. It is important that the individual ISS astronaut medical data is collected
and analyzed to build a comprehensive database for future use. The international nature of the ISS
poses additional challenges to the ethical issues. There is still limited international consensus on the
principles of collection and analysis of astronaut medical data. [Ball and Evans, 2001, p. 187]
Another complicating issue relates to the ethical norms for astronauts as subjects in a clinical research
protocol. Astronauts are unique population as their medical condition is neither in the “healthy
category” nor in the “sick category” unlike the clinical research setting on the Earth. Astronauts play
multiple roles – as a scientist as well as a subject. All these issues complicate direct application of
terrestrial ethical codes and therefore reinforce the need to have a separate set of ethical regulations
addressing space research using humans (astronauts) as research subjects. The prime goal for such an
ethical code should be to ensure the health and safety of astronauts in the harsh environment of space
and also to satisfy the unique requirements the astronauts encounter by virtue of their multiple roles as
researchers and as subjects.
2.5

Conclusion

Gaia, the Earth surface facility of the Morpheus Program, provides new capabilities in pre-Mars phase
research in preparation for human missions, while existing capabilities are accessed through the
collaborative network. Gaia combines science, technology demonstration, engineering, business for
profit, and educational and outreach opportunities at once. Its location in the desert of the American
Southwest gives it easy access to space industry, the high density population center of L.A. for public
awareness, and a desert Mars analog site.
This chapter has highlighted some of the pre-Mars science and technology challenges to be addressed
within Gaia, the ground center of pre-Mars phase research. Issues addressed included dust, radiation,
crew psychology, medical countermeasures, and propellant production from in-situ resources on Mars.
These are significant areas of concern and require immediate solutions. Other major areas like CELSS,
power, rovers, and Martian space suits are also vital and will be researched within Gaia, but have not
been addressed here in order to focus the report on just a few of the most important issues.
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3
3.1

MORPHEUS PROGRAM: THE SPACE SEGMENT
Introduction

Before astronauts can set out for Mars, much less set foot on it, much has to be done to understand
the circumstances that they and their equipment will encounter. Independent of mission architecture,
the journey to Mars will likely involve about six months of travel each way in interplanetary space and
a surface stay of anywhere from a few hours to more than five hundred days [Portree, 2001]. It is
imperative that the challenges presented by the journey to and from Mars and the time on the surface
are well understood before the first mission is embarked upon. To facilitate some of this
understanding one needs to look no further than low Earth orbit (LEO). The LEO environment can
provide a unique window of insight into the trials and tribulations that any Mars mission might face.
LEO can serve as an excellent analog to the interplanetary environment in many respects (zero-g,
isolation, etc)., as well as provide a venue for simulating Martian (or any other) gravitational conditions
over a long duration. To prepare for the inevitable journey to Mars, the second phase of the Morpheus
Program, the Space Segment, is dedicated to effectively utilizing not only the environment, but also the
available resources of LEO (e.g. - the International Space Station) to their maximum potential and
enhancing those resources when and where necessary. To fulfill the Morpheus Program’s goal of
furthering humanity’s advancement towards Mars, the Gaia facility on Earth is complimented by an
orbiting facility in space known as Ares (see Figure 3.1).

Figure 3.1: The breakdown of the Morpheus Program, showing the Space Segment

3.2

Requirements for the Space Segment

The basic need for a space element arises from the long list of science and technology developments
that are essential to human Mars missions and are impossible, impractical, or irrelevant when done on
the ground. To generate this “critical path” list, a similar process to that of the Earth Segment was
applied (see section 2.2.2). The resulting list is by no means all inclusive, but does identify some of the
more important areas of development on the road to Mars. Table 3.1 is a survey of these areas, as well
as some specific research topics applicable to them.
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Table 3.1: Required science and technology research for the Space Segment
Areas

Brief Descript ion

Propulsion

Nuclear thermal rockets
Electrical propulsion systems

Power

Solar power (photovoltaic systems and solar dynamic systems)
Nuclear power
Power storage

Thermal Control

Radiators for nuclear power

Structures

Validation of inflatable and deployable structures

Materials

Analysis of material degradation due to exposure to radiation
Meteorite impact protection technology

Spacecraft

Spacecraft autonomous systems, capable of performing maintenance and repair

Autonomous

operation on space with limited assistance from the Earth

Systems.

Advanced built-in testing equipment infrastructure

Information

Advanced avionics software, nanotechnology, ultra large software integration

Technology

(ULSI)

Tele medicine

Improvement in the telemedicine infrastructure
Autonomous diagnostic and health care systems

Crew Health

Crew psychology issues (isolation and confinement)
Validating countermeasures for space deconditioning (artificial gravity, hardware
development, partial gravity research)

Biological Sciences

Effects of heavy ions on biological tissues

Closed Ecological

Static discharge systems

Life Support

Filtration systems

Systems

Humidification systems
Air management systems (pressure, composition, and air quality)
Water management systems (water recycling, quality monitoring)
Waste management (collection and storage of waste and treatment for recycling)
Food management systems (advanced methods for food production, storage, and
recycling)
Biological process control (microbial contamination)

Habitation

Ergonomics
Color, lighting, and interior architecture
Vibration and acoustics
Structural testing and certification for habitats

Radiation Shielding

Radiation shielding materials (hydrogen, carbon nanotubes)
Radiation sensors for EVA suits and habitat
Early warning sensors for predicting solar particle events

To further distil the list of science and technology research for the Space Segment into a list of
research requirements that the Ares module will fulfill, the following criteria were applied:
•
•
•

Research must be conducted using existing space resources or slightly augmented resources
Research must interact with the space environment in a manner that cannot be simulated on
Earth
Research should be the subject of little previous study
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Many of the areas in Table 3.1 can be addressed on the International Space Station, as it exists now or
will exist upon completion. Others can be addressed on an extended capability space station, while
others still can not be addressed at all within the confines or the close vicinity of a space station
(nuclear thermal rockets for example) and would require separate testing infrastructure altogether.
Because the scope of the Morpheus Program can only reach so far, the investigations undertaken are
limited to those that can be done with existing/planned infrastructure or slightly enhanced
infrastructure. This, in combination with the additionally listed criteria and the desire to compliment
the work of the Earth Segment, results in the following list of research that will be the primary focus of
the Ares module:
Structures
Materials
Telemedicine
Crew health
Advanced life support systems
Biological sciences
Habitation
Radiation shielding
To maximize the effectiveness of the Morpheus Program within this defined scope, it is ultimately
apparent that the ISS must be improved in such a manner that will enable the tackling of as many of
the issues in Table 3.1 as feasible. For reasons that will be described below, it was thus decided to
augment the ISS with a large volume, inflatable, habitation/research module known as Ares.
Selecting Investigations for Further Study

Ares will serve as a unique platform for conducting research germane to human Mars missions that is
unfeasible or inappropriate to be done only on Earth. Ares is designed, sized, and configured such that
it resembles a Mars transit habitat in most details. In so doing, it is presumed that the development of
Ares will be in and of itself a significant step towards Mars. The following chapter describes the
general layout of the Ares module. The design (especially the interior design) is intended to support
many of the areas listed above while simultaneously contributing to habitation research.
The design of Ares was done in conjunction with the detailed investigation proposals that form the
core of this section. Each of the interdisciplinary proposals were used in shaping the design
requirements of Ares itself. Beginning with a broad background study, particular problems are
introduced and justification for further research is put forward. When appropriate, the proposals
include an initial experimental protocol that addresses one or more fundamental issues pertaining to
human Mars missions.
For the purposes of this report, the following experiments have been described in detail. The particular
experiments have been chosen because of their relevance and criticality with respect to the human
exploration of Mars.
The Biological Effects of Heavy Ion Radiation
Virtual Gravity Artificial Reality (ViGAR) Countermeasure System
Electrostatic Dust Filtration System
These proposals constitute but a sample of the research possibilities of the Ares modules. While parts
of these proposed studies can be accomplished on the ISS as it exists today, many require the unique
capabilities the Ares module specifically affords. The next section outlines how the Morpheus Program
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determined the need to augment the station based on the research requirements described above.
3.3

The Need for an additional Module on the ISS

Disregarding all of the science and technology developments from Table 3.1 that are not practicable to
do on the ISS, augmented or otherwise, there are a few remaining studies that are not compatible with
the ISS’s current or final planned configuration. The desire to conduct this remaining research leads to
the accommodation of such studies being a major design driver. A few of the areas of study that
suggest the need for an enhanced ISS are as follows:
Habitability: The current ISS modules are limited in size and configured for scientific research
where habitability is a secondary, if not tertiary, consideration. The current ISS modules are
therefore poor analogs to the habitats that will likely be used in transit or on the surface of
Mars and their applicability in terms of relevance to a Mars mission is in doubt. Similar logic
applies to crew psychology.
Artificial Gravity Countermeasures: The limited volume of the current ISS modules does not
permit the testing of a sufficiently long-armed centrifuge as a countermeasure tool.
Inflatable Structures: While small-scale demonstration tests are feasible, the validation of an
exposed crewed structure is not.
The most prominent implication of the above design drivers is the requirement for a module with a
significantly larger volume than existing modules. It was therefore decided that the addition of a larger
module to the ISS is necessary to ensure the applicability of the research (especially on habitation) to a
Mars mission. Having determined the need for an additional module on the ISS to satisfy the goals of
the Morpheus Program (within its means), the design requirements and options for such a module
were considered.
Starting Point Options

There are essentially three starting point options to be considered for the deign of an additional
module:
A ground-up module design starting from scratch
A ready-made module
A modification of an existing design
The pros and cons of each of these approaches are outlined in Table 3.2.
Table 3.2: Module Design Options
Module Options
New Design
Ready-made

Pros

Cons
Designed to requirements

High development cost

Module can be an experiment itself

No design heritage

Off-the-shelf – some modules are

Not designed to the

built and ready to fly

requirements

Little or no development cost

Does not add to the
capability of the ISS
Module not an experiment
itself

Existing Design

Some development history

Not necessarily designed to

Module can be an experiment itself

all of the requirements
Higher development costs
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Starting from scratch was deemed technically and financially unfeasible for the scope of the Morpheus
Program and was therefore not given much more consideration. From a purely financial perspective it
makes most sense to utilize off-the-shelf options because of the low development costs involved. To
this end, some interesting opportunities were identified.
In satisfaction of Russia’s original obligations to the ISS, several modules (similar to Zarya and
Zvezda) have been constructed. However, due to changes and cuts to the final ISS configuration, these
modules are now not planned for use. Given this surplus of ISS modules in existence, the utilization of
these for the purposes of the Morpheus Program was considered. However, as described above, many
of the research goals of the Morpheus Program such as habitation and artificial gravity are not
compatible with standard ISS modules. This determination leads to the conclusion to enhance the ISS
with a larger, more capable module based on an existing design known as TransHab (short for Transit
Habitat).
3.4

TransHab as the Basis for Ares

The Ares module design draws heavily on the
TransHab design developed at NASA
Johnson Space Center (JSC). TransHab
consists of a rigid central core and an
inflatable membrane. TransHab requires no
more volume on launch than standard ISS
modules, but can provide three times the
habitable volume on orbit. TransHab was
chosen as a basis because of its relatively high
level of development, its continued prevalence
in NASA Mars mission architectures, and its
compatibility with the Morpheus Program’s
major design criteria, such as a large volume
for habitation and artificial gravity and the
development of inflatable structures.
The Advantages of an Inflatable Habitat

The selection of TransHab as a basis for the
Ares design was primarily based on the fact
Figure 3.2: TransHab, the predecessor to Ares [NASA]
that it is an inflatable structure. The major
advantage of such habitats over traditional
rigid wall structures is that they provide a much larger livable volume without requiring any additional
launch volume. Several NASA and ESA Mars planning documents have identified inflatable habitats as
crucial to the human exploration of Mars. Inflatables are to be a major area of focus under Europe’s
Aurora program (see Table 3.3) and ESA is already committing funds for the development of a flight
demonstrator [ESA, 2003]. In addition, the utilization of an inflatable habitat can simultaneously satisfy
many of the other driving requirements of the Morpheus Program by providing sufficient capacity to
undertake some of the more volume-intensive research and development.
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Table 3.3: NASA/ESA Mars Planning Documents Mentioning Generic Inflatable Structures
Year

Title

Responsible

19961

Mars Mission – General

NASA JSC

Use/Mention of TransHab

Center
Thrusts for Enabling

Identifies inflatable habitats as an enabling
technology for human Mars missions

Technology and Knowledge
19992

The Mars Design Reference

NASA JSC

Includes an inflatable habit for the surface

NASA JSC

Includes an inflatable habit for the surface

NASA JSC

Sites inflatable habitats as a core technology

NASA Glenn

Includes an inflatable habit for the surface

NASA JSC

Includes an inflatable habit for the surface

ESA

Commits funds starting in 2002 to develop

Mission Version 4.0
19992

Mars Combo Lander
Scenario

20003

Human Exploration
Technology Challenges

20014

Nuclear Thermal Rocket
Design Reference Mission

2000-

Missions

5

ESA Technologies for

2002
2002

1

Mars Short & Long Stay

2

Exploration, Aurora

inflatable habitats. Suggests the development of a

Program Proposal: Annex D

flight demonstrator inflatable habitat for ISS

[Design Reference Mission, 1996], 2[Jain, 2003], 3[Joosten, 2002], 4[Borowski, 2001]

Development Heritage of TransHab

One of the primary incentives for choosing TransHab, as
the basis to work from was its high level of development at
the time the program was cancelled. (The rationale for the
cancellation was to curb out-of-control ISS spending) [Laing,
2000]. In the two years that the main development program
existed (1997-1999), JSC was able to test a ¾ scale model of
TransHab to four times atmospheric pressure in JSC’s
Neutral Buoyancy Lab (see Figure 3.3) and vacuum test a full
scale model in their large vacuum chamber (see Figure 3.4). A
full-scale test model was also built with all the proposed
meteorite protection layers in just three weeks. In so doing,
JSC developed the necessary techniques for weaving, folding,
and applying layers. [Best, 1999]. This shell material was
proven better able to withstand micrometeorite impacts than
the current ISS modules [Journey to Mars, 1999].

Figure 3.3: Testing a scale model of
TransHab in the Neutral Buoyancy Lab
at NASA JSC [Courtesy of NASA]

Sections of the TransHab material were also tested for their
effectiveness in protecting the crew from radiation at the Los
Alamos National Labs. These tests revealed that the material
was even more effective than that used for the current
metallic modules [Laing, 2000].
TransHab Occurrence in Mission Architectures

The final factor affecting the selection of TransHab as the
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basis for the Ares module was its frequent and continued appearance in NASA’s Mars mission
architectures. With few exceptions, a TransHab-like module has been included in all of NASA’s major
Mars mission planning documents since 1997, including:
Table 3.4: NASA Mars Planning Documents Mentioning TransHab
Year

Title

Responsible

Use/Mention of TransHab

Center
19971

The Mars Design

NASA JSC

Reference Mission

Uses TransHab as a transit habitat to and from
Mars

Version 3.0
1999*2

The Mars Design

NASA JSC

Uses TransHab as a transit habitat to and from
Mars

Reference Mission
Version 4.0
1999*2

Mars Combo Lander

NASA JSC

Uses TransHab as a transit habitat to and from

NASA JSC

Suggests TransHab as a space station testbed for

Scenario
2000*3

Human Exploration

Mars

Technology Challenges

other technologies critical to the human exploration
of Mars

4

2001*

Linking Human & Robotic

NASA JSC

Missions
5

2001*

Nuclear Thermal Rocket

surface stay
NASA Glen

Design Reference Mission
2000-

Mars Short & Long Stay
2

2002*

Describes the use of TransHab for Mars transit and
Uses TransHab as a transit habitat to and from
Mars

NASA JSC

Missions

Uses TransHab as a transit habitat to and from
Mars

*Plans include TransHab after its cancellation by the US congress in August of 1999 in the H.R. 1654 NASA
Authorization Act of 1999
1

[Design Reference Mission, 1996], 2[Jain, 2003], 3[Joosten, 2002], 4[Cooke, 2001], 5[Borowski, 2001]

All of the abovementioned architectures site TransHab for use as a transit habitat (as the name
implies); however, some architectures also include an inflatable structure resembling TransHab for use
on the surface. Therefore, the development of the Ares module for placement on the ISS will be
relevant to the development of a Mars transit habitat, but could also serve as a basis for the
development of a Mars surface habitat as well (see Figure 3.5). Ares is hence a significant step towards
the human exploration of Mars in and of itself while also serving as a venue for significant research
along surface habitat lines.

Figure 3.5: NASA’s Design Reference Missions utilize Ares-like modules for transit
and surface habitats [NASA]
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3.5

Design Requirements of the Ares Module

As mentioned above, the primary design requirement of the Ares module is to facilitate the study of as
many of the issues sited in Table 3.1 as possible while maintaining a high level of habitability such that
Ares will be directly relevant to an actual Mars transit/surface vehicle. This in turn leads to the
following requirements [Adams, 2000]:
Accommodation of the 95th percentile male crewmember within private crew quarters in a
radiation-shielded environment
Provision of translation paths that permit internal translation of ISS-type racks or other large
equipment
Provision of discrete activity centers (for exercise, wardroom/conferencing, crew quarters,
galley, full-body cleansing and personal hygiene, and telemedicine)
Isolation of all life-support machinery in an accessible volume
A common local vertical orientation
Accommodation of stowage
Provision of Earth-viewing windows in both exercise and wardroom areas
Provision of laboratory space for conducting research
In addition to the above requirements, Ares must be capable of performing the functions of any
habitat (e.g. it must be equipped with environmental control and life support (ECLSS),
communication, data systems). Ares benefits from being docked to the ISS in that it does not require
its own power source or propulsion system. However, it is equipped with its own ECLSS system and
communication/data systems. While the design of these systems is beyond the scope of this report,
volume for both was accounted for in the interior configuration. The volume allotted for the ECLSS
system of Ares’ is in excess of the volume devoted to ECLSS in Node 3 of the ISS (6 standard ISS
Racks), which is designed to service the entire station. In addition, an ECLSS system for a Mars transit
vehicle based on TransHab was incorporated into NASA’s Mars Design Reference Mission 3.0. This
report calls for a roughly 4,500 kg ECLSS system, and though the volume of the system was not
specified, the Ares ECLSS system was visually made comparable in size. Similarly, a standard ISS rack
devoted to communication/data systems has been included in the Ares design.
3.6

Ares Interior Design

The Challenge

The Ares module presents a unique interior design challenge. The module consists of a roughly 4m
diameter carbon fiber central core surrounded by a roughly 8m diameter inflated membrane. The rigid
core represents the only component of Ares to which it is possible to hard mount components.
Therefore, with the exception of soft-stowage bags that are attached to the inside of the inflated
membrane with Velcro, all of the interior elements must have a physical connection to the central core.
In addition, because Ares is launched in a deflated state and then inflated on orbit, most interior
elements must also be stowed in the core for launch then deployed on orbit. Those components which
do not accompany Ares on launch (some science and technology experiment racks for example) must
have translation paths that allow them to be easily installed after Ares is deployed.
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Unique Design Features

Ares is distinctive in that it provides discrete activity centers for working, exercising, sleeping, eating,
hygiene, and medicinal care. Its centrally located, dedicated crew quarters are completely surrounded
by a water tank which serves as a radiation shelter for the sleeping crew and a safe-haven for solar
particle events. In addition, the work area (containing science and technology experiments) and
mechanical room (containing the ECLSS and other subsystems for Ares) have been acoustically and
physically isolated from the rest of the living space, thereby by preserving habitability while still
allowing for ample science return. Translation paths and space for at least nine ISS International
Standard Payload Racks have been integrated into the design of the module, presenting the
opportunity to change out the experiments periodically. The uppermost deck of Ares provides for a
centrifuge with the longest arm ever flown in space, from which significant work on artificial gravity
will be undertaken. With the exception of the centrifuge deck, all floors accommodate the full height
of the 95th percentile male and maintain a common local vertical orientation. Again, with habitability in
mind, the exercise area is located on the opposite end of the module as the galley/wardroom, but both
have been given access to earth-viewing windows.

Figure 3.6: The Ares Module
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Level One of the Ares Module

The bottom floor of Ares (floor 1) contains the wardroom, dining area/group entertainment area, food
preparation and storage area, and command/monitoring center for the module. Located in the core,
the food preparation area consists of an ISS heritage galley rack and an ISS heritage
refrigerator/freezer rack. The food preparation area is consciously placed as far away as possible from
the exercise/medical area on the third floor. This is quite a departure from the current situation on ISS
where the exercise bike is co-located (actually on top of) the dinner table. The separation of these
incompatible activities was done at the request of many astronauts, who share the same unpleasant
concern that Shannon Lucid expressed at a conference to commercialize TransHab: “Sweat floats!”
[Astronauts, NASA Lean Toward Radical Design for Space Habitation Module, 1999]. The Ares
configuration of the food prep area varies from that of TransHab in that the galley and
refrigerator/freezer racks are outward facing. On TransHab these were inward facing, potentially
blocking the core passage when someone was cooking.

Figure 3.7: The First Floor of Ares

The dining area for Ares primarily consists of a table for six crew members that is located in between
the food preparation area and the bottom window. The Ares table is considerably smaller than the
TransHab table that was designed to seat twelve (a full ISS crew plus a visiting Shuttle Crew). In an
attempt to configure Ares in such a way that would most likely resemble a transit or surface habitat for
Mars, the smaller table was opted for. The dining area doubles as the group entertainment area as well.
In addition to Earth gazing via the window, an LCD projector located in the core permits large screen
viewing of movies or teleconferencing with Earth. This area will also serve as the press briefing room,
in which the entire crew can gather to give live interviews.
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On the opposite side of the first floor is the wardroom/command area. Outward facing and located in
the core, this area consists of a systems monitoring rack that enables the crew to observe the basic
functioning of the habitat systems. This “glass cockpit” is also the area that the habitat commander
would primarily use to communicate with the ground. Just behind the command area is the wardroom.
The wardroom is simply a table identical to that of the dining area. This additional table was included
so that important meetings not involving all crewmembers could occur simultaneously while the rest of
the crew was having a meal. In the original TransHab design the wardroom and dining area were colocated and no space was allocated to a dedicated command and control area.
Level Two of the Ares Module

Level two of the Ares module consists of the mechanical/science room and the crew quarters. The
crew quarters are comprised of six identical chambers that provide private living space for each
member of the crew. These chambers are outfitted with laptop computers that also serve as the crew’s
personal entertainment/communication consoles. Each compartment is acoustically isolated from the
next as well as the rest of Ares. This personal space will be essential for a successful journey to Mars
and therefore its effectiveness must be studied and maximized under the auspices of the Morpheus
Program. Each chamber can be individually configured to each crewmember’s liking. For example, a
movable sleep restraint can be placed on any wall and compressed and stowed when not in use.
Because the compartment will be used for many operations, it must be easily reconfigurable to
accommodate not only sleeping, but dressing, working, personal entertainment, and communicating
with Earth.
Surrounding the crew compartment is a water storage tank. This storage tank gives the crew quarters
the added functionality of being a safe-haven during solar particle events. In addition, this barrier
combined with the surrounding racks, ECLSS hardware, and Ares structure provides a substantial
amount of protection from radiation during the periods that the crew is in the quarters (in excess of
one third of their time will be spent in the chambers). This added protection could help reduce the
crew’s exposure to below the recommended lifetime limits without adding heavy, dedicated shielding
to the perimeter of the habitat.
As mentioned, the crew quarters are surrounded by the mechanical room/work area. This area
contains seven ISS International Standard Payload Racks (ISPRs) dedicated purely to science and
technology research. The ISPRs can be easily removed and passed up through the removable floors to
make room for new experiments. Separating each of the ISPRs are wedges that make up the ECLSS
and other subsystems for Ares. These wedges provide for easy access and efficiently use the volume of
level two. Both the ECLSS wedges and the seven racks on level two are acoustically isolated from the
remainder of the habitat, and two separate translation paths (one through the central core and one
through the flooring) will enable crewmembers to completely bypass the scientific work
area/mechanical room. To access this part of Ares, crewmembers can enter through the two radially
located insulated doors. The separation of this area from the rest of the habitat ensures that the
primary requirement for discrete activity centers is satisfied.
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Figure 3.8: The Second Floor of the Ares Module

Figure 3.9: The Third Floor of the Ares Module
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Level Three of the Ares Module

The third floor of Ares is dedicated to exercise, hygiene, medical care, and medical research. For
exercise, the crews has been provided with a treadmill and a rowing machine. These devices have been
located such that when in use they provide a clear view of the window. In the core of level three, two
ISPRs have been accommodated that contain health monitoring equipment and human physiology
experiments. A combined shower and toilet facility have also been placed in the core. The surrounding
wall of this floor is covered with soft stowage bags.
Level Four of the Ares Module

Level four is located in the rotunda (the arched ceiling) over the top of floor three of the Ares module.
This otherwise unused space houses the world’s first long-arm centrifuge to be flown in space. To
protect crewmembers working on level three a retractable floor can be temporarily extended when the
centrifuge is in operation. However, even when this floor is in place the third level is able to
accommodate the 95th percentile male. The centrifuge (described in detail later in this chapter) is
combined with an exercise bike and can therefore compliment the other exercise units on level three.

Figure 3.10: The Fourth Floor of Ares

The following table summarizes interior of the Ares module, including the elements, description,
equipment, and activities pertaining to each floor/section.
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Table 3.5: Table describing the rooms in Ares
Area Name

Description

Facilities/Equipment

Crew Activities

Below
Lower docking

•

Pressurized port

•

N/A

•

Exit to Soyuz in case of emergency

port

•

Allows for an additional Soyuz to dock for extra crew escape

Dedicated area for overall command and control of the module

•

6 person deployable table

•

Monitor module systems

and its activities

•

LCD screen

•

Communicate with mission control

options
Floor 1
Wardroom/comm

•

and area

•

1 ‘glass cockpit’ ISPR

•

Conduct operations meetings

Dining area/

•

Dedicated communal area (separate to work area)

•

6 person deployable table

•

Eat

group

•

Large display facility can be used for entertainment purposes,

•

LCD projector for large display

•

Socialize

such as watching movies

•

Earth-viewing window

•

Hold press conferences

•

Observe Earth and space

•

Prepare food

entertainment
area

•

Located away from exercise area

Galley

•

Area for food preparation and storage

•

1 ISS galley ISPR

•

Located next to dining area and away from exercise area

•

1 freezer/refrigerator ISPR

•

Area for storing any items needs by the crew over the mission

•

Soft, deployable containers

•

N/A

Stowage

duration, such as spare components and parts, and dry food
•

Also used to store refuse
Floor 2

Crew quarters

•

Provides individual habitation for 6 crewmembers

•

Sleep restraints (x 6)

•

Sleep

(x 6)

•

Surrounded by water tanks and so serves as a safe haven

•

Personal workstation

•

Personal communication

during solar particle events

•

Entertainment console

•

Personal activities

Personal workstations provide emergency control facility for

•

Writing desk

•

Storm shelter

use during solar storms

•

Some deployable soft

•

Emergency communication/ command

•

and control

stowage
Science area

•

Area to conduct science and technology investigations,

•

7 ISPRs, including 1 BioRack

•

•

Placed around the crew quarters

•

Area is physically and acoustically isolated from the rest of the
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module, creating a discrete, separate work area
•

Hardware provides additional radiation shielding for crew
quarters

Mechanical room

•

•

Area for the module sub-systems, configured for ease of

9 wedges containing module

access, enhancing maintainability and reparability

systems, such as ECLSS, and

•

Co-located with the science area, around the crew quarters

CD&H

•

As above, the hardware provides additional radiation shielding

•

Monitor, maintain, and repair systems

for crew quarters
•

Area is physically and acoustically isolated from the rest of the
module, creating a discrete, separate work area
Floor 3

Exercise area

Personal hygiene

•

Located away from food prep/dining area

•

Treadmill

•

Exercise

•

Clear view of the window

•

Rowing machine

•

Perform micro-gravity countermeasures

•

Window

•

Observe Earth and space

Co-located with exercise/medical area as far away from food

•

Toilet

•

Maintain personal hygiene

prep/dining area as possible

•

Full shower

•

2 ISPRs

•

Monitor crew during exercise and when

•

area
Crew

•

Area can be partitioned for private medical exams

health/medical

•

Emergency medical response area

science area

•

Co-located with exercise equipment to monitor crew’s health

•

Telemedicine

while under strain

•

Development of advanced telemedicine

using ViGAR

techniques
Stowage

•

Stowage same as on floor 1

•

Soft, deployable containers

•

N/A

•

Combined centrifuge and

•

Exercise on bike

exercise bike, ViGAR

•

Apply and do experiments with micro-

Floor 4
Centrifuge

•

The longest arm centrifuge ever flown in space

•

Virtual reality system

gravity countermeasures
•

Personal entertainment

•

Access to and from the rest of the ISS

Above
Upper docking

•

Pressurized port

port

•

Docks Ares to the ISS
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3.7

Exterior Design

The exterior of the Ares module is identical to the final design iteration of the TransHab module with
one major exception. Because of the increased capacity provided by the Ares module, the associated
potential to increase the crew size of the ISS, and with an eye towards space tourism, it was decided to
incorporate a second tunnel/docking port onto the bottom of Ares. This port will enable a Soyuz
spacecraft to be docked to Ares for emergency evacuation of an additional three crew members.
Without this capability, the ISS only has the resources to evacuate three crewmembers. Arguably, this
requirement will necessitate the strengthening of Ares’ rigid core and raise concerns with respect to the
drag incurred (because both Ares and the Soyuz will be nadir pointing they will have a large cross
sectional area along the velocity vector). Because Morpheus Program proposes to increase the crew on
board ISS and requires the use of the only remaining docking port on the station, the ability for a
Soyuz to dock onto the end of Ares is mandatory.

Figure 3.11: Cutaway of the Ares module and an additional Soyuz docked to the ISS
[Adapted from NASA].
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The shell of the Ares module is the result
of twenty years of research at the NASA
Johnson Space Center [Hypervelocity
Impact Technology Facility, 2003]. The
outermost layer of Ares is a thermal
blanket (common to all ISS elements)
comprised of a white material called “beta
cloth” and about twenty layers of Mylar
[Journey to Mars, 1999]. The next layer is
primarily concerned with protection from
orbital debris and consists of three layers
of Nextel ceramic cloth bumpers separated
by 10 cm layers of open-cell foam. The
Nextel also has favorable insulating
properties. The shell’s interior wall consists
of a three layers of Combitherm which acts
as a pressure bladder and five layers of
Kevlar for structural restrain. On launch,
the shell is compressed into a package
roughly 5 cm thick, while on orbit this
shell is permitted to expand to a final
thickness of 30 cm [Hypervelocity Impact
Technology Facility, 2003].
3.8

Launch and ISS Integration

Before going into more detail about the
utilization of the Ares module, the
Figure 3.12: Ares shell composition [Courtesy of NASA].
http://aerospacescholars.jsc.nasa.gov
following section describes the various
/HAS/Cirr/Images/shelllg.jpg
options considered for launching and
integrating the Ares module into the ISS. An analysis has been conducted regarding how best to put
into orbit the Ares module, which launchers could be used, and where it should be docked to the ISS.
Many options have been considered and the main choices are reported in the following pages, together
with a summary of the features for each possibility.
3.8.1

Integration Options

Taking into consideration the last conceptual assembly of the ISS, it is foreseen to use at least five of
the six docking ports made available on Node 1, which will be connected to the Z1 Truss segment, to
the US Laboratory Module, to the Pressurized Mating Adaptor, and to Cupola. As a consequence, it
should be possible to use the last port to integrate Ares into the ISS general assembly. In addition, the
nadir pointing port on Node 2 is still available, but placing Ares here could cause problems as this may
interfere with the docking area for the Space Shuttle. In both cases the addition of Ares may require
the use of an extended Pressurized Mating Adapter, for docking craft to clear the larger diameter
module. On the other hand, in a future scenario it is difficult to say what options will exist, as the
overall configuration has already been changed several times due to shortage of funds, international
agreements, and political reasons.
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Figure 3.13: ISS Assembly Sequence [Adapted from NASA, 2003]
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At least three different launch configurations can be foreseen; moreover in the coming years new
launch vehicles might be built. The general requirements for the launcher are related to payload mass,
size, and dimension capability; taking into account the Ares module would be stowed.

ARES into orbit

Directly delivered to ISS
TransHab was originally
designed for the heavy
manned launcher, Space
Shuttle; dimension, size
and
deployment
have
already been verified, USA.
The Ares module is based
on the TransHab design

Progress, Russia
Unmanned version
of the Soyuz Ferry

Independent propulsive
system
The TransHab-based module
can be integrated with
autonomous propulsion and
delivered to low Earth orbit
Propulsive system taken
from:

Automated Transfer
Vehicle (ATV), ESA

H-2TV Transfer
Vehicle, Japan

Fully automatic unpiloted cargo vehicle

It has no docking
capability, Hence it
has to be docked
by the Canadian
Robotic arm

Figure 3.14: Scheme for delivering Ares to orbit

The Ares module is foreseen to weigh about 20 000 kg,
once it is fully equipped, also it will maintain the same
external dimensions as the original design of TransHab.
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As it will be stowed during the flight,
the Ares module will need one launch
to go to orbit and at least one other
launch for the contents of the module.
For the second launch any conventional
cargo flight to ISS can be used.
Dimensions:
Length ..........................................12.2 m
Diameter ........................................ 4.1 m

95

P.A.T.H. - M

Morpheus Program: The Space Segment

Program Advancing Towards Humans on Mars

The main launcher for the Ares module is the Space
Shuttle, its cargo bay is suitable for putting into orbit
this un-piloted and un-manned module; it would be
launched deflated, and once in orbit it would be placed
into position on the ISS by the robotic arm.
With a capability of over 22 tons per
flight, the space shuttle Cargo Bay
measures about:
Dimensions:
Length ..........................................18.3 m
Diameter ........................................ 4.6 m

Figure 3.15: Ares stowed in the Space Shuttle
Cargo Bay [Courtesy of NASA]

The advantage of the shuttle is that there is a crew present who can help erect the Ares module.
However from a practical and business point of view other launchers should be taken into
consideration. This highlights the obvious advantage of the Shuttle and therefore the preference for it’s
use.
3.8.2

Auxiliary Propulsion Systems: Three Different Options

Currently the Space Shuttle is the only launch vehicle which is likely to be able, or available, to launch
the Ares module. The next section describes the possibilities for the future implementation of one of
the three currently available automated vehicle propulsion systems. The ATV (ESA), Progress (RKA),
and H-2TV (NASDA), would enable the Ares to dock with the ISS either automatically, supported by
the ground mission control, or supported by the Canadian Robotic Arm.
These three vehicles ATV, Progress, and H-2TV, are currently, or have already been designed and
tested by ESA, RKA, and NASDA respectively.
The three options have been considered, keeping in mind the following objectives:
•
•
•

To lower costs
To develop new avenues of international cooperation
To create an independent module, capable of flying in orbit (this last capability will also
suggest different uses for the Ares module in the future)

Due to the compact dimensions of the annexed propulsion, Ares will not be able to leave the low
Earth orbit. It could also be used to perform the “re-boost” maneuver to lift the ISS into a higher
orbit.
All the automated vehicles described below need an engineering feasibility study in order to design an
adapter between the original propulsion system and the Ares module. It can be estimated to maintain
the full length of this new concept within 15 meters, of which 12 meters would be dedicated to the
Ares module. The involvement of private companies and space agencies could help in the integration
and the development of this large initiative.
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Automated Transfer Vehicle - ATV

The ATV is an unmanned space transport vehicle capable of
carrying materials and re-supply goods from the Earth to low
Earth orbit, docking to the International Space Station in a
completely automated manner. This module is made up of
two units connected together: a propulsive system and a
cargo module. If necessary, the same propulsion and control
system can be implemented on the Ares module, making it
an independent un-piloted vehicle.

The dimensions of the propulsive
system of the Automated Transfer
Vehicle are as described below:
[EADS, 2003]
Dimensions:
Length........................................10 m

Figure 3.16: Technical view of the ATV [Courtesy of ESA]

Progress – Russian automated cargo vehicle

The Progress, a Russian automated cargo vehicle, is
the un-piloted version of the Soyuz spacecraft. It
helps in delivering to the International Space Station
fuel and other necessary supplies. It also encompasses
the ability to raise the station’s altitude and can control
the orientation of the station using its thrusters.
The main modules of the spacecraft are described
below:
Cargo Module, carrying the supplies
Refueling Module, carrying propellant and gases
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Instrumentation/Propulsion Module, necessary
system equipments
The rendezvous and docking takes place autonomously.
The duration to reach the space station by the Progress
vehicle is almost two days. The Progress uses an
automated, radar-based system called Kurs to dock to the
station.

The dimensions of the propulsive
system of the Russian Automated
Cargo Vehicle are described below:
Length .................................... 7.94 m
Largest Diameter .................. 2.72 m

The undocking process takes place usually just a day before the launch of the next Progress vehicle.
During the undocking, the vehicle’s thrusters fire to maneuver it into an orbit, which can cause it to reenter the Earth’s atmosphere.

H-2 TV, Japanese automated transfer vehicle

The H-S TV is the Japanese cargo vehicle, which is used to transport the cargo to the International
Space Station. The H-IIA approaches the
International Space Station and is captured by the
manipulator arm and is firmly secured to the lock.
This rendezvous technique is developed by the
Orihime and Hikoboshui (ETS-VII) satellite pair.
This technique requires a high amount of
reliability and safety to prevent any possible
impact with the space station and to the possible
danger of the astronauts on board. There are two
types of logistics carrier. The first type of carrier is
the a mixture of both pressurized and
Figure 3.18: HTV Assembly [Courtesy of NASDA]
unpressurized whereas the second one is only a
pressurized one. The first one can be used for
some crew activities and some cargo handling with the ISS whereas in the second type of one can be
used only for cargo handling purposes with the ISS.

The dimensions of the propulsive
system of the Japanese Automated
Transfer Vehicle are as described
below:
Length.............................7.4 – 9.2 m
Largest Diameter.....................4.4 m

Figure 3.19: HTV [Courtesy of NASDA]
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3.8.3

Launcher options

The various launchers which are capable of carrying the Ares into the orbit and docking it with the ISS
have been reviewed below. This will be a useful study since there is a lot of uncertainty, prevailing at
the moment due to the Columbia disaster in early 2003. A detailed comparison has been made of all
the available launchers with respect to their dimensions, launch capacity and costs in Table 3.6.
Proton

The development of the Russian Proton was started in 1960. as a two-stage intercontinental ballistic
missile, capable of carrying heavy warheads. Because of its high capacity it was appealing to the
Russian space leaders to compete against the US in the space race. The Proton will however not likely
exist when Ares is ready for launch. Angara, its replacement, may take its place as the preferred
launcher.
Ariane V

The Ariane V launch vehicle, which is a principal product of the Arianespace, was initially designed to
launch commercial satellites and also to be used as a manned spacevehicle. The HERMES Space plane
formed the model of the payload capacity of the Ariane V. After the cancellation of the HERMES, the
Ariane V is used strictly for the purposes of commercial satellite launching. It can be used to launch
the ATV along with the Ares. In the ATV-Ares launch configuration, the propulsive module of the
ATV will be detached and fitted with ARES and the entire configuration will be housed in the payload
bay of the Ariane V.
Delta IV Heavy

The Delta IV is a new and more mature technological product of the Delta family. It was designed to
launch any medium or large payloads into the orbit. The design of the Delta IV configuration is a
result of extensive discussions conducted by Boeing with the government and commercial customers
concerning their present and future launch requirements.
The Delta IV launcher is a significant launcher whose capability could be used for the launch of the
Ares.
Titan IV

Titan IV is produced and launched by Lockheed Martin. It is one the most powerful launch vehicle of
the United States. It is a primary access to space for the United States for sensitive civil and defense
payloads. Titan boasts of more than 95% operational success rate. The overall program management,
system integration and payload integration for Titan IV is provided by Lockheed Martin.
H-IIA

H-IIA described as one of the world’s best launch vehicle is considered as a principal option for
launching the Ares module. H-IIA is primarily regarded as one of the most flexible launcher since it is
capable of launching payloads of various capacities and injects them into various orbits in space. It has
been developed over a period of five and a half years. There have been two successful flights of the HIIA, so far in August 2001 and in February 2002.
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Figure 3.20: Proton [Courtesy of
RSA]

Figure 3.21: Ariane-V [Courtesy of
ESA]

Figure 3.22: Delta IV Heavy
[Courtesy of NASA]

Figure 3.23: Titan IV-B [Courtesy
of NASA]

Figure 3.24: HII-A [Courtesy of
NASDA]
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3.8.4

Launch Cost estimates

The following table shows the launcher analysis with respect to their dimensions, size of the payload
bay, their capacity and their prices. With respect to the Table 3.6, the H-IIA would be deemed unfit to
launch the Ares (integrated with a propulsion module) due to its length of 15m Also, with respect to
the launching dimensions and the launch costs, it would be less expensive to use a Proton launcher
than an ARIANE-V.
Table 3.6: Heavy Launcher Costs
Launcher

Payload Dimensions (m)

Capacity (kg)

Prices (in US$M)

Proton

Diameter -

4.5

LEO - 22,500

60-851

Length

15

GTO -5, 500

Diameter -

4.57

LEO - 18000

1201

Length

17

GEO -6800

118-1302.

Diameter -

5

LEO - 23,040

1402

Length

-

13

GTO - 12,400

Diameter -

4.5

LEO - 23,350

330-4352

Length

-

21

Diameter -

4.1

GTO -4000

140 1

Length

12

LEO -10000

Ariane V
Delta IV Heavy
Titan IV
H-IIA

Source :

-

-

1- www.spaceandtech.com

2- www.jsc.nasa.gov

A rough cost estimate of the integration of a space propulsive system to the Ares module has been
conducted. A lot of work has to be done from both the engineering and the legal point of view in
order to make the implementation feasible and get the necessary licenses and collaborations.
Therefore, the two main options to launch Ares are:
-

Directly delivered and docked to the ISS with a Space Shuttle as the launch vehicle
Automatically guided and docked to the ISS using a propulsive module, the ATV technology
would be the most automated docking system available these days. Also the cheapest and most
reliable launcher would be a Proton vehicle, launched by the RKA in Baikonur Cosmodrome
in Kazakhstan.

Both of them are suitable to the final purpose: launching and integrating the Ares module to the ISS
either on Node 1 or Node 2, taking into account the necessary presence of a second crew rescue
vehicle.
3.9

Scientific Experiments and Technology Development Investigations

Systems should be compatible with the environments of the Earth, space, and Mars. Demonstrating a
technology on Earth helps to achieve a certain level of confidence in that technology. However, the
level of confidence may be insufficient with factors on Earth (e.g. gravity, atmosphere, temperature)
acting as potential confounding factors in data interpretation [Jain, 2003]. Therefore, testing on the ISS
is a vital step in the validation process. It is also to be noted that some technologies need multiple tests
under different environments and scenarios. This shall prove to be an important in undertaking a
mission to Mars.
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The space module Ares in conjunction with the ISS will allow research to be conducted into areas,
which need to be understood before humans to set out for Mars. As discussed in the introduction to
this chapter, some of the major science and technologies require space validation before enabling a
successful mission. The ISS and Ares can be used in tandem as a model space-based science lab and
test bed for hardware to be used on a Mars transit mission in the unique environment of space. This
section describes in detail some potential areas of research that can be conducted on the ISS or Ares.
The descriptions take the form of “investigation proposals”, outlining all aspects of the issue at hand
and putting forward a specific solution or research program. While it is possible to conduct some of
the proposed research using only the ISS as it currently exists, others require the unique capabilities
afforded by Ares.
Three investigation proposals follow that fall within the areas identified as relevant and crucial to
human Mars missions. The first surveys radiation issues, looks at the current understanding of and
work pertaining to such issues, and proposes a unique research program to further this understanding.
Second, the design of a novel zero-g countermeasure device is outlined. Finally, the section concludes
with an assessment of the dust environment expected throughout the different phases of a Mars
mission and a potential means of filtering this dust with a single system is put forward.
3.9.1

Radiation Studies: Biological Sciences

This investigation proposal reviews some of the background on what the radiation environment in
space consists of and how it affects biological systems. Its focus is particularly on heavy ions due to the
still limited knowledge on how these particles affects particularly human cells and tissues. A future
interplanetary crew will be faced with an unprecedented exposure to heavy ions, making the further
study of the effects of heavy ions crucial before any human Mars mission is embarked upon. The text
considers the currently and in the near future available ground and space facilities that can be used for
heavy ions research, and outlines which topics and in which order the research should be focused.
Background

It is well known that a heightened radiation level exists in space. The radiation encountered originates
from two sources, the solar cosmic radiation (SCR) from our own Sun, and galactic cosmic radiation
(GCR) from mostly unknown sources outside the solar system. On a day-to-day basis, the particle
radiation from the Sun has energies numerous orders of magnitude lower than the GCR. Typically, the
average GCR particles have energies around 1 Gigaelectron Volt (GeV)/nucleon, as compared to
between 10-100 Kiloelectron Volt (KeV)/particle for the SCR [Brekke, 1997]. The latter are relatively
easy to shield against, and on a day-to-day basis the majority of the dose absorbed by astronauts in
LEO are due to the GCR combined with that from particles trapped in the radiations belts
surrounding Earth. During interplanetary flights the radiations belts would of course be only a
temporary concern. This overall scenario changes dramatically during solar eruptions as copious
amounts of particles with energies reaching as high as the average GCR energies are flung outwards
from the Sun, causing potentially lethal levels of ionizing radiation within the span of a few hours or
minutes.
On Earth we are protected from the cosmic radiation by means of our planet's atmosphere and
magnetic field. As one ascends into the atmosphere the radiation level quickly increases, and when
discounting any major solar eruptions the radiation levels in low Earth orbit (LEO) is approximately
400 times higher than on Earth (1 millisieverts (mSv)/year compared to 1 mSv/day on MIR/ISS.
However, even when in LEO, the astronauts are still shielded by the bulk of Earth's magnetosphere.
Faced with an interplanetary journey to Mars, the radiation level would be even higher, up towards
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1000 times higher than that found on Earth (estimates range from approximately 2 - 2.5 mSv/day
during quiet solar conditions. The 500-day NASA reference mission estimated the total dose for all
phases of the mission during quite solar conditions at 870 mSv [NASA conference publication 3360,
2001].
The radiation doses above need to be compared with the legislated radiation limits set for astronauts
today to give an indication of the hazard faced by future interplanetary astronauts. The annual
radiation limit for astronauts is 500 mSv/year, for a maximum lifetime dose of 1500 - 4.000 mSv for
men and 1000 - 3000 mSv for women [Chang, P.Y., 2001]. The apparent width of acceptable lifetime
doses is depended on age, being lower for younger astronauts. These limits have been set, based on
that the astronauts should not exceed a 3% risk of dying from cancer, compared to the normal
population. On comparing this to the internationally accepted results from the ICRP, a large
discrepancy in how the different organizations estimate mortality rates is revealed. Interestingly, the
radiation limits for radiation workers on Earth are between 20-50 mSv/year, depending on the country
in question. These limits have been thought of, as too restrictive to permit space exploration, and other
dose limits does therefore exist for astronauts.
The Effects of Radiation

Most of the knowledge mankind has today on the long-term effects of ionizing radiation stems from
the victims of Hiroshima and Nagasaki. This radiation constituted mostly of varying doses of photontype radiation. This form of radiation (X- and gamma rays) is classified as a low - linear energy transfer
(LET) radiation. The LET describes how much energy is transferred to water per unit length traversed
by the particle. The human body consists of approximately 80% water, and this method of describing
the LET of a particle is therefore quite appropriate and applicable to the observed LET in humans. As
a general rule, the LET of charged particles increase with increasing mass [Solheim, 2002]. Since
radiation in the form of heavy ions also are the least encountered on Earth, our atmosphere and the
magnetosphere effectively shield against all but the very highest energies. This is also the form of
radiation where the least is known about its biological effects. Unfortunately, in space, heavy ions are
abundant, and it is therefore vital that more is known about their biological implications before any
mission to Mars is started.
Heavy ions have often been likened to cannon balls, their impacts in cells envisioned to have a
dramatic deadly effect. However, this comparison is not quite true, a heavy ion impacting on a cell
might kill the cell, but might also not do so. In fact, if a hit by a heavy ion always caused cell death, it
would presumably not be a concern, as the body is capable of replacing most of those cells. The
problem lies in the long-term effects caused by cells surviving an impact. The effect of ionizing
radiation is described as either deterministic or stochastic. For deterministic effects there exists a
defined limit, radiation doses above this limit quickly being manifested through observable changes
and cell death. For all doses below this limit, the effects are described as stochastic, and the effect is
not immediately tangible. In fact, from exposure it can take more than 20 years before any negative
impact is expressed (e.g. by developing cancer).
Ionizing radiation affects cells either directly or indirectly. An indirect effect is a particle that passes
through a cell and ionizes atoms bound in molecules, creating so-called free radicals. A free radical is a
very reactive molecule and can cause severe damage to important cell structures such as the
Deoxyribonucleic acid, if the ionization occurs close to these structures. The direct effect is when an
ionizing particles impacts a structure such as the Deoxyribose Nucleic Acid (DNA) directly, creating a
point mutation, a single or a double DNA strand break without using mediating particles. The LET
and the distribution of ionization events around the particle track determine the biological effect of a
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particle. Very high LET particles (HZE particles) cause severe lesions in the cells that are difficult to
repair. Differences exist between the various heavy ions, and Fe-nuclei are considered very destructive
due to a LET that centers around 200 keV/µm. Interestingly, the maximum detrimental biological
effectiveness per dose is reached for radiation with a LET of about 100-200 keV/Micrometer (µm). If
we increase the LET further the effectiveness falls. This can be explained by the increasing severity of
hits until a maximum is reached, after which almost all hits beyond this limit are non-repairable.
Increasing the LET further only results in reducing the overall effectiveness (per dose) because of the
reducing number of tracks [Goodhead, 1993].

Figure 3.25: Different probabilities shown for a heavy ion hit
(for the 1977 galactic cosmic radiation spectrum) in a cell nucleus on a three year mission to Mars (taken from
Curtis et al. 1998)

The destructive capability of a heavy ion is large on a cellular scale. If one is to undertake a mission to
Mars it becomes important to quantify the probability for cells to be hit by heavy ions during this
period. No experimental data from interplanetary space exists, but several studies and mathematical
models have been created that aim to simulate these conditions. Results from these vary, but during a
three-year mission, most of the cells in the human body are expected to receive at least one heavy ion
hit. Figure 3.25 a model showing the expected heavy ion hits per cell in the brain is shown for various
types of heavy ions [Curtis et al. 1998].
Differences in Cell Repair Capability in 1g and Microgravity Conditions

Research done in recent years has shown that there appears to be a difference in human cells ability to
repair damage to its DNA if exposed to microgravity or 1g conditions. The results from this research
are inconclusive, and results indicating an improved repair capability as well as worsened ability are
found in literature [Horneck, 1999; Esposito et al. 2001]. However, there does appear to be more
papers indicating a reduced repair capability, rather than an improvement. One theory is that
microgravity interferes with the cell’s ability to repair DNA damages. However, other factors might
also come into play. Horneck [1999] lists several of these candidates: the impact of microgravity on the
metabolic / physiological state, signal transduction, modifications of self-assembly, intercellular
communications and on the chromatin structure at a cellular level.
It has been suggested in light of these results to investigate other molecular level cell functions that
may be damaged by ionizing radiation in space. These studies utilized passive exposure to ionizing
radiation while in orbit. This method, while providing an exact model of the radiation exposure in
LEO, does not provide a large enough dose to thoroughly illuminate the exact mechanism of cellular
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damage by heavy ions [National Research Council of the National Academies, 2002]. One method that
could provide these results would be to induce artificially a dose that would guarantee the impact of
,for example, one HZE particle per cell. This type of experiment could therefore be used to clarify the
biological endpoint effects.
Past Experiments

Research into the effects of high-energy particle bombardment as part of the galactic cosmic radiation
has been conducted on plant and microbial model species, as well as mice (results can be extrapolated
to humans). As manned space flight missions are extended in preparation for long-duration missions
to Mars, experiments have increasingly focused on damage to and repair of human cells and tissues.
Ground-based studies to establish a baseline of information on the effects of isolated exposure to
heavy ion bombardment have been conducted in Japan, Russia, the United States, and Europe in an
effort to determine both the immediate and long-term effects of radiation exposure on cells. So-called
chronic low dose experiments using HZE particles have also been performed. In one of these
experiments a low dose of e.g. 1.4 milligray (mGy)/day was administered over the course of several
weeks. The results showed a significantly shorter lifetime of the cells exposed to this chronic low dose
compared to their non-irradiated control group [Masao et al. 2002]. Space-based studies have begun to
supplement these studies with data regarding the effects of microgravity of cellular radiation responses.
A summary of major international studies into the effects of HZE on human cells is given in Table 3.7.
Data collected aboard previous orbiting platforms such as MIR, the Space Shuttle, and Foton satellites
is being enhanced with experiments planned for and performed on the ISS. The results from these
experiments serves to validate further iterations of radiation models used in more readily accessible
ground-based studies, and also give direction to further areas of investigation as the differences in
microgravity response to radiation exposure are elucidated.
The Way Forward – International Co-ordination of Radiobiology Experimentation

A great deal of information concerning heavy ion radiation and its effects on cells has been conducted
both in various ground-based particle accelerators throughout the world and in space, as seen in Table
3.7. These international data gathering efforts must now be organized into a system of experimentation
to address the pertinent issues relevant to a manned mission to Mars, conducting whatever research
can be done on the ground and reserving the use of space for those questions which cannot be
answered in the terrestrial environment. The cost limitations of spaceflight experimentation dictate that
ground models be as accurate as possible to enable valid research in the more cost-effective groundbased labs, justifying the expense of utilizing the space environment by criteria highlighted in Table 3.8
and Table 3.9 showing the suitability of both the ground and space environments for radiobiology
experimentation isolating both gravity and radiation effects to cells. Organization and co-ordination of
international space science efforts in radiobiology must be implemented to eliminate duplication of
efforts and ensure efficient progress is made towards solving these ‘show-stopper’ issues by using the
resources of many countries, such as the HIMAC facility operated by the National Institute of
Radiological Science (NIRS) in Japan that has been opened for ground-based research in radiobiology
for all ISS partner nations.
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Table 3.7: Summary of international space radiobiology experimentation
Country/Region

Heavy Ion Study

Summary of Experimentation

Facilities
USA

1.

2.

3.

4.

Alternating Gradient

Gemini, Apollo, STS and ISS inclination (51.65

Synchrotron (AGS)

degrees) passive dosimetry for model development

at Brookhaven

Phantom TORSO for tissue absorption

National Laboratory

measurements

(Iron and other

EVA radiation monitoring (EVARM) on ISS – CSA

heavy nuclei,

experiment, up on Expedition 4, down on Expedition

energies from 600

6), Space Shuttle Mid-deck experiments

MeV/nucleon to 10

Mars in situ radiation environment (MARIE)

GeV/nucleon)

monitoring for modeling

Loma Linda

Major areas of focus: carcinogenesis resulting from

University Medical

radiation exposure, development of non-toxic drugs

Center (protons with

and dietary supplements designed to reduce central

energies between 70

nervous system (CNS) damage and carcinogenetic

MeV and 250 MeV)

effects of radiation exposure (counteract free

Gemini, Apollo,

radicals), tissue-specific effects to estimate risks to

Space Shuttle (STS

astronauts and assess improvements in spacecraft

and Shuttle-MIR),

shielding required to reduce risks of biological

ISS

damages from radiation exposure, advanced

Robotic landers and

dosimetry (passive, tissue equivalent proportional

satellites

counter (TEPC), Charged Particle Directional
Spectrometer(CPDS), biological dosimetry)

Japan

1.

2.

HIMAC (operated by

NIRS lab program of research since 1999 for ISS

the National Institute

Expedition crews

of Radiological

Development of dosimeters and radiation monitors

Science (NIRS)

Investigations at cellular level (genetically engineered

facility) (125-800

cell lines for functional genetic studies), and

MeV/u)

molecular level (DNA repair methods)

Space Shuttle

Cell survival under exposure to different radiation

(cooperation with

spectra

NASA), ISS (HRF,

Human cells under chronic low dose HZE exposure

Kobi)

Method to estimate cell killing induced by accelerated
heavy ions as a function of ion species and LETs of
human fibroblasts
Spaceflight dosimetery on the Ninth Shuttle-Mir
mission (STS-91)

Russia

1.

MIR, FOTON, ISS

1.

MIR dosimetry readings

2.

Solid state radiation detectors in low-Earth orbit
(400km X 51.6 degrees) relevant to that of the ISS:
the Mir Mission in 1997 the 8th Shuttle-Mir Mission
(STS-89) in 1998, and the 9th Shuttle-Mir Mission
(STS 91) in 1998.
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Europe

1.

Integrated space

Biostack experiments

environment factors

Flown on Apollo 16 & 17, ASTP, Spacelab

simulator - KOBE

1, IML-1, LDEF, Cosmos 1887 & 2004

(20 to 150 keV/amu)

Low level radiation long duration exposure –

2.

GANIL (20 to 100

interaction of microgravity and radiation

MeV/amu)

damage

3.

CYCLONE (0.6 to

Biological endpoints: life span,

27.5 MeV/amu)

carcinogenesis, cataracts, teratogenesis,

FOTON, BIOPACK,

CNS effects, eye morphology and

4.

BIORACK, ISS
(BIOPACK,
EXPOSE)

physiology, microlesions
BIORACK experiments
Flown on D-1, IML-1, & IML-2 (Spacelab on
STS Missions), SMM-03, -05, (SpaceHab on
Shuttle-Mir Missions)
DNA repair in microgravity after irradiation
on the ground
Dosimetry: Monitors such as tissue-equivalent
proportional counters (TEPCs), particle and LET
spectrometers and passive environment and personal
devices for modeling radiation environment of space

Table 3.8: Approaches to study the impact of microgravity on radiobiological processes
by use of a 1×g centrifuge plus additional radiation (taken from Horneck, 1999)

Table 3.9: Approach to study the impact of microgravity on radiobiological processes
by use of a 1×g centrifuge plus Biostack method(taken from Horneck, 1999)

Areas of greatest concern for humans traveling to Mars should be addressed and prioritized to
highlight the need for more space experimentation. This is due to the fact that the areas of least
knowledge in the field of space radiobiology deal with the interplay between irradiation of cells and
their subsequent response in a microgravity environment. Cell types of primary concern for a long
duration manned mission to Mars as identified by the major ISS partner nations, such as lymphocytes,
retina, CNS tissues, and reproductive organs, should be categorized and systematically studied as to the
effects of HZE and other forms of cosmic radiation on their cellular function and molecular level
activities (such as DNA repair) in microgravity. Particular attention should be paid to the microgravity
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response to radiation damage in lymphocytes and the effectiveness of immuno-suppression
countermeasures during spaceflight to account for the multiplicity of biological interactions within the
space environment.
Dosimetry data collected from Gemini, Apollo, Mir, Space Shuttle, and now the ISS using a number of
progressively advancing dosimetry technologies should be supplemented with data not only for the ISS
interior and exterior (for EVAs), but also for the interplanetary space between Earth and Mars as well
as the Martian surface in order to update and validate the ground models that have been used to
produce the data on the interaction of cells and HZE. This data is vital as it is representative of the
received dose human crews will experience during a flight to Mars. The relationship between this
dosage information and actual cellular damage must be determined for ground-modeling purposes.
When combined with results of spaceflight experiments determining the presence/absence and extent
of microgravity effects on cellular response to irradiation, this dosimetry can help to validate terrestrial
models and analog studies to link the various databases of knowledge in this field into a single cohesive
picture of cell behavior after exposure to heavy ion bombardment. Once the role of gravity in
radiobiology has been elucidated, it can then be extrapolated to not only an orbital microgravity
environment, but also to Martian or Lunar gravity conditions for future manned missions.
Cellular level studies should be followed up with tissue studies, and then whole organism studies using
animals such as transgenic mice to allow extrapolation to humans [Chang et al. 2001]. Variations
among individual susceptibilities to radiation could also be explored for use in astronaut selection. In
addition, radiation effects on plants and microbes should be thoroughly investigated using the species
to be used as part of the spacecraft’s closed (water) loop Environmental Control and Life Support
System (ECLSS) to ensure that heavy ion radiation will not alter the functioning of this necessary
system.
Available ISS Hardware and Facilities For Radiobiological Experimentation

•

•

•

Dosimetery
o Human Research Facility (HRF)
o Bonner Ball Neutron Detector (BBND)– neutrons
o DOSMAP – multiple detector types and spectra
o Phantom TORSO – organ-specific human dose equivalent measurements
o Personal astronaut dosimeters and EVARM (passive dosimeter worn by astronauts
during EVA)
Cell and Tissue Effects
o BIOLAB
o EXPRESS Rack experiments
Whole organism effects
o Animal habitat
o Plant growth chambers (LADA – Russia, BPS – NASA)
o EXPOSE (ESA) and Kibo (NASDA) ISS exterior platform experiments (both
dosimetry and cell experiments)

Highlighted Developed Hardware

A family of hardware packages were developed by ESA with an adaptable design for investigations in
several areas of space biology, including the interaction between microgravity and radiation and their
effects on cell function and developmental processes at the cellular and molecular (genetic) levels. The
modifications of this design are dependant on the type of launch vehicle used and the type of space
mission. The BIOSTACK system (HZE effects on various cell types) was flown on satellite missions,
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the BIOPACK system was designed for use on the Shuttle Mid-deck lockers, the BIORACK was
flown on Spacelab, and the BIOLAB system fits into a standard ISS payload rack. The BIOLAB,
shown in Figure 3.26 with its engineering schematics presented in Table 3.10 was an advancement of
the BIORACK multiuser reusable payload unit and includes a temperature controlled unit, glovebox
with optional microscope, a 1 ‘g’ on board centrifuge, and incubators in addition to video recording
and a laptop computer. Experiments in cell and tissue culture, as well as whole organism studies of
bacteria, plants, and small invertebrates are fitted into experiment containers, shown in Figure 3.27
with its specifications given in Table 3.11.
This space qualified hardware is available for use and can act as a supplement to dosimetry data
planned for collection aboard the ISS Human Research Facility using NASDA’s Bonner Ball Neutron
Detector (BBND), DLR’s DOSMAP [contains Thermoluminescence Dosimeter (TLD), Nuclear
Track Detector Packages (NTDPs), Mobile Dosimetry Units (MDUs), and detector telescopes
(DOSTELs)], and NASA’s Phantom TORSO for human body dose measurements. It can also be
incorporated into the Ares module to be tested as part of the life science experiment hardware to be
included in a manned mission to Mars.
Example of Type of Experiment to Investigate

One of the major areas that should be further investigated is the differences in DNA repair capability
in cells, for 1g and microgravity conditions, after being irradiated with low-doses of heavy ions. Such
an experiment could be accomplished using the BIOLAB hardware. Cells would be irradiated on Earth
with a method that permits each cell to be hit with only one heavy ion of a specified type and energy,
measured by a solid state dosimeter placed immediately behind the monolayer cell culture to validate
the assumption that each cell received only a single heavy ion hit. Immediately after irradiation, the
cells would be cryogenically frozen, with one set of cells left at ambient temperature on the ground to
establish the any temperature effects due to the cryogenic process. Two sets of samples would be
brought to space inside the Experiment Container to BIOLAB, and one set would remain on Earth.
The samples, both on Earth and in orbit, would then be thawed for a set amount of time before being
frozen again to allow time for DNA and cellular repair in both microgravity and Earth gravity
conditions. Optimally, BIOLAB’s 1g centrifuge would be used as a control for one of the two flight
samples to isolate the gravitational effects from other effects of space exposure. All samples would
then be frozen again until the sample in orbit would be brought back to Earth. Various methods
including genetics and proteomics would then be applied to determine the amount and type of DNA
damage between samples in the different gravity conditions.
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Figure 3.26: ESA BIOLAB configuration
[ESA, 1999]

Table 3.10: BIOLAB engineering specifications
[ESA, 1999]

Pre-Go Manned Mars Mission Radiobiological Experimentation: Recommended Areas of
Study

The following areas of investigation should be addressed prior to a manned Mars mission in the ‘PreGo’ phase as outlined here in the Morpheus project:
1. Investigations into the effects of heavy ions on cells/tissue
a. Lymphocytes (immunosuppression)
b. Retina (cataracts)
c. CNS tissues
d. Reproductive organs and fetal development (future space colonies)
e. Cell carcinogenesis
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2. Isolation of microgravity effects on cellular response to heavy ion bombardment using a 1g
centrifuge on station to isolate gravity effects from other space effects
3. Validation of ground models (radiation dose received, cellular damages induced)
4. Elucidate rationale for differences in individual susceptibility to radiation damage
5. Chemical countermeasures (chemoprevention “cocktail”)
6. Development of advanced dosimeters for space applications – possible use of bioreporters
7. Biological components (i.e.; microbes and plants) of the closed water loop of the ECLSS
system
B.

A.

Figure 3.27: Experiment Container adaptable for any biological experiment in BIOLAB.
A. Front View B. Schematic of reverse side [ESA, 1999]

Table 3.11: BIOLAB Experiment Container engineering specifications [ESA, 1999]

Costs

Costs would be minimized by the use of existing hardware (ESA’s BIOLAB and NIRS’s HIMAC
particle accelerator), as well as by contracting out the lab work both before and after flight to existing
cell biology laboratories. Multiple labs are capable of this type of work, including the NASA
Astrobiology Institute’s cell biology and molecular genetics facilities, space centers including NASA
Kennedy Space Center, NASA Ames, and ESA DLR, in addition to medical radiobiology research
centers such as the Japanese HIMAC facility. Required personnel for conducting these experiments
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would at the very least include two biologists, one at the PhD level and one at the Master’s
level/graduate student, and one physicist to conduct the irradiation test in addition to a flight hardware
engineer. Beam time at the ground facility would be granted after e.g. the science administrators at
HIMAC had reviewed and approved the experiment proposal.
Spin-offs

Potential spin-offs from this research include advancements in cancer research/treatment such as a
heavy ion scalpel being developed by GSI in Darmstadt [GSI, 2003] or chemopreventative
countermeasures for radiation toxicity that counteract radiation damage to cells at the molecular level
for use by astronauts and even cancer patients [Pedemonte et al.,. 1997].
3.9.2

Countermeasures Enabling Long Duration Spaceflight – Part 2

The following section describes the technical design of a new countermeasures device to compliment
the ground based research proposal for determining the countermeasures training schedule outlined in
the previous chapter (see section 2.4.4).
Technical Design Proposal of ViGAR for Ares

The focus of this section is the Virtual Gravity Artificial Reality (ViGAR) device uses artificial gravity,
exercise, and virtual reality to help to counter the physiological deconditioning associated with long
duration spaceflight. ViGAR is a combination of a bicycle on a centrifuge with an integrated virtual
reality system. By creating an all-in-one device for the crew, an integrated package of countermeasures
can be performed at one time. Such an integrated approach has the multiple benefits of:
•
•
•
•

Cardiovascular and muscular conditioning
Reduction of bone loss
Sustained low artificial gravity conditions
Psychological benefits of re-coupling vestibular and visual information

Crew time is extremely valuable for performing experiments, station keeping, and chores as well as
personal time. Less time spent exercising would be beneficial to prevent long, strenuous days of work.
ViGAR, therefore, would be time and resource efficient.
An increase in the ISS crew size would be highly beneficial, as it would provide a larger pool of
subjects in space from which to derive data on physiological adaptations to long duration spaceflight
including the exact mechanisms of adaptation and the development of countermeasures. A crew of six
flying every three months would provide the possibility of collecting data on twenty-four people in one
year [NRC, 2002].
Physics

In order to simulate gravity in a space environment, the spacecraft, module, or human in question
must be subjected to a centripetal acceleration (a). The value of this acceleration can be considered the
level of “artificial gravity” experienced by the subject. The centripetal acceleration is calculated based
on two parameters, the rotational rate (w) and the rotation radius (R), according to the following
equation:
a = ω 2R
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Within Ares, the rotation radius is fixed for a centrifuge regardless of its configuration due to the
radius of the inflatable structure, and therefore the angular velocity is the only variable that can be
adjusted during use. The gravity gradient is directed from head to toe to aid in fluid redistribution.
Two major design considerations must be made for a centrifuge to include the angular momentum
created by a spinning body within the entire spacecraft and the induced vibrations. Both of these have
similar effects on the overall spacecraft motion to that of a momentum or reaction wheel of a satellite.
Large-scale constructions can be used to overcome the constraint of internal ballistic motion by
counter-rotating multiple rotors to match the angular momentum of the counter-rotating parts,
thereby canceling all gyroscopic torques [Sherwood, 2002]. A dampening system can be used on the
device similar to those used on previous space exercise equipment such as the ergometer to reduce
vibrations.
Anthropometric Dimensions

Anthropometric requirements influenced the design of ViGAR. Individual variations of crewmember
body size as well as physiological changes in posture and body dimensions such as circumferences,
stature, and mass occur in microgravity. An example is the lengthening of the body as well as altered
mobility and strength characteristics displayed in microgravity or partial gravity conditions. This
influences the dynamic anthropometric dimensions as described by the body in motion and also the
restraint design. [Perner and Langdoc, 2003].

The ViGAR design caters to the anthropometric criteria of mixed-gender, multinational crews. For the
International Space Station, the design population ranges from a 5th percentile Japanese Female to
95th percentiles US Male. This equates to a range of stature from 149 cm to 193 cm [NASA, 2003]
with a maximum-seated height is 94 cm [De Hart, 2002]. For purposes of this proposal, the standard
5th percentile Japanese female and 95th percentile American male (US Adult Civilian anthropometric
dimensions from Sanders and Mc Cormick [1993] and Woodson [1992]) have been considered and
anthropometric margins built in for adjustability to different crewmember body sizes.
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Design and Technologies Involved

Figure 3.28 is a complete sketch of ViGAR (not to scale) with key anthropometric dimensions for use
within Ares.

Figure 3.28: Sketch of ViGAR configuration for Ares
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Based on the anthropometric dimensions (5th percentile Japanese female and 95th percentile American
male), the key dimensions of ViGAR were calculated in order to fit into the Ares configuration to
arrive at the following final lengths:
•
•
•
•
•
•

Maximum length of ViGAR
Maximum buttock-to-top of helmet
Minimum buttock-to-top of helmet
Maximum elbow width of rider
Maximum buttock-to-heel
Minimum buttock-to-heel

184 cm
104 cm
86 cm
88 cm
117 cm
86 cm

The following is a system breakdown of ViGAR including design choices and specific equipment for
the Ares configuration.

Body Orientation
ViGAR has been designed so that the body of the rider is orientated with the head closer to center of
rotation to create a fluid shift to the lower body with the induced gravity field. The rider faces the
direction of rotation (“wind in face”). This orientation also prevents the formation of a gravity
gradient across the body as is generated in tilted centrifuges. Table 3.12 shows the maximum possible
gravity gradient for a user on ViGAR in the Ares configuration (Mars relative gravity is 0.38g). The
legs are moved forwards and the seatback is slightly tilted to decrease the loads on the spinal column.
Introducing a bend in the rotation arm of the centrifuge reduces the added construction complication
presented by the tilt in the configuration. The centrifuge would now have two pieces connected
together adding a new stress point and increase the mass of the structure.
Table 3.12: Gravity Gradient Experienced By ViGAR Rider
Radius @ Head = 2.0 m Radius @ Feet = 3.8 m

'g' Value (1g=9.81 m/s^2)

3
2.5
2
1.5
1
0.5
0
0

5

10

15

20

Angular Velocity (rpm)
g @ feet

g @ head
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Main Armature and Main Ring
The main armature to which the bicycle and VR equipment is attached runs on two sets of bearings.
A motor mounted on the frame of Ares drives the main ring. The motor speed is set by the user to
the desired gravity level via the computer system on the bicycle. A second seat or a mass would have
to be placed 180 degrees from the main armature to balance the forces generated by the motion and
to prevent large oscillations in the structure which would lead to bearing damage. The choice of
materials used for the reinforced structure of the device must take into consideration that the
equipment used must not create an electrical potential difference that could lead to corrosion.

Counterweight and Counter-Rotating Ring
A counter-rotating ring is used to balance the angular momentum generated by the main armature. It
has a lower total mass and spins faster than the main ring to balance the angular momentum of
ViGAR. The counter-rotating ring would run on two sets of bearings and has compartments to add
additional mass for larger users. The total additional mass should be added to the ring in two equal
portions located 180 degrees from each other. One possibility is to add water to a contained section
of the ring to evenly distribute the mass over the entire ring. This ring is driven from the same motor
by the use of gears as shown in Figure 3.30.

Foot Pedal Position
The pedals are fastened to a main shaft that can be lengthened or shortened
to meet the users dimensions accounting for the longest rider legs possible.
The pedals were originally designed to be located in front of the torso as
with any ground bicycle, but in the end the decision was made to extended
them away from the rider’s body and upwards to meet design requirements
of using volume efficiently in Ares (see Figure 3.29).
Figure 3.29: Sketch of
pedal relocation

Foot Restraints
Supports attached to the feet on traditional space exercise equipment are called subject load devices
(SLD), and the gravity replacement loads (GRL) are transferred through straps [McCroy et al, 2002,
p.625]. SLD devices are not needed in the case of ViGAR since the feet will be locked into the pedals.

Impact From Pedal Motion
Designers of exercise equipment usually go to great lengths to reduce any ‘jerkiness’ so that the
exercise is more comfortable for the user. However, in a micro-gravity environment it is desirable to
increase the amounts of impulsive forces on an astronaut’s bones, muscles, and joints since this type
of impact loading is missing in their day-to-day lives. It is possible to create pedaling motions that
induce more impacts on the body through the use of non-circular gearing in the pedal system, such as
has been included in the ViGAR design. An elliptical pedaling motion in place of the standard circular
action could make use of a longer, straighter ‘power stroke,’ followed by a sudden change of direction
with a short radius. The result is a rapid change of direction that creates more impact-type loads. An
alternative method of pedal motion is the use of an elliptical pedal path that is itself rotating around
the axis of pedaling. The result is a seemingly random pedaling motion that places impacts on the
rider’s legs in all directions. Naturally, there is a trade-off between repetitive impact loading and user
comfort. This can be solved through experimentation with ellipses of different dimensions. Each
astronaut could define preferred pedal-cycle geometry to match his/her pedaling style [Gears and
Gear Drives, 2001].
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Cycle Energy Use and Storage
Artificial gravity environments created without the use of human power (i.e. the output of the cycling
exercise) to rotate a centrifuge has been proposed by past centrifuge designs, such as Space Cycle TM.
The external electrical power used by ViGAR for spinning the centrifuge has two main advantages.
Firstly, it offers a broader scope of options for when and how the centrifuge can be used. Some
examples of this flexibility of operation include the use of ViGAR by injured crewmembers to benefit
from the artificial gravity portion without the exertion of the difficult exercise bike, or conversely the
use of the exercise bike by a crewmember without spinning the centrifuge as a resistance. The second
reason to use external energy to power the centrifuge is that a more consistent gravity field is
established. Human power output can fluctuate greatly, especially towards the end of a hard workout.
If were the source used to power the centrifuge, output fluctuations would create an inconsistent
gravity field. These fluctuations in the gravity field are major concerns as it is thought that reduced
forces from gravity have less beneficial effects than higher forces, and that fluctuating gravity may
disrupt the crewmember’s ability to adapt to the rotating environment.
There is valuable kinetic energy created by the exercise equipment that would be completely wasted if
simply converted to heat energy. If a small permanent magnet generator is used as a resistance device,
the kinetic energy can be transferred to electrical energy. This electrical energy can be used to directly
power electronic equipment, or can be stored for future use in the form of chemical batteries. An
average human male pedaling with a moderate force for one hour using a small generator can produce
a constant output power of roughly 200W. This is more than enough to power for the electrical
equipment that runs the Virtual Reality component of the human centrifuge. It is estimated that a
next-generation VR system will not require more power than 25W. The components of the VR
components that require power include the computer system, the VR display goggles, feedback
sensors, and possible feedback actuators. The total power draw from the VR system is much lower
than the power output of the cycling system, allowing the “left-over” electricity to be stored in a
battery system as backup power. [Butcher, 2003; Shaver, 2003].

Motor of Choice

An Alternating Current Induction Motor (ACIM) is best because it can be
used for applications with high torque and high rotational speeds [NASA
Selection, 2003]. The ACIM motor is ideal for constant speed applications,
which are necessary for maintaining a stable gravity gradient within the
users body. The motor is used to drive two shafts from a gearbox, which in
turn drives the two main rings of ViGAR at different rates of speed.

Differences in speed and mass of the two ring assemblies would create near
equal angular momentum. The motor would drive both rings with a series
of gears and teeth on the internal structure of the ring. The teeth should be
coated in epoxy to help dampen the system against vibration and increase
Figure 3.30: Motor and gear-teeth lifetime. Figure 3.30 shows a schematic diagram of the gearbox
gear assembly
and bearings.

Power Requirements
A device this large requires a minimum power supply of 500 watts (W) with 20-30 amperes
[Tolyarenko, 2003] in comparison to the entire current configuration of the ISS system, which has
maximum power usage of 25 kW. The final configuration of the ISS will have a maximum power
supply of 125 kW.
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Fixed Seat and Back Support
An ergonomic seat has been designed for both male and female riders with a similar cover material to
that of public gyms. This material adds sanitary protection and allows an easy clean up after activity.
The form of the cushion is similar to that of a car racing seat for fitted comfort. The seat can be
replaced for maintenance purposes. Feedback could also be integrated into the seat with an actuator
(see User Feedback below).
The back support is softly padded to account for the user’s motion while exercising. Chiropractic
considerations need to be used to develop the proper shape of the back support.

VR & User Interface
Virtual Reality (VR) is an important countermeasure. It offers psychological benefits by allowing the
user to select the environment through which they will ride and also their preferred music. The VR
may also help in reducing disorientation since the user receives continuous visual feedback
synchronized with the proprioceptive feedback from the muscles of the extremity. Environments are
3D modeled to allow an increase in terrain difficulty, which feedbacks into the pedal system similar to
a standard exercise bicycle (see User Feedback below). The environments will include rides through
forests, beachfronts and any location in the world or out of this world depending on the user’s request
before flight.
The computer interface allows the user to view movies, family videos that have been e-mailed from
Earth, or other personal choices such as the news from their home. The computer unit could also be
used during personal time as well if no other users want to ride. The suggested platform for the
computer system is an Apple Macintosh to allow testing of new computers in space. A sample of the
startup screen is displayed in Figure 3.31. The wiring of the device is coated to avoid oxidation. The
Virtual Environment program also includes displays of speed and gravity for use by the rider.

Figure 3.31: User interface for computer
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User Feedback
It is desirable to immerse the user in the Virtual Reality environment as much as possible, by “feeding
back” to the user additional stimuli that reinforce what is shown on the virtual reality display. A
creative method of feedback is to give the user information through the pedaling device. For example,
a sudden increase in the resistance of the motion of the pedals would reinforce an illusion of an uphill trajectory for the cyclist. Also, by creating a vibratory motion in the pedals, a broad array of
experiences could be portrayed, including driving over rough terrain. Both of these effects can easily
be created using simple mechanisms in the pedaling device.
To create feedback through the pedal system, it is necessary to have a feedback line between the
loading device and the VR computer. The easiest way to create pedaling effects is to have the loading
device rapidly regulate the force applied to the user. The VR computer controls the resistance
fluctuations. If the loading device used is a small permanent motor generator, it would be possible to
place a switch in the resisting circuitry to increase the load on the generator, thereby increasing the
force required by the user to continue pedaling at a given speed. The cycle speed also feeds back into
the environment to give the user an accurate speed based upon power input.
Another form of feedback in the pedaling system is the inclusion of a vertical linear actuator. This
actuator rapidly changes the distance between the users seat and the axis of pedaling, to create
vibrations or ‘bumps’ that reflect what the user sees on the VR visual screen. For the purpose of
applying impacts to the user, the actuator can augment or even replace the elliptical/eccentric pedal
rotation. A pneumatic-type actuator with a stroke of only a centimeter is sufficient. It uses the
spacecraft’s atmosphere as the working fluid in a miniature self-contained compression system. The
device is held in a compact space below the cycle seat. Using a series of gears, the pneumatic
compressor is run by the user’s pedaling motion. The VR computer controls the pneumatic valves in
the linear actuator as a form of feedback.

VR Hand Controls
The VR hand controls are important for rider use and safety. The buttons are raised with different
shapes so the user can easily identify which button they are about the push. The emergency stop
button is extremely important for safety and would require two buttons to be pushed since the user
could accidentally push one. The controls include a track pad and buttons like a laptop computer,
which would function with the software to offer these main features:
Scenery selection for VR (software application on computer)
Dual-button emergency stop (due to sickness or unforeseeable problems)
Music selection (software application)
Movie library and personal footage (personal CD)
Centrifuge speed selection (to determine gravity gradient before starting activity)
Pedaling difficulty (determined by terrain in virtual environment)
Turning of the bicycle in the VR environment
Volume control

VR Helmet
The VR Helmet is designed to fit many users and is kept small to reduce the heat generated while
exercising. In essence, the helmet is more of a computer screen with adjustable eye-to-screen distance.
The helmet can be upgraded to include an eye motion feedback into the loop in future work. The
most important feature of the helmet is that it prevents the user from seeing the spinning room,
which could cause disorientation.
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Adjustable Head Restraint
The head restraints offer minimal contact with the user’s head, but simultaneously prevent the user
from tilting or turning too much. The greater the head movement, the greater chance of feeling
Coriolis effects, which could lead to space motion sickness (SMS). The restraint can be adjusted on
the central rail structure of ViGAR to accommodate for the different heights of users, as well as from
both the side and top of the user’s head factoring in the size of the VR Helmet.

Body and Arm Restraints
The body restraint, like the foot restraints, is made of lightweight and comfortable material. The strap
is located at the lower abdominal region and stretches to the shoulders. The forces generated by the
rotation will keep the user in ViGAR, but the straps are in place for safety considerations to prevent
the rider from falling off. Arm restraints may be required to prevent the arms from flailing and hitting
the sidewalls. An ideal body position for the rider includes having the hands resting forwards in front
of the chest holding the controls.

Ergonomic Support
All the ergonomic features such as restraints and bicycle seat have factored in the following: heat
generated by the body, the use by multiple different body types, and simplicity of part replacement.

Vibration Dampener
A dampener system must be tailor-made depending on the final Space Segment configuration selected
and what other activities are on the space station. Recent studies suggest that vibration may help
prevent bone loss, however vibrations may disrupt micro gravity experiments and maybe harmful to
the structure. Therefore a vibration isolation system compatible with the ISS technical specifications is
used with this device.
Assembly On Ground Versus In Orbit

The rotating ring structure (both the main and counter-rotating rings) need to be built on the ground
for several reasons including:
•

•

•

Creation of a smooth bearing track
o In-orbit assembly would require several smaller pieces to be put together in space,
which could lead to misalignment on the track.
Small available volume
o There is less than a one-meter diameter to move parts from a launch vehicle into the
habitat, so parts must be small
Mechanical testing
o The counter rotating ring system can be further tested to optimize the correct internal
mass for a range of users, effectively balancing the angular momentum based on the
users mass

The ideal solution would be to build the ring structure on Ares on the ground regardless of the date
that the bicycle/VR assembly is sent up. The armature assembly can be sent on the same flight if there
is room to place it in the deflated Ares configuration.
Technical facilities to test the equipment are required on the ground. These facilities need to test the
structural strength of the entire device on the rings both on its own and inside Ares. The VR computer
equipment must minimize space use on the armature, and the wiring must be designed to not interfere
with user comfort. Ergonomic studies could be conducted in the testing facility for all parts of the
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device to find the ideal assembly, and also to see which materials can handle the most wear and tear.
These facilities can be used to verify that the technology is in fact beneficial for the human body and
that the device is safe to use in space.
Proposal for developing the training schedule with ViGAR

Feasibility studies and ground based human centrifuge research on human volunteers would help in
defining a training schedule for the astronauts. The second part of this proposal is a research protocol
with the specific objective of defining the efficiency of artificial gravity as a countermeasure, exploring
the interaction between artificial gravity and exercise in maintaining crew health and defining the
physiological thresholds for effective g levels as well as the frequency and duration of g exposure. The
ground proposal has been dealt in section 2.4.4.
The recommendation about the g levels, the rotation rates and the duration of g exposure would have
to be validated on the ViGAR in Ares. The functional requirements for training will have to be
identified. There would be a lower g-level and g-duration limit below which intermittent centrifugation
would not give sufficient benefits. The maximum tolerable operating speed has to be determined based
on the neurovestibular response of the average human being (data from ground based studies) and this
will determine the upper boundary on gravity levels. Studies have shown that the side effects of
centrifugation like motion sickness and spatial disorientation can be overcome by adaptation and by
controlling the rate of rotation. [Graybriel, 1975, p. 146]. Current research indicates that majority of the
population can tolerate rates upto 10 rpm. With ViGAR, at 10 rpm, the g levels at the rider’s feet at the
radius of 3.8 meters, is approximately 0.7 g. By varying the rpm and therefore the g levels – it would be
possible to identify the appropriate “gravitational dose range” i.e., upper and lower limits for
physiological benefits. The relationship between the angular velocity and the g levels at the head and
the foot are depicted graphically in Error! Reference source not found..
The use of ViGAR must also be adapted to meet the non- microgravity schedule of the International
Space Station such as during the reboost phase. Studies have to be done on the Ares to define such
changes and recommend the training protocol for ViGAR.
Timeline of Space and Ground Development

The space and ground development of this proposal will occur simultaneously. While the device is
being built and tested, human studies will occur simultaneously in order to develop the protocol for
using the device, as shown in Table 3.13.
Table 3.13: Timeline For Proposal Development
MONTHS
ViGAR TIMELINE
Preliminary Analysis & Design
Concept Feasibility Study
Concept Definition
Design Development & Testing
Launch
Operations

3
0

6

9

12

B

B

15

18

21

24

27

30

33

36

39

42

45

48

C

C

C

C

C

C

C

C

C

C

C

C

51

54

57

60

63

66

69

72

75

78

81

84

D
E

E

E

E

E

E

E

E

E

E

E

E

A

MONTHS
GROUND STUDIES TIMELINE 3 6 9
Preliminary Analysis & Design
0
Concept Feasibility Study
A
Definition of Experiment Protocol & Funding
Multicentric Studies
Testing Protocols in Space

B

12

15

18

21

24

27

30

33

36

39

42

45 48

51

54

57

60

63

66

69

72

75

78

81

84

B
C

C

C

C

C

C

C

C

C

C

C

C
E

E

E

E

E

E

E

E

E

E

E

E

Cost Estimates
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The cost breakdown for the technology proposal (5 year plan) is shown in Table 3.14:
Table 3.14: Cost Breakdown

Phases
Development and production of ViGAR
Ground Prototype testing
Launch Cost
Leasing human centrifuge and bed rest facilities for ground study
Volunteers for study
Operational costs

Approximate Cost Range
USD 3 -5 Million
USD 1 – 1.5 Million
USD 1 Million
USD 1 - 2 Million
USD 0.5 Million
USD 1 – 2 Million

Total costs

USD 7.5 – 12 Million

Other Configurations

The configuration described in the preceding sections is one of many possible solutions. The
importance of such a device is known, but currently no permanent artificial gravity device exists in
space. The configuration was designed to save space on Ares in order to maximize the potential use of
the entire habitat.
An alternative configuration was considered including two large wheels rotating in opposite direction,
and on opposite sides of the middle column of Ares. The user’s head would be located in the middle,
or axis, of rotation. This structure would be lighter and much simpler to launch to space as an
independent unit, but the main trade off was that this device would have to be almost four meters in
radius (for each wheel) and would take up far too much volume in the module. In the design of a
centrifuge, the radius of the armature is not as important as the speed at which the device spins. The
armature of the preferred ViGAR configuration takes advantage of the cylindrical shape of the middle
column of Ares to extend the radius of the centrifuge. The most important factor for the ViGAR
design concept is that the bicycle and VR computer can still be attached to any configuration or motor
source (i.e. around a ring or a single point).
Spin-Offs From Spinning

Many spin-offs are generated from new technology developments. For this device, possible spin-offs
include new rides and simulators (especially using virtual reality), and new exercise equipment such as
the Cardio Muscular Conditioner (which is used at sports centers and medical rehabilitation centers)
[Cardio-Muscular Conditioner, 1993]. New studies can be designed to find ways to keep astronauts
safe and also to develop clinical applications on Earth. A motion sickness adaptation schedule and
biofeedback for treatment of motion sickness will directly result from the subject testing of the device.
The following are a few documented clinical applications coming from gravity research [STS-107,
2003]:
• Nystagmus
• Vertigo
• Meniere’s disease and other balance disorders
• Vestibular system injuries
• Senior citizens, who are at high risk of injury from falling due to the natural aging process
• Spatial disorientation studies in aviators
• Osteoporosis
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Novel Additions to Device

Possible add-ons to the ViGAR device include:
• Attaching a fan blade to the bottom of the bicycle to use the device as giant fan
• Adding experiment racks to bicycle assembly to allow variable-‘g’ experiments, or possibly just
for storage. This could be an alternative to adding mass to the counter-rotating ring.
• Including eye feedback into virtual environment using optical sensors to enhance the virtual
reality environment by keeping the user screen focused and moving with relative eye
movements cause by the rotation. These sensors can also be used as monitoring device.
Problems with ViGAR and Proposed Solutions

Artificial gravity comes with its own evils. There is a high risk of inducing coriolis effects (vestibular
cross-coupling stimulation) and other spatially disorientating effects like illusory tilt sensation and
postural instability. Head movements in a rapidly rotating environment (e.g. 10 rpm) could cause
motion sickness and disorientation. Studies have shown that the side effects of centrifugation like
motion sickness and spatial disorientation can be overcome by adaptation and by controlling the rate
of rotation [Graybriel, 1975]. Lackner and colleagues studied the effects of coriolis forces generated by
artificial gravity on the execution of arm, leg, and head movements [1998]. The authors conclude that
adaptation to artificial gravity (up to 10 rpm) occurs readily, especially arm and leg control, while
control of the head and neck takes longer.
Nausea symptoms may still appear while using the Virtual reality device. However restraining the head
to minimize the head movement and therefore reducing the coriolis would address these problems.
The VR device will primarily be used as a visual feedback about the status of the user’s motion while
pedaling. The pedal movement will be synchronized to the speed of visual scene movement in the VR.
Thus this would minimize the conflicting inputs from the visual and proprioceptive sense organs and
reduce disorientation and motion sickness.
Limiting exposure to brief periods daily could also help in adapting to the side effects (intermittent
centrifugation). All these issues have to be thoroughly quantified and defined based on the results from
various ongoing animal and human experimentation. The ground proposal will address some of these
issues as well.
Very little is known of the interactions of the artificial gravity with exercise. Whether these two
countermeasures complement each other has yet to be studied. The ground proposal investigates the
interaction between centrifugation and exercise.
Conclusions

The technical design proposal was developed taking into consideration both the human requirements
as well as the requirements for integrating into the Ares module. The simultaneous ground-based
research will define the training schedules for the astronauts on this device. Once operational, ViGAR
will be a novel combination countermeasures device that could help in countering the physiological
effects of long duration space flight.
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3.9.3

Dust Filtration System

Introduction

Martian dust, due to its abundance and small particle size, presents a challenge to be dealt with before
humans can be safely sent to Mars. Specifically, mechanisms for filtering this dust both in transit and
on the surface need to be developed. The problem of inadequate filtration has been seen previously
aboard the International Space Station, with astronauts frequently getting foreign objects in their eyes
and even fungi growing in onboard systems. This problem will only increase in an environment
abundant with Martian dust. Breathing in Martian dust can be dangerous to human health, contributing
to the likelihood of pneumonia [Jain, 2003], asthma, and lung cancer. Dust in the air can be
additionally problematic to electronic equipment and abrasive to fine mechanical hardware. Historically
the filtration systems used in space have normally been barrier filters. Currently multiple PF1-4 dust
filters (HEPA filters) are used [ISS On-orbit Status, 2003; Burke, 2003], but these need to be changed
continuously and have not been developed fully or designed with Martian dust in mind.
Objectives

A dust filtration system, or rather research towards the manufacture of one, is herein proposed to
solve these problems. Table 3.15 shows different enclosed environments. It is from these enclosed
environments that the filtration system should remove the dust and particle contamination. The system
therefore needs to operate in Zero-g (Mars transit or ISS) and also in the Mars environment (0.38g).
Development and testing will be done initially on the ground in Gaia, using the Martian analog dust
developed in section 2.4.1 “Gaia Mars Dust Analog”. Space testing will subsequently be done on Ares.
Designing the system such that it works in both Earth’s 1g and space’s microgravity should insure
proper functioning in Mars’s 0.38g. The exact requirements will of course depend on the chosen
mission architecture. Additionally, the difference in atmospheric density in these environments will
affect airflow and be taken into account.
Table 3.15: "Enclosed environments and system requirements”
Phase

Description
Human associated particles, ECLSS (plants, microbes, and water, among others), and the use

Transit
Vehicle to
Mars

of manufactured products (like tape, packaging, and waste material) are the main sources of
particulate matter in this environment. It is therefore similar to the ISS, which is still in need of a
better solution for filtering these particles. During the transit period any system must be able to
function in a microgravity environment.
It must be considered that there is a requirement for rigorous cleaning of any airlocks from the
Martian atmosphere into the habitation modules. Airlocks will be in periodic use but need to

Habitation

deal rapidly with large quantities of dust. The Moon landings showed that this habitation phase

Facility

is when heavy dust contamination will occur. During this period any system must be able to

on Mars

function not only in a 0.38g environment, but also to cope with the reduced atmospheric
density of Mars.

Return to

This environment deals with residual dust contamination from Mars, as well as the particles

Earth

introduced by humans in the same manner as in the initial transit to Mars phase. During this

Transit

period systems must be able to function in a microgravity environment.

Vehicle
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Current Filtration Technology

The first priority of the Ares filtration system is to remove small particles from the Ares atmosphere.
Numerous methods are already employed to do this on Earth and on the ISS. Many terrestrial
industries such as the coal, steel, and chemical industries amongst others, can potentially offer
numerous spin-in technologies while reaping returns in both company image and technological growth.
Current technologies include wet systems, barrier filter systems, and Electo-Static Precipitators (ESPs).
Wet systems use liquid (water or oil) to trap particulate matter from the air as it falls into a sink. Such a
system would be complicated to use on Ares since it normally requires gravity to draw the air through
the liquid. Since water is likely to be a valuable resource, it is appropriate to avoid unnecessary water
requirements. If oil were used then issues of oil contamination in a microgravity environment would
need to be considered. Another technology is the barrier filtration system, which involves passing the
fluid through a mesh or membrane to capture the particles. This requires maintenance and replacement
filters, requiring large stores of materials, a requirement unsuitable for the limited area available in a
Mars transfer vehicle. This is the current technology used aboard the ISS (HEPA filters) and is
regularly re-supplied from Earth.
A third technology is that of Electro-Static Precipitators (ESP’s). Currently there are numerous
companies that develop and use these various filtering techniques for industrial and domestic
applications. This is the technology proposed for use on Ares. The basic operational process of an ESP
filtration system, illustrated in Figure 3.32, shows that there are two products, the first being clean
airflow, and the second being the collated particulate matter. The systems can be readily scaled up to
industrial sizes with units several stories high. This shows the flexibility and durability of the
technology and may result in heavier use as larger habitation environments are deployed.

Figure 3.32: Flowchart of filtration ESP process

Figure 3.33 shows that as the air travels through an ESP system, a charge is placed on the dust
(particulate matter) and the dust is then attracted to the plates bearing an opposite charge. When
dealing with the Martian dust it is considered that the dust may already have a charge [Landis and
Jenkins, 1998] and that the polarity of this charge may vary with the size of particle [Diaz, 1991]. This
may also allow the charged Martian dust to be (predominantly) separated for possible analysis.
Although this may have a different arrangement of electrodes, the ionizing fields shown would still be
the driver to propel or attract the charged particulate matter.

International Space University, MSS 2003

125

P.A.T.H. - M

Morpheus Program: The Space Segment

Program Advancing Towards Humans on Mars

Figure 3.33: Diagram showing Electro-static dust removal from an air flow
[Powerspan Corp, 2003]

This system offers numerous advantages over the currently used filters on the ISS. A first advantage is
that of the power consumption. PPC Industries suggests that ESP systems have a power requirement
25% that of equivalent barrier filter systems [PPC, 2003]. Further advantages are that the only waste
produced is the actual particulate matter, the filtration system is not saturated (so it does not need
replacing), and the filtration system does not get blocked (like barrier or fabric filters). However there
is a disadvantage that ESP systems are very susceptible to humidity, making it harder to remove the
particulate matter from the collection plates. Methods for controlling or reducing humidity levels
already exist such as baking the air or using chemical desiccants. Another area of concern is that the
internal voltage can reach a level that will produce arcing across the plates. This is called a Paschen
discharge and is a function of parameters such as atmospheric composition, humidity, charge, and
temperature. This is one of the important areas requiring further study, especially as the atmosphere
found on Mars is not fully defined. The Martian atmosphere is very dry and therefore an ideal
environment for the ESP technology.
Spin-in’s and Spin-off’s

The air filtration system can make use of spin-ins from air filtration and circulation systems currently in
use around the globe, as well as draw from past systems used on space stations. Though the proposed
air filtration unit faces heavy competition for spin-offs due to the large number of systems already in
existence, it has good potential to fill a niche in the market. Some environments can be sensitive to
vibration and motion. This system should be designed to operate independently from gravitational
effects and so are likely to present attractive solutions to different operational scenarios. Military
airplanes that operate at high speeds and various g are a potential application, as well as commercial
airplanes known to be beds of health problems due to the overly re-circulated air. Boats, cars, or any
other non-stable environment would also benefit. Additionally, environments in need of extreme
cleaning may benefit. Examples of these may be vulnerable hospital areas such as neonatal intensive
care or clean rooms for manufacturing sensitive electronics or mechanical equipment. At this point
these areas of development are speculative but serve to illustrate the widespread possibilities.
Filtration requirements

The ISS is currently a controlled environment without Martian dust or other toxic particles. Because of
this the U.S. modules on the ISS currently use HEPA filters, which filter down to 0.3 microns [Burke,
2003]. The level of filtration is needed for a human mission to Mars, however, depends on the
different phases of the mission. This was shown previously in Table 3.15 and suggests that the Martian
habitation module must be able to filter Martian dust (particulate matter). The table additionally
suggests that the return transfer vehicle needs to contain a filtration system that can also filter Martian
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dust.
It is stated in Safe on Mars (a document on the precursor measurements necessary to support human
operations on the Martian surface written for the National Academy of Sciences and the National
Aeronautics and Space Administration) that NASA does not currently know the toxicity of the Martian
dust and soil. The authors recommend that because of the unknown danger of exposure to Martian
contaminants, the average astronaut respirable particulate inhalation exposure must be limited to one
milligram of particulate matter per cubic meter of air (mg/m3) within the habitat [Safe on Mars, 2002].
The implication of this is that without further definition of the Martian atmosphere, the level of
cleanliness throughout all phases of the mission is set to this 1mg/m3. To loosen this requirement the
types of contaminants found on Mars and their toxicity must be further characterized.
There is an additional requirement for the size of particles cleaned. Figure 3.34 shows a range of
particulate matter that can be filtered by the ESP process. This clearly exceeds the level already
achieved on the ISS (0.3 microns), offering an opportunity for a significant improvement. It also offers
a potential for less cleaning required, no need for continuous replacement filters from Earth, and the
ability to filter to Martian dust. There has already been research into the size distribution of the
Martian dust, which would be of considerable interest for defining the requirements for the filtration
system. One of the leaders in this field of size distribution is Ron Greeley from Arizona State
University [Burke, 2003], a possibility for future collaboration.

Figure 3.34: Electro static precipitator collection range [PPC Industries, 2003]

Numerous benefits can be derived from having a single filtration system for all hardware elements of a
human Mars mission (i.e. transit vehicle, habitat, rover) and this possibility should be carefully
considered, especially regarding inter-operability among modules. During the Apollo XIII mission the
CO2 scrubbers needed to be interoperable, which is one example of when such a system would have
been beneficial. This is a secondary requirement dependant upon mission architecture, but one which
should be pursued due to its obvious advantages. Because of this it is proposed that the microgravity
ESP filtration system be capable of operating between 1g (Earth’s gravity environment) and 0g
(microgravity). This has two implications. First, it suggests that the filtration system could operate in
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the Martian gravitational environment (0.38g), as this falls within the 0g-1g gravity range. This starts to
validate the system for the Martian environment before it is actually tested on Mars. The second
implication is that this can help attract industrial partners for technology development and transfer
cooperation.
E-SAFE Filtration System

Several of the proposals for the Ares filtration system are modifications of an ESP-type technologyproving experiment, Figure 3.35, to investigate filtration systems for use on Mars. In its current form
this could not operate in a microgravity environment and so it would not meet the requirements laid
out in Table 3.15. Figure 3.36 is a simplified diagram of Figure 3.35, which highlights areas of the
design that need to be revised for use in Ares.

Electro-Static Air
Filtration Experiment
(E-SAFE)

26 cm
78 cm

21 cm

Figure 3.35: Electro-static air filtration Experiment (E_SAFE) [Jain, 2003]
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Inlet Airflow

1.

1.

2.

3.

Clean Air
Outlet

4.
Collection Box
Figure 3.36: E-SAFE design features

1.
2.
3.
4.

Laser detectors and X-ray diffraction sensors
Oil trap, a secondary filter
Turbo pump
The collection box (with associated rapper system)

The four design features highlighted in Figure 3.36 are detailed below:
The primary goal of the Ares filter system is to free the air of particulate matter. The first two sectors
(1. in Figure 3.36) indicate the locations of the laser detectors and X-ray diffraction sensors. This
information provides data on particle counts and grain sizes at the chamber inlet and outlet. The
provision of this analytical data, though sometimes useful, is not directly required for this task. This
should therefore not be included in the initial design but may be utilized at a latter date for system
analysis. This could help to assess the Martian atmosphere or the efficiency of the system itself.
The oil trap used in E-SAFE (2. in Figure 3.36) is a secondary filter to catch particles to protect the
turbo pump blades. If the ESP for Ares were assessed to be efficient enough, with a mass flow
throughput large enough to compensate for particle leakage, then a secondary filtration system might
not be needed. For this to be the case the clean air outflow might also need to meet clean requirements
for any flow device used to maintain the habitat circulation. A secondary filter may still be of use but
wet filter systems such as oil traps would need to be adapted to function in microgravity, which can
make them complicated. Therefore the current barrier filters (HEPA) as used on the ISS would be
required (though replacement filters would then be needed).
The E-Safe system incorporates a turbo pump (3 in Figure 3.36) to
provide an adequate mass flow through the filtration system. However
within the Ares habitat the filtration system will be run from the habitat’s
own air circulation system (already required for the life support systems
and other ECLSS, and shown in Figure 3.37). The design featured in this
report has the CO2 Scrubbers paced near the sleeping quarters on the
middle deck and it is therefore sensible to place the filtration unit in the
same area. Current understanding suggests that the ECLSS does not
need as large a throughput of air as that of the filtration system. This
means that the airflow requirements would be driven by the filtration
system and the CO2 scrubbers (and other ECLSS requirements) could
use a simple bleed from this larger airflow after the dust filtration process
(Figure 3.38). The velocity of this bleed can be varied by simple fluid
dynamic principles of expanding the cross-section of the flow or utilizing
a sink method.
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Airflow from
Habitat

Dust Filtration
System

Clean Air
Out
Bleed to ECLSS

Figure 3.38: Habitat airflow division between Dust filtration system and Scrubbers

The last but most important issue shown in Figure 3.36 is the collection box (4. in Figure 3.36). This is
gravity dependent and therefore must be redesigned to either incorporate an artificial gravity
component or use an alternative method for clearing the collection plates. Methods to achieve this are
developed in the following section.
Ares Filtration System Proposals

Initial concepts to adapt the core E-SAFE ESP are detailed below.

Seal Airflow
Inlet

Collection Box

Seal Airflow
Outlet

Figure 3.39: Cleaning cycle using Artificial Gravity

This first concept, in Figure 3.39, requires the inlet and outlet to be sealed. The unit would then be
spun to produce an artificial gravity scenario and draw the particulate matter (dust) into the collection
box. The method of spinning could vary. One simple option is shown in Figure 3.39. The difficulties
are that this requires seals at the inlet and outlet, which are likely to experience heavy wear due to the
abrasive dust medium. An additional system is required to spin the chamber, and room in the design is
needed to allow for rotation. Vibration will be produced which may affect instruments or electronics.
The issue of moisture needs to be considered and is likely to require a desiccation process (this could
be by heating the air before it enters the unit or by baking the unit itself before the spin cycle). The
attraction of the dust to the collection plates may require rappers to be used during the spin cycle. This
shakes the plates at ultrasonic frequencies to release the particulate matter (breaking the weak bonds).
The design could be comprised of several chambers situated around a central axis to increase rotational
symmetry.
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Strong charge and airflow
Inlet Airflow

Clean Air
Outlet
Collection Box given
opposite charge to
attract dust
Figure 3.40: Cleaning cycle using additional charging affects

The second concept to solve the microgravity problem is to have a cleaning phase using a combination
of charge and airflow (Figure 3.40). The second charge is induced perpendicular to the normal flow
direction (from top to bottom as shown), with additional airflow to shift the particle matter (dust) into
the container. Rappers would be used to encourage the release of dust from the plates. This would
require a large (possibly variable) voltage, as the fields would need to be strong. This may then affect
instrumentation and equipment placed nearby. Alternatively an ion or electron beam could be used as a
remote charging device [Landis, 1998]. Here again the issue of moisture is likely to arise, causing the
same difficulties in removing the particulate matter from the collection plates. This is likely to require a
desiccation process. Due to the complexity and unknown effectiveness of such a system, this may
prove to be a less desirable option.
Negatively Charged
Clean Air
Outlet

Inlet Airflow

Positively Charged
Containment Jars,
charged

Additional Ionizing field
Figure 3.41: Direct capture of particulate matter

Figure 3.42: CAD drawing of filtration unit

A third option is shown in Figure 3.41 and Figure 3.42. This design requires the most research and
development. The design would be developed to test the filtration level attainable. Because the
distance between the positive and negative plates is larger than in previous designs, a higher voltage is
needed. To reduce this required voltage the chamber would need to be very long, meaning that the
diameter of the individual chambers would need to be very small. The Martian dust is already charged
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and so should be effectively collected. It is likely, however, that much of the particulate matter within
the Ares habitat may not already be charged and so Figure 3.41 shows an additional ionizing field with
electron rods similar to Figure 3.33. This would probably be installed further down the flow to capture
the rest of the particulate matter. An advantage of this system is that no rapper or similar system is
required to remove the particles from the collection plates. This should also reduce the sensitivity to
moisture, as there is no need to break the weak bonds whilst in the filter unit. It is also likely that the
different positions will attract different types of particulate matter, so this may help to isolate different
material types and sizes [Diaz, 1991]. This concept is somewhat analogous to the method used in mass
spectrometry. Mass spectrometry uses electromagnetic acceleration to deflect ions according to their
charge to mass ratio. By finding the level of deflection, the composition can be ascertained. The
problem with this design is the higher required field strength due to the distance between the charged
containers. A second problem is the number of containers, potentially making cleaning more complex.
Proposal Comparisons

1. The second proposal, Figure 3.40, has a complexity and unknown effectiveness that make it
difficult to assess at this point, yet it seems to offer the fewest advantages. This therefore may
prove to be a less desirable option.
2. The third proposal probably has the highest number of advantages but is likely to prove more
expensive to develop due to the new unknown design. The number of containers may help to
separate the particulate matter for later analysis, but this is unlikely to be a priority and adds
complexity to the operation of the filtration system.
3. The first option therefore appears to be the strongest at this time. The design is more readily
understood, which can introduce reliability in the technology. The requirement for a cleaning
cycle may be less desirable. The need to seal the unit for a cleaning cycle is also likely to be
problematic due to the abrasiveness of the particulate matter. As with all of the designs these
are preliminary concepts that need to be developed and tested.
Problems with cleaning the containers (which all the designs seem to feature) require further
development but various techniques could be employed depending on whether the dust should be
disposed of or analyzed. Some initial possibilities to dispose of the particulate matter are to connect the
containers to a waste system exposed to the external environment. To ensure the containers are empty
they could be given an opposite charge to repel the contaminants. If this was found to be problematic
then a method of mechanically brushing or scraping the contaminants could be developed.
The development of an ESP filtration system requires laboratory facilities on the ground, which would
presumably try to associate or have close links with the filtration industry. The final design would need
to be tested in the proposed Mars Environment Room (section 2.4.1) and subsequently sent to space
for final testing. This could conceivably be done on the current ISS configuration, if the filtration unit
were compatible. The preferred environment for the Space Segment testing would be in Ares, which
has the necessary support systems and ECLSS. This would also allow true testing for the large habitat
area and help prove airflow concepts and demonstrate the filtration efficiency.
Costs and facility requirements

E-SAFE (Figure 3.35) is the initial starting point of this investigation proposal, and its development
cost was stated as USD 3.1 million with a feasible range of USD 2.8 million to USD 3.5 million [Jain,
2003]. However, the proposed designs differ from both the E-SAFE design and one another, with
only the use of ESP technology in common. E-SAFE incorporates a turbo-pump system to account
for the low pressure of Mars, greatly increasing the cost and power requirements. The Ares filtration
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design would predominately operate in a habitat environment. This reduces requirements, as the
habitat is pressurized. However, the development work needed for these designs differs significantly. It
is suggested the filtration system will be of a similar order of magnitude to E-SAFE, and that the
development cost will be no higher than USD 5 million.
Beyond this estimation, the cost of the technology development is difficult to ascertain. It is reasonable
to suggest that the project would require:
• 1-2 full time Ph.D. researchers (atmospheric physics specialists)
• 1-2 full time technicians
• 1-4 design engineers
Laboratory space and weekly workshop access would be needed to develop and build the unit.
Access to a Martian analog environment or to the worst case scenario of a habitat environment
containing traces of Martian dust and other particulate matter will be required for technology proving.
Long term testing would also be required, but this could occur in parallel to other tests.
Once the unit has been tested on the ground, testing on the Space Segment is necessary. This could be
done on the ISS but the ancillary ECLSS and flow systems may need adapting or further
supplementation. The ideal test area would be Ares, as this would provide the correct environmental
volume, airflow, and support systems.
3.10 Conclusion
As described above, purely Earth-based science and research will not always provide the answers
required for enabling the human exploration of Mars. An undertaking of such magnitude and
complexity will demand rigorous testing and validation on ground as well as in space. Ares, the Space
Segment of the Morpheus Program, has been designed to compliment the Gaia facility and
collaborative network on Earth in the endeavor to remove the roadblocks on the way to the red planet.
This chapter has highlighted some of the pre-Mars science and technologies to be addressed within the
Ares module. While this list is not all inclusive, the multitude of possibilities is testament to the
capabilities of Ares. A few such issues have been described in detail that demonstrate the range of
research that Ares can accommodate.
Modeled after a Mars transit habitat, the development of Ares will itself be directly applicable to future
missions. The expansive volume afforded by the inflatable Ares, will permit research in areas that was
previously impossible in the confines of traditional ISS rigid modules. Ample room has been devoted
to this research without compromising the habitability of the module. The research that will take place
in Ares will make significant inroads into the problems associated with long duration space flight and
hasten the decision to send humans to Mars.
Progress is not a leap in the dark, but a succession of logical steps
Robert Goddard
Ostensibly, the human exploration of Mars will become a reality only after many such steps.
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4

ENABLING OVERHEAD ACTIVITIES

4.1

Introduction

The enabling overhead activities (EOA) are defined as the tasks needed to establish and maintain the
Morpheus Program as well as the tasks that must be performed in order to reach its defined goals.
Areas that fall in this category are:
•
•
•
•
•

organizational aspects of the Morpheus Program
all business activities (finance, marketing, management, etc.)
legal requirements (contractual issues, ISS regime, international law, etc.)
the policy framework, and
any other activity that is linked to the support and management of the core activities (research
and development)

These aspects are discussed in the following chapter, whereas the technologies and science needed
prior to a decision to send humans to Mars, as performed and developed through the Morpheus
Program, have been outlined before.17
The first and most critical task before arriving at any construction or utilization of hardware elements
is to identify and set up the organization that can realize the Morpheus Program, and to find ways
of raising the necessary funds for any initial investments. The detailed requirements and implications of
these tasks will be discussed in this chapter, along with marketing strategies and legal aspects of the
decisions made.
4.2

Organizational Aspects

4.2.1

Overview: the Elements of the Morpheus Program

The key to understanding the structural approach chosen for the realization of the Morpheus Program
is the fact that Morpheus consists of a multitude of elements which evolve over time. The
introduction to this report gives a clear, exhaustive description of both the elements and the timeline
of Morpheus (see section 1.4). In order to provide a better understanding of the Enabling Overhead
Activities (EOA), a short list of definitions of these elements is repeated:18
•
•

•

Entrepreneur. Person (or group of persons) being the “mastermind” behind the Morpheus
Program. Initiates the first steps in order to get the program started.
The Kasei Company. First entity established for the Morpheus program. Private non-profit
organization which becomes the organizational nucleus of Morpheus. Runs Gaia, is the center
of the collaborative network and becomes one partner in the Morpheus Consortium.
Gaia ground facility. State-of-the-art research facility for human Mars mission preparation.
Contains special laboratories, a mid-fidelity version of the Ares module and an Ares tourist
mock-up.

The technical and scientific chapters, as can be seen in the table of contents, are broken down according to the
two main program phases of Morpheus, starting with the Ground Segment (Gaia and collaborative network) and
continuing with the Space Segment (Ares).
18 in chronological order.
17
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•

•

•

Collaborative network. Affiliates from academia, industry, and governments, freely
associated to provide more research opportunities on a mutual basis. Through the
collaborative network, scientists can be sent to Gaia, experiments of Gaia projects can be done
in facilities elsewhere around the world, and information can be easily exchanged.
The Morpheus Consortium. Strong contractual partnership between entities and space
agencies with the main purpose of resource bundling for financing and realizing the Ares
space module for ISS. The Kasei Company is one of these partners. Combined advantages
through private public partnership.
Ares module. Space Segment of the Morpheus Program. This spacious module, based on
TransHab, will be docked to the International Space Station as the next important step in
enhancing the development of a human mission to the planet Mars.

Out of all these elements, some have already been described in detail in the Ground Segment chapter
(Gaia / collaborative network) and Space Segment chapter (Ares) of this report. Hence, the main
organizational aspects left to deal with in the frame of this section are the structure of the Kasei
Company and the setup of the Morpheus Consortium, both preceded by a detailed justification of the
organizational approach chosen for the entire Morpheus Program.
4.2.2

The Trade-off Decision for a Structure

For organizing a new innovative space program like Morpheus the possible structure is either a
traditional approach through a governmental space agency, or a mixed structure of governmental and
private elements, or a fully private undertaking. Every approach offers some unique advantages, but at
the same time contains drawbacks. Considering the size and complexity of Morpheus, the decision on
the program organization is particularly crucial.
In order to provide a profound basis for any decision and to arrive from there at the best structural
solution, a set of criteria was established. This set, listed in Figure 4.1, contains 27 factors that to one
extent or another would influence or shape any space program similar to Morpheus. Not all of them,
however, were weighted equally: In an internal ranking, five out of the 27 criteria have been selected as
“key criteria” in terms of importance for Morpheus:
•
•
•
•
•

Dependence on national interests
Ability to finance high cost projects
Financing potential
Spin-Off / Spin-In potential
Accessibility to astronauts and existing space hardware

As can be seen, much emphasis has been put on financing of the project. Another important criterion
is access to existing space infrastructure. Such access (with a specific focus on the ISS) is vital because
it would either be impossible to get access without a collaborating space agency or very expensive,
which in turn could easily make the program financially unfeasible.
Both the five key criteria, and all other criteria of influence have been thoroughly assessed. 19 For this
process, every criterion was applied to the three organizational approaches – public, mixed and private.

19

Details of the weighting process are given in the figure description.
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Table 4.1: Example of the trade-off assessment

CRITERION

Ranking applied to
fully public approach

Ranking applied to
mixed approach

Ranking applied to
fully private approach

“Access to astronauts
and existing space A governmental space The involvement of a A
purely
private
agency like NASA agency as governmental space agency organization would have to
hardware”
Questions asked: How easy,

a driver of Morpheus would

would give relatively easy

enter negotiations with the

flexible and cost-effective is

have no problems to access

access

hardware owner and rent

the access to and utilization

and

infrastructure

of space hardware, e.g. the

infrastructure in space. The

Private partners involved

rather expensive. Does not

International Space Station?

agency trains and employs

slightly raise the level of

have

How easily can experts be

its own astronauts and has

complexity

workforce would have to be

found who perform the

all resources necessary.

making processes.

use

its

own

to

existing
in

in

space.

decision

capacities.

bought

Inflexible

own
in,

and

astronauts;
too.

Not

impossible, but expensive.

work required in space?
Ranking:
Very easy = 10
Impossible = 0

Ranking:

10

Ranking:

9

Ranking:

4

Based on the average evaluation of the results, and as can be seen from Figure 4.1, the best option
appears to be a mixed approach including both private partners and national space agencies.
Such a mixture benefits from combined advantages In terms of accessibility to public hardware, i.e.
ISS, as well as in terms of intergovernmental interactions and intellectual property rights release, this
structure clearly represents the most advantageous possibility (as it includes governmental space
agencies). In terms of flexibility of work force and the ability to raise money through non-traditional
sources, a high output is maintained through this option, profiting from the private part of the
approach. It was shown that Morpheus therefore can be best built up on this private-public
partnership.
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Figure 4.1: Complete trade-off chart
In Figure 4.1: Complete trade-off chart, the chart shows the approach used to identify the organizational
structure of the Morpheus Program. The criteria have been rated on a scale from 0 to 10, where 0 is the least
desirable quantity of a criterion, and 10 the most desirable quantity of a criterion. The average ranking of all 27
criteria, with special emphasis on the key criteria, suggests a mixed private-public approach as the best
option for Morpheus.

4.2.3

The Kasei Company

Human Resources of Kasei

The Kasei Company will hire a permanent staff of 11 people that will form the management of the
Gaia facility. These people will be responsible for the day-to-day operation of the facility and make
sure that the capacity is maximized. Three people of the permanent staff are dedicated to research on
the Ares module. These people will conduct some basic R&D on the module throughout phase 1A, so
that the final development costs in phase 1B can be significantly reduced. Figure 4.2 provides an
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overview of the management structure.

President

Administration Staff (2)

Legal Advisor

Vice President
Business Development
Marketing Manager

Vice President Science

Sales Representative

Ares Development Team

Figure 4.2: Kasei Company management structure

Because the Kasei Company is defined as a non-profit organization, the company must abide by some
provisions, as they are laid out in the California Corporations Code section 7210. They state that any
non-profit company must have a board of directors, which has the final responsibility of the company
strategy and that the management is ‘under the ultimate direction of the board.’ The board of directors
must be approved by the members of the company or by the majority of the members. The Kasei
Company will fulfill these requirements.
Company Location

The Kasei Company will be based in California (USA), as will the Gaia ground facility. In fact, the staff
of the Kasei Company will have its offices inside the Gaia building. The reason for such proximity is
of an administrative and logistical rationale.
Political / legal constraints (Kasei):
•

•

USA is both the host country of the entity
and leading partner in the International
Space Station program
Necessity for easily obtaining a license
from NASA for using TransHab
technology (requires registration and
location of the entity in the United States)

Organizational / technical constraints (Gaia):
•

•

Vicinity of space research facilities, space
companies and other technology focused
enterprises for collaboration
Vicinity of universities for increased
research capacities and sharing of human
resources
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•
•

4.2.4

Location near a big city (Los Angeles) for the potential of revenue through the use of the
facilities for commercial tours and a constant flow of tourists
Necessity of having continuous access to a desert enabling investigations on rovers in a Marstype environment
The Morpheus Consortium

The Morpheus Consortium is the second organizational entity of the program, however not in legal
terms. Members in this partnership will range from the Kasei Company to space agencies, private
industry, universities, and research associations, Figure 4.4. Even though this consortium does not
constitute a new company or corporation, it is tied together by a strong partnership agreement.
Members will contribute to the common goal – which is the development and construction of the
Space Segment Ares – both by financial and logistical commitments. Together the members formulate
a strategy to reach the goal of launching Ares. It is most likely that all major actors in the final
development, construction, launch and operation of Ares will come from the Morpheus Consortium,
e.g. NASA.

Figure 4.4: The Structure of the Morpheus Consortium

4.3
4.3.1

Business
Cost Structure

For any project to be a success it needs to have control of the cost structure and not exceed any
realistic amount that can be obtained in the marketplace. Given the timeline presented in section 1.4,
the following cost structure can be applied to the Morpheus Program. The costs are presented here as
initial costs and operational costs. Initial costs refer to costs that occurs before the Morpheus Program
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can be launched, whereas the operational costs are the yearly costs that is needed to keep the program
running as planned. No scientific experiments are included in these cost projections as the costs for
these are covered by the scientists and the institutions responsible for conducting the experiments.
Initial investments

The initial investments needed to get Morpheus to operational status are in total USD 6.5 million.
Section 4.3.2 provides an outline of the financing details. Below is a breakdown of the main elements
of the initial investment:
•
•
•

•

Purchase of suitable land area – USD 60 000
o Purchased by the leasing company
Construction of the Gaia facility – USD 9 million
o Built by the leasing company
Construction of the Ares mock-ups
o Outreach mock-up – USD 500 000
o Engineering mock-up – USD 2.5 million
Purchase of the other required equipment – USD 3 million

In addition to the above investments the Kasei Company will also use USD 500 000 in phase 0 for
market activities. During the two years of phase 0, communication is designed to make the target user
groups aware of what Morpheus can offer in terms of research facilities and other assistance. The
reason for the high expenditure in this initial phase is that brand awareness needs to be built, so a lot
of effort must be made during this phase. Once the Gaia facility is operational the market activities can
be scaled back, but a significant amount of money is still used for this purpose.
Operating costs

Once the above items have been procured and built, the operating costs come into play. These costs
will recur every year and will remain relatively stable for the first five years of the program. In year five
the development of the Ares module will commence, which will increase the costs. In year seven, the
Ares module will be launched and operation costs of the Space Segment will be added to the other
costs of the Morpheus Program. For more details on financing see the next section 4.3.2 on financing.
The main operating costs will be described in the bullet list below. There are however other operating
costs associated with the program. Table 4.2 or Appendix C provide a more detailed view.
•

•
•

Permanent staff salaries (11 people)
o President – USD 100 000 per year
o Vice President Business Development – USD 75 000 per year
o Vice President Science – USD 75 000 per year
o Legal advisor – USD 60 000 per year
o Sales person – USD 50 000 per year
o Marketing Manager – USD 60 000 per year
o 2 Administrative persons – USD 50 000 per year (x2)
o 3 Ares development staff – USD 40 000 per year (x3)
Building lease
o 5 % of building cost + interest – USD 500 000
Marketing activities
o Phase 0 (2 years) – USD 500 000
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•

o Year 1 – USD 150 000
o Year 2 onward – USD 100 000
Ares research
o The effort starts out in year 1 with a budget of USD 300 000. In Year 5 the allocation
for the Ares development has been increased to 450 000
Table 4.2: Costs by program phase in USD
Initial
investment
Phase 1A
Phase 1B
2 years
5 years
2 years

Equipment

3 000 000

Ares mock-ups

3 000 000

Phase 2A
5 years

Phase 2B
5 years

Building lease

2 500 000

1 000 000

2 500 000

2 500 000

Personnel
Building
maintenance

3 200 000

1 280 000

3 200 000

3 200 000

1 550 000

900 000

2 250 000

2 250 000

Market activities

500 000

550 000

200 000

500 000

500 000

500 000

6 200 000

500 000

500 000

1 950 000

300 000 000

1 000 000

400 000

1 000 000

1 000 000

11 250 000

309 980 000

9 950 000

9 950 000

Insurance
Ares development
Other operational
costs
6 500 000

Total costs

Table 4.2 shows the cost of the entire program broken down into per phase costs. Phase 1B will not
start until the required funding for the Ares module is secured, most likely by a space agency or a
group of space agencies. The planned beginning of the final development of Ares is in year 5 after
ground facility operations start.
Another important operational cost is insurance. For phase 1A, insurance costs are estimated to be
USD 100 000, which will cover general insurance for the facilities and personal injury on the site.
However, insurance becomes a significant cost in phase 1B when the Ares module is being built. The
total value of the Ares module is estimated to be USD 300 million. Given 1 % insurance cost of the
total value of module in the pre-launch phase [DaCosta, 2001], the insurance cost will be USD 3
million (in addition to other insurances).
Experiment costs

Even though the Morpheus Consortium will not pay for the cost of the experiments conducted at the
Gaia facility, a quick overview of selected experiments and their related cost and resource issues will be
provided as a rough guide for future experiments.
Table 4.3: Estimated personnel costs for experiments [DiRuggiero and NASA]

Item
Ground personnel20
- Post doctorate
- Student
Space personnel
- Astronaut

20

Estimated cost
USD 40 000 (year)
USD 25 000 (year)
USD 15 000 (hour)

Provided by the institution responsible for the experiment.
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•

Isolation study: This will be conducted through the Morpheus network. The timeline of the

•

experiment is set to 5 years and will involve 20 test subjects. 8 persons are needed to conduct
the experiment, whose skill level must be Ph.d and Ph.d students. The estimated cost for this
experiment is EUR 3.5 – 4 million. See section 2.4.5 for more information.
In-Situ Propellant Production (ISPP): This experiment will be conducted at the Gaia
facility. The timeline is flexible, but can go over several months. The required equipment is a
standard lab. The estimated cost for this experiment is EUR 200 000 to EUR 500 000. 2 - 4
people are required for this experiment. See section 2.4.3 for more details.

Ares development costs

During the 17 years of the Morpheus Program outlined earlier (see section 1.4), the development and
construction of the Ares module for the ISS will be the most significant cost. These costs occur mainly
in phase 1B, where the bulk of the development takes place, and 2A, where launching and docking to
the ISS takes place. The total cost expected for the development is around USD 300 million [Berger].
This is based on a USD 200 million maximum investment from NASA and USD 100 million from
industry.
In addition to the development of the module itself, the launch cost must be considered. Currently
there are six different launchers that can place Ares on the ISS. These are listed below.
•

•
•
•

•
•

Space Shuttle
o Cost – USD 500 million
o Not very likely to be launched with the Shuttle, but Ares does not need to be
equipped with a propulsion system. The Shuttle can deliver the module to the ISS
and use the Canadarm to dock it with the station.
Ariane 5
o Cost – USD 118 – 130 million [NASA JSC, 2003]
H-IIA
o Cost – USD 140 million [Expendable launch vehicles, 2003]
Proton
o Cost – USD 60 – 85 million [Expendable launch vehicles, 2003]
o Using this launcher is the most likely option, as it is the most affordable. The
launcher is also an essential part of the ISS operation, and therefore is accepted by all
partners of the ISS.
Delta IV Heavy
o Cost – USD 140 million [NASA JSC, 2003]
Titan IV
o Cost – USD 330 – 435 million [NASA JSC, 2003]

It must be noted that for all the above mentioned launch vehicles (except for the Space Shuttle), the
Ares needs to be equipped with a propulsion system. This will obviously add to the expected
development costs of the module, but the cost is expected to be no more than the cost of an ATV.
4.3.2

Financing

As mentioned in section 4.3.1, the Gaia facility will cost USD 9 million to construct. Approximately
USD 6.5 million will be needed to outfit the facilities with equipment, laboratories, the Mars
environment chamber and the two Ares ground mock-ups.
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The cost of the land and facility construction can be mitigated through contracting with a leasing
company that will build the basic Gaia building on their own while allowing the Kasei Company to repay the costs over a prolonged period of time. The Kasei Company will pay annual interest on the
remaining unpaid value of the property, but the ability to have the facility built with little upfront cost
justifies this loss. Deutsche Baumanagement GmbH (Germany) is a good example of this type of
leasing company.21
USD 7.5 million consisting of the outfitting cost of USD 6.5 million dollars plus a margin of about
USD 1 million (that is needed to cover unforeseen expenses and maintenance costs for one to two
years) could be raised by seeking sponsors from agencies and industries. Building naming rights have
been sold in the past for a few million dollars. In commercial buildings, naming rights are often offered
as a free enticement to the principal lessee [Muto, 2002, p.2]. Sports facilities attract large fees for
naming rights, for example the naming rights for “The Dome” in St Louis cost USD 2.65 million per
annum [Miller, 2002]. Perhaps the closest comparable facilities are university buildings. The one off
naming rights to Hillside Hall at Indiana University Southeast were sold for USD 3.5 million [Norton,
2003, p. 2]. In the case of an institution like Gaia, it would be feasible to raise funds in the range of
USD 3.5 million dollars on the name alone. That leaves USD 4 million dollars to be raised by other
means.
Further means of raising money is corporate sponsorship, including selling the naming rights for
rooms in Gaia. The sponsors can be attracted by offering to put their names on a large plaque that
would be displayed in the entrance of the facility. This form of attracting sponsors has been used
successfully in the past. An example in the education field was the naming rights (using plaques) of
rooms in the sports center of Columba College, New Zealand. The price for each room varied from 3
– 16 % of the total cost of the facility, depending on the prominence of the room [Columba College,
2003]. For Gaia one can expect from twenty to forty sponsors, with each donation ranging from USD
100 000 to USD 500 000. To capitalize on the broad public appeal of Gaia, naming rights for paving
bricks could be very lucrative. With a range of money raised from USD 4 million to a maximum
realistic value of USD 20 million, there should be no shortfall.

21

The legal structure of this leasing arrangement is explained in detail below (section 4.4).
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Cash flow
Table 4.4: Yearly income for phase 1A in USD
Source

Description

Laboratory

USD 250 per

rental
Ares ground
laboratory
MEC
Conference
room

m2/year
Average 40
weeks
Average 40
weeks
Peak at 50
days per year

Year 1

Year 2

Year 3

Year 4

Year 5

300 000

390 000

425 000

425 000

425 000

300 000

390 000

400 000

400 000

400 000

650 000

750 000

800 000

800 000

800 000

15 000

22 500

45 000

75 000

75 000

500 000

900 000

1 750 000

1 750 000

1 750 000

500 000

900 000

1 750 000

1 750 000

1 750 000

2 265 000

3 352 500

5 170 000

5 200 000

5 200 000

USD 10 x
Visitor/tours

~7% KSC
attendance22
(year 3 – 5)

Gift shop

USD 10 per
person

Total income

Table 4.5: Yearly costs for phase 0 and 1A in USD

Equipment
Ares mockups
Building lease
Personnel
Building
maintenance
Market
activities
Insurance
Ares
development
Other
operational
costs
Total Yearly
costs

Initial
investment
(2 years)
3 000 000

Phase 1A
Year 1

Year 2

Year 3

Year 4

Year 5

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

150 000

250 000

250 000

450 000

450 000

150 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

300 000

350 000

400 000

450 000

450 000

200 000

200 000

200 000

200 000

200 000

2 040 000

2 140 000

2 190 000

2 440 000

2 440 000

3 000 000

500 000

6 500 000

Table 4.4 shows yearly income, Table 4.5 shows yearly costs, and the following Figure 4.5 shows the
cash flow for the first 5 years of Gaia operations.

22

Kennedy Space Center attendance is approximately 2.75 million tourists per year [Sonic, 2003].
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Cash-flow in phase 1A
3 500 000
3 000 000

USD

2 500 000
2 000 000
1 500 000
1 000 000
500 000
Year 1

Year 2

Year 3

Year 4

Year 5

Year
Figure 4.5: Cash flow for phase 1A (first 5 years)

Focusing on the first five years of the Morpheus Program (phase 1A), the cash flow is very good. Due
to targeted and effective communication the Kasei Company is able to quickly maximize the capacity
of the building. And in only three years, tourism and visitors are expected to reach the expected level
for this kind of establishment. By the time the Ares module is about to be constructed at the beginning
of operating year six, the Kasei Company should have a cash surplus of around USD 10 million to
contribute via the Morpheus Consortium.
4.3.3

Marketing

There are a number of marketing activities that must be conducted for Morpheus. These activities will
ensure that relevant people have the necessary knowledge about the program, and it will also increase
the probability of future support. All marketing activities must be coordinated and designed to
communicate the same overall image to all recipients. This is important for the image and perception
of the work conducted in the Morpheus Program.
The marketing mix

The marketing mix consists of the 4 P’s: product, price, promotion, and place [Peeters, 2000, p. 45].
Below each of the four P’s are discussed in detail as it applies to the Morpheus Program.
Product. The products that Morpheus offers are the following:
•
•
•
•
•

Lab space and equipment for rent targeted at the scientific community and technical
developments with Martian focus
PR assistance for the scientists, so that their work may be publicly known, also outside the
scientific community
A visit to the Gaia facility where visitors can see a full size mock-up of the Ares module,
scientists at work, sit in Mars rovers, and other activities in the Gaia facility
A conference room that can be rented to interested parties
The Gaia facility gift shop where various space memorabilia can be purchased including
samples of the “Mars dust” used in the facility
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The above points are not an exhaustive list and new products will be introduced when the market
demand arises.
Price. The Gaia facility will offer unique opportunities for research and technological development.
This allows the Kasei Company to charge a premium on the facilities. With world class equipment and
support staff the scientists can focus more on their research and leave the marketing efforts to the
Kasei Company. This service is included in the price of the facilities. Table 4.6 shows some prices of
the services Morpheus offers.
Table 4.6: Price of services
Service

Price

Lab space

USD 250 per m2/year

Conference room

USD 1 500 per day

Mars Environment Chamber

USD 20 000 per week

Visitor entry fee

USD 10 per person

Promotion. There are several ways to approach this task. One of the most important issues is to
identify who you are communicating to. A key element of marketing is to know your customer
[Goodrich, 1989, p. 92]. In the case of Morpheus, the customers would consist of several different
target groups who have different needs and different backgrounds. These target groups can be defined
as follows:
•

•

•

•

•

•

General public: The general public includes people of all ages and backgrounds. This is
traditionally a difficult segment to market to, due to the wide demographic spectrum. In the
case of space communication it is assumed that the level of general knowledge is low, but
interest is medium to high.
Space agencies: The space agencies are all of the government space agencies, such as NASA,
ESA, NASDA and Rosaviakosmos. This is a very important group to reach for the Morpheus
Program because of the usage of ISS and the need for specialized skills.
Private industry: The private industries are companies that are profit oriented. The Morpheus
Program will include this group in the partnership arrangement and facilitate the mutual
benefit for profit (for the industry) and scientific output (for a Mars mission).
Government/politicians: The government and the politicians are important to address
because they decide space funding and will eventually be the ones who decide whether a Mars
mission should be undertaken or not.
Scientific community: The scientific community has the knowledge of how to conduct
experiments and what needs to be done before a Mars mission can be undertaken. It is vital
that various scientific organizations are aware of Morpheus and become partners. They are
also the primary user of Gaia.
Media: The last key target group for communication is the media. The relationship towards
media organizations must be close and mutually beneficial. The Morpheus Program is
dependent on the media to reach the public and for other communication purposes. The
media will gain prestige from being associated with Morpheus, and could be granted
exclusivity rights to certain information depending on their level of support.

In Table 4.7 the above groups have been characterized and the most appropriate communication tool
has been identified. By knowing the target audience, the Morpheus management can achieve a much
more effective communication and reduce spending on non-effective communication.
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Table 4.7: Target group characteristics and marketing tools
General

Space

Private

Government/

Scientific

public

agencies

industry

Politicians

community

Medium

High

High

Medium

High

High

Very large

Small

Small

Medium

Large

Media

Group
characteristics
Group
importance
Size of group
Knowledge of

Low to

space

medium

Very high

Medium to
large
Medium to
high

Low

Medium to

Low to

high

medium

Marketing tools
PR

Yes

No

Yes

Yes

Yes

Maybe

Advertising

Yes

No

No

No

No

No

Impossible

Yes

Yes

Yes

Yes (vital)

Yes (vital)

Personal
communication

Below are several of the tools of marketing described and how those should be applied to Morpheus.
These do not represent the only marketing options available, but highlight a few important tools that
must be utilized.
•

•

PR. Public relations is vital for the program success. In order to increase awareness of
Morpheus and for Mars missions, the general public needs to be reached through the media in
the form of newspaper articles and spots on TV. PR as a marketing tool is also cheap when
compared to other tools. For this reason PR will be one of the most important tools of
communication towards the general public. Another perspective is to allow other companies
and organizations to use Morpheus in their PR efforts. This can potentially create synergy
effects by combining two brand images that can mutually strengthen each other’s
communication efforts. These partners must be carefully chosen, as it is vital that the integrity
of Morpheus is maintained.
Advertising. Advertising is among the best and most effective ways of reaching the general
public. The problem, however, is that is a very expensive form of communication. The cost
will most likely be more than what the
Morpheus Program can afford. Along
the lines of PR, the Morpheus
Program
could
allow
partner
organizations to use the program logo
and other trademarks in their
advertising campaigns. This would
naturally be accepted for a fee or as a
package deal if combined with
involvement in either ground or space
facilities. Again, the partners must be
carefully
chosen
to
avoid Figure 4.6: Example of how companies can use specific
missions in their advertising.
miscommunication. Figure 4.6 is an
example
of
how
commercial
companies can use space in their promotion, exemplified by using Lego and the Apollo
program.
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•

Personal communication. Personal communication is one-to-one communication. Simply
put, it means that Morpheus personnel approach important target groups directly and
personally, such as space agencies and the media in order to achieve a good working
relationship. If Morpheus fails in this area, it could jeopardize the whole program.

Place. As outlined in section 4.2.3 above, the location of Gaia will be the Californian desert in
proximity to Los Angeles, USA. All related details can be found above.
Media interactions

The Morpheus Program could also benefit from the sale of media rights for several types of activities
involving the facilities that are being developed. Media rights are sold to a television network for a
given event or other activities that are interesting for the media. Examples of such events are listed
below:
•
•
•

Reality shows based on Ares
Discovery specials
Competitions with a space theme (e.g. “Astronautene” [The Astronauts] on Norwegian TV2)

The media rights of such events could help Morpheus to gain awareness among the general public, as
TV shows of this nature tend to be popular. Having positive associations with the “right” show may be
very beneficial. The selection of type of shows that should be associated with Morpheus must be
approached with due diligence. It is vital that the integrity of Morpheus is maintained and that the
chosen show can add value to the image that the Kasei Company tries to establish for Morpheus. A
general rule of thumb should be that only shows that focus on the positive sides of space and
humanity should be selected. Shows that focus on the negative sides of humanity, such as “Big
Brother”, should be avoided.
Tie-ins

Another tool of marketing that can be beneficial for Morpheus is called “tie-ins”. This means that two
different brands for a given marketing campaign or in a given situation create synergy effects by
combining the positive connotations of both brands. In the case of Morpheus this could happen a
number of ways. A few of these are highlighted below.
•

•

•

The Ares Mock-up. Ares represents something new and futuristic in space exploration. It
could then be interesting for certain companies to be associated with that, and through a
campaign using the mock-up, both the partner and the Morpheus brand can be strengthened.
The Morpheus Program. The program itself can also be utilized for tie-in purposes. Slogans
like “Together we pave the way for a visit to the Red Planet” can raise awareness for all
participating parties.
Outreach program. With a well-defined, and well-executed outreach program, it could also
be an interesting undertaking to combine it with marketing efforts. More details on the
outreach program can be found in section 4.5.

A good example of a tie-in in the space sector is the partnership between Lego and The Planetary
Society [Red Rover, Lego press release, 2003]. Through this partnership Lego gets the right to sell
Lego models of the Mars rovers that are currently being launched by NASA. Together they are also
involving students who will compete for the opportunity to join NASA JPL scientists, to conduct an
experiment. This is an example of how two unrelated organizations can achieve synergies by
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combining forces.
Website

A comprehensive website that includes information about all aspects of the program must be
developed. The Internet is the single most accessible point of information for most people, and people
expect to find the information they looking for there. This website could then be used for outreach
purposes around the world.
The website should include features such as:
• Detailed information about all experiments: All experiments should have comprehensive
descriptions that outline purpose, duration, involved parties and why the specific experiment is
important for a mission to Mars.
• Information about the organization, management and contact persons: The history and
background of the Kasei Company, as well as the Morpheus Program, must be accessible.
Detailed contact information should also be included, so that people can easily find the person
responsible for the area they are interested in.
• Interactive tour of facilities and Mars: This feature would help people who want to use the
facilities to familiarize themselves with the Gaia facility. The information should include
available slots for research, a brief description of each room, and other interesting facts about
the facility. A similar interactive tour could be made for Mars, showing the map with all
landing sites and explanations of the different aspects of Mars.
• Downloadable games, screensavers, and other material: This feature would be aimed
more at non-professional people who are interested in Mars and space material. It could also
include professional items, such as published papers accessible through the Morpheus
network, or other materials of interest.
• Links to all partners involved: All members of the collaborative network should have a page
with a description of their involvement. Relevant links should be included for those who seek
more information.
• Membership of “the Mars Club”: The Mars Club is something that could be initiated in
order to raise awareness of the importance of a human mission to Mars. It would something
similar to the Mars Society or the Planetary Society, without excluding membership to those
organizations.
Ethical Aspects of Marketing and sponsorship

Marketing and sponsorship of Morpheus will entail consideration of unique ethical issues. The large
budget required for Ares will entail global marketing. The image of the venture must not be offensive
to any culture or to any large group. Therefore, sponsorship can only be sought from companies
whose product is almost universally inoffensive – products such as alcohol are not condoned by all
cultures, and tobacco sponsorship would cause outrage in pockets of almost every society. While
marketing can be tailored to be more effective in specific countries, the image presented must not be
confrontational to the media in any society, as the media of a ‘conservative’ country that finds the
image offensive may publish the marketing material as a newsworthy but ultimately damaging story.
The transparency of accounting, and integrity of the executives of the program, must likewise be
beyond reproach. During the first few years the comparatively modest budget for Gaia and the simpler
organizational structure of the Kasei Company will allow for more marketing flexibility. However, it
would be the ideal time to pioneer the marketing techniques required for financing Ares, and for
protecting the integrity of Morpheus as a whole.
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The scope of Morpheus as a pre-Mars program entails some particular marketing considerations that
are philosophical in basis. The dream to explore space as a species, human kind, dictates an approach
of inclusiveness and cultural understanding. Space is a place where there are many things we don’t
know, and although the journey is difficult we can find many treasures. With the development of the
knowledge of human kind, we can explore further and further into the unknown. Space is not only a
place to explore, it is also a great market, currently supported mainly by two investors: the government
and industry. It has in three main aspects: scientific research, national security and commercial
activities.
The space market has historically been driven primarily by political and military forces, highlighted by
the “space race”, spy satellites, and ICBMs. Historically, commercial space applications grew
incrementally, using surplus launch capacity from the government. The 1990s saw a fundamental shift
toward commercial space application and commercial launches, clearly placing private concerns in the
business of space. From the 1990s, the space market, especially the launch market, declined due to the
decrease of the government investment in space programs. So, the rebuilding of the space market will
largely have to rely on commercial involvement. Commercial space activities are mostly centered on
communications, navigation and remote sensing. There is another very big commercial market in
space, which is not developed up to now: space tourism. This includes space travel, space hotels, space
activities and space sports. Given commercial benefits plus political interest and scientific value, some
governments are expected to be very interested in investing in Morpheus. Yet it seems somehow
indicative of our changing world, and of the universal appeal of space travel, that Morpheus will
commence as the work of a small private company, Kasei, rather than a large government agency.
4.3.4

Business Risk Analysis

The risk analysis provided here highlights the identifiable risks in the beginning of the project. Only
risks related to EOA will be discussed. Table 4.8 outlines the identified risks and the implications for
the Morpheus Program in decreasing order of risk to completion of Ares.
Table 4.8: EOA risk identification
Description

Problems with international cooperation due to policy problems
(political influences).
Gaia: Very low. One major nation may choose not to participate

Severity
Risk 1

(USA may bar Chinese involvement, or Chinese involvement may
lead the US to decline participation).
Ares: High. It will impact Ares greatly, if the USA is not involved.

Likelihood
Risk Level

High.
Gaia: Very low.
Ares: High.
Technology transfer agreements and structures may allow both

Mitigation

nations to participate. Successful cooperation in Gaia will promote
participation in the Ares phase.

Risk 2

Description

No agency commits itself to a human mission to Mars.
Gaia: Low.

Severity

Ares: High. Without commitment of a major space agency, the
available resources will not be sufficient to allow the realization of
Ares.

Likelihood
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Risk Level

Gaia: Very Low.
Ares: High risk of delay to Ares.
Alternative financing sources may be found.
Prolongation of phase 1A would allow more time for revenue

Mitigation

generation.
Commitment of a private investor in return for exclusive utilization
rights for phase 2B of the program, may allow progress on Ares.

Description
Severity

Risk 3

Financing of the Gaia facility fails.
Gaia: Very high. Not possible to build Gaia.
Ares: Very high. Delayed indefinitely.

Likelihood

Low.

Risk Level

High.
Wait for an agency to commit itself to a human mission, who then

Mitigation

may incorporate Gaia and Ares in their program.
Rent existing facilities to conduct research, which would have to
be done in several different places.

Description

Problems with international cooperation due to legal hindrances
High. Some of the existing frameworks could potentially affect

Severity

technology transfer, which would be needed during the Morpheus
Program

Risk 4

Likelihood

High.

Risk Level

High program schedule risk.
Hold early talks.

Mitigation

Make preventive agreements.
In the worst-case scenario, choose partners with an “acceptable”
characteristic.

Risk 5

Description

Wrongful identification of costs.

Severity

Medium. Underestimation leads to cost overruns.

Likelihood

Low.

Risk Level

Low program schedule risk.
Make periodic controls for early identification of a potential

Mitigation

Description
Severity

problem.
Gather the necessary information about every cost item.
Future private space tourism facilities compromise commercial
utilization potential of Ares.
Low. Financing not dependant on Ares commercial utilization.
Very low. Would require establishment and successful operation

Risk 6

Likelihood

of private space infrastructure for tourists within the next 15
years, outpacing ISS.

Risk Level

Low program risk.
Realize the ISS commercial potential and plan ahead.

Mitigation

Remain financially independent from space tourism exploitation,
as much as possible.
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4.4

Legal

4.4.1

Contractual and Regulatory Framework

The legal construction of Morpheus

For the implementation and execution of the Morpheus Program, a corporation named “Kasei
Company” is created as a non-profit organization under US law. As outlined above (section
4.2.3), the corporation will be established in the US state of California. As corporative law is not
codified under federal US law, the legal setup has to meet the requirements set by the California
Corporations Code. The non-profit corporation law of California knows three primary types of
(domestic, non-stock and) non-profit organizations: public benefit corporations, mutual benefit
corporations and religious corporations. Morpheus does not fall under the categories of “religious”,
“charitable”, “civic league” or “social welfare” purposes; thus, the company will have to meet the
requirements of a mutual benefit corporation according to Part 3 of the California Corporations Code
(“Nonprofit Mutual Benefit Corporation Law”, sections 7110 – 8910 CCC) in order to be
incorporated and being able to commence operations as legal entity. Most of these requirements, e.g.
the establishment of a board of directors according to Section 7210 f. of the CCC, do not pose a
problem. Should in any other realization scenario the Kasei Company be set up outside the United
States, e.g. in Europe, the respective national legal provisions would apply. As the legal structure of the
entity is not fundamental for the program execution, especially the realization of Gaia and Ares,
different corporative structures might turn out to be more favorable in other circumstances. However,
the given scenario seems to facilitate the objectives of the Morpheus Program best.
As explained in the introduction to this report (Section 1.4.), the Kasei Company will exist from day
one of the program execution. All legal and commercial interactions will be handled from or via this
legal subject. However, during implementation phase 0 (Gaia ground facility construction), the internal
Kasei Company structure (see section 4.2.3) will soon be expanded by an Advisory Board. This board
will consist of senior experts coming from academia, agencies and industry, providing a forum of
advice and interaction. The members should provide advice on the direction of research in Gaia; they
indicate which researchers to accept in the collaborative network, and which projects to give to Gaia;
in every case, the Kasei Company has no obligation to follow their advice, as the board is not intended
to be incorporated in the legal structure of the company.
At the same time the advisory board will have been created to support the Kasei Company, the latter
one will initiate negotiations with a wide variety of research institutions and universities, but also
individuals, to build up the collaborative network. This network is much more built on factual,
mutual relations than on a contractual basis. Individual or entities, willing to collaborate with the Kasai
Company in terms of using or facilitating the utilization of Gaia, can express their interest; thereinafter,
the Kasei Company will issue a formal invitation. Mutual terms and conditions of the collaboration
might be agreed upon, at least on the basis of a so-called “gentlemen’s agreement”. Further details are
given below.
Independent from the collaborative network, a stronger partnership with partners from governmental
or intergovernmental agencies as well as a few universities and research institutions23 will have to be
The advisory board members are supposed to come from future partners of the Morpheus consortium. The
main reason for establishing the board is to create, early, an “emotional link” between the Morpheus Program
(executed by the Kasei Company) and thereby to facilitate the creation of the consortium partnership later on.
23
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implemented: the Morpheus Consortium. From a legal point of view, this consortium will not have a
separate legal personality (therefore no additional legal entity is formed), but it will represent a flexible
partnership between all interested actors including the original Kasei Company. The legal trade-off for
refraining from another legal personality was based on the following factors:
•

•

For the scope of the partnership, a separate legal personality for the consortium is not
necessary. It would otherwise add to the administrative cost and require another legal and
managerial structure in addition to those of all partners.
An inter-agency, inter-academia and inter-industry partnership allows more opting-in and
opting-out options for the members without being bound by the regulatory framework of any
domestic corporation law.

The framework of the consortium will be provided by an inter-partner agreement, at a first glance
possibly based on International Law. The International Space Station partnership between 15 countries
represented by governments or agencies hereby serves as a model. However, the membership of at
least one private legal entity, the Kasei Company, slightly raises the level of complexity as a US nonprofit organization (as well as any other private legal person) is by definition no subject of Public
International Law.24 Therefore it is suggested to base the consortium partnership agreement on a
private law basis with special emphasis on the technical legal framework such as applicable (national)
law and dispute settlement. Nevertheless, lessons learned from the largest international space
cooperation to the present day – the ISS undertaking – have to be thoroughly assessed (see below
4.4.2.) and will represent valuable input for the Morpheus Program preparing for a future human
mission to Mars.
Industry and Institution contracting

The first huge investment of the Kasei Company will be the construction of Gaia (phase 0), an
undertaking requiring USD 9 million, plus USD 6.5 million to outfit the building. In order to minimize
this upfront investment, the Morpheus business plan includes a leasing deal with a leasing company for
outsourcing both the construction and the ownership of Gaia over a period of say 20 years. The legal
construction behind this concept can be described as follows: The Kasei Company will enter into a
contract with a leasing company L. Following the agreement, L then contracts with a construction
company to build the Gaia research facility. Kasei does not play a role in this relation, and L becomes
owner of both the facility and the land Gaia is built on.25 Regarding the contractual relation between L
and the construction company, it goes without saying that for the entire construction of the ground
facility, the respective state regulations of California will have to be followed, a responsibility not
directly affecting Kasei.26 In order to build Gaia, the design of the concept proposed under section 2.3
will have to be reviewed and approved by a professional architect and a civil engineer, in compliance
with the building standards of the California Building Standards Commission. Upon the approval of
the civil engineer the project can move forwards; otherwise L would have to consult its client or
facilitate any proposal changes with the respective construction company. After the realization of Gaia,
the Kasei Company will lease the building for a certain period of time at a fixed rate including a
In reality, the consortium as envisioned will be made up almost entirely of private or public entities other than
states / IGO, such as research institutions, universities or companies.
25 As a common principle in many national laws, land and building represent an entity which is usually not
separated (exceptions remain possible, however). As a second option, the Morpheus corporation can buy the
land area and then transfer a “building right” to the leasing company L.
26 It must be pointed out that the plans for Gaia included in this report are conceptual and thus should not be taken
as final drawings.
24
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transfer-of-ownership option at the end of the contract timeline. The parameters chosen for this
program proposal are a term of 20 years at an annual rate of USD 500 000, leaving a final payment of
USD 4.5 million for transferring the ownership of Gaia from L to Kasei. During the life of this leasing
contract, Kasei is by no means hindered to sub-rent the facility to potential scientific users. In fact, this
possibility is essential for the entire program: Similar to a typical apartment sub-rent, the company will
enter into special short-term agreements with the user community to rent space in Gaia and thus
generate income being used both for leasing fees to L and the build-up of resources for the later Ares
implementation phase.
Apart of the scenario described above, there is a number of other contractual relationships with third
parties during the whole program development and execution. All these relationships are based on
private law, in all probability following US law (depending on the actual arrangements). The following
list contains the most important Kasei interactions:
Kasei and financial institutions. In order to facilitate all financial interactions, such as fund-raising,
deposit administration, loans or tax issue handling, the Kasei Company will have to select a bank or
consortium of banks with preferably international contacts.
Kasei and insurance companies. The construction and operation of the Gaia ground facility
involves a multitude of potential risks, all of those requiring preparatory mitigation measures.
Insurance will have to cover the hardware (buildings, modules and mock-ups [especially necessary as
the latter ones can be rented for outreach purposes], laboratory equipment, vehicles and other
hardware) as well as the persons working in and for Gaia. Specific rules will apply for Ares Space
Segment, as this piece of hardware has to be flight qualified and will consume a huge amount of
financial resources (for further details on the Space Segment insurance, see below).
Kasei and the Gaia users. Every utilization of the Gaia facilities by guest scientists or institutions will
have to be regulated on a mutual basis by an utilization agreement. This document will contain the
terms and conditions of utilization as set up by the Kasei Company (in cooperation with the Advisory
Board), a utilization schedule as well as possible individual arrangements.
Kasei and the Morpheus Consortium. The relation amongst the members of the Morpheus
Consortium could be governed by one framework agreement applying to all partners (e.g. “terms and
conditions of the Morpheus partnership”) and several additional contracts according to the number,
relationship, and rights and obligations based on the circumstances of individual memberships. A
sensitive issue in particular are the contributions of the partners to the overall program, may they
consist of money, intellectual property, hardware / software, transfer of rights and / or obligations,
media relations, manpower, logistics, or other factors, as well as their interrelation.
Kasei and the collaborative network. To what extent the proposed collaborative network (section
2.3.2) has to be based on an extensive legal framework is questionable. A more flexible and thus
realistic approach is to base this network on an informal notification procedure / exchange of notes
between the Kasei Company and all potential affiliates. However, general terms and conditions of
joining the network, even though on an informal basis, will be necessary to provide a set of parameters.
It is important to emphasize the quality difference both in legal terms as well as in political and
managerial terms between this network and the above described consortium.
Kasei and Ares. The specific legal circumstances of the Ares module final development, construction
and operation strongly depend on the final constellation of the consortium partners and their
respective decisions. Two main options seem possible: a) NASA as one partner of the Morpheus
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consortium, with the financial input from Morpheus ground facility operations and public outreach
and education strategies, and having made a new commitment to human interplanetary exploration,
takes the lead in the Ares construction and operation (providing the main part of the necessary
funding); in this case it would be NASA who selects the prime contractor for Ares and decides upon
possible inter-agency cooperation or outsourcing (as it has been done during the ISS development). Or
b) the Kasei Company, having raised enough funding for an upfront investment in the module,
contracts with an industry partner for very favorable conditions and takes this industry partner as coinvestor for the module; thereby both would become owners of the module, which then could be
leased to NASA and transferred into the agency’s ownership after a certain time period agreed upon27.
In any case, at the beginning of phase 2A it should be NASA (or any other governmental space
agency) who has the right, but at the same time the obligation of transporting Ares into space and
starting operations. By doing so, further complications on all legal hierarchical levels can be avoided.
Ares would be operated as “NASA-provided” element to the International Space Station. Construction
of ISS modules or other elements by one agency / contractor and a consequent transfer of ownership
is no new approach in the history of the station. Various hardware pieces have been transferred to
NASA in exchange for know-how and launch services. Only recently, the European Node 2 element
of ISS has been handed over from ESA to NASA: “Six years of hard work came to fruition when ESA
formally transferred ownership of Node 2 to NASA on 18 June 2003 at the Space Station Processing
Facility of the Kennedy Space Center in Florida. (…) The handover of Node 2 completes a major
element of the barter agreement between ESA and NASA signed in Turin on 8 October 1997. Under
this agreement, ESA will provide Node 2 and Node 3 (a similar node under construction) plus
additional equipment and know-how in return for transportation of the European Columbus
Laboratory to the ISS by the Space Shuttle (…).” [SpaceDaily, June 27, 2003]. It must be emphasized,
however, that under the current financial and political constraints, an undertaking like the proposed
Ares module has no chance of realization if any private company or consortium behind it (in this case
Morpheus plus potential partners) fails to offer enough incentives to the governments and space
agencies involved in the space station program. Therefore, the combination of a private upfront
investment, an industry partnership, a business utilization plan, a necessary engineering step in the next
stage of human space exploration and a possible late obligation fulfillment for NASA in regard to the
IGA (see section 4.4.2.) help to render the Ares proposal possible.
Non-contractual relations

Apart from all various contractual relations for the implementation of this space program, there is a
need for meeting all administrative and civil law requirements influencing or intercepting with various
aspects of the Morpheus Program implementation phases. As such relations are not based on mutual
agreements, but on state’s sovereignty, one can call them non-contractual.
One of these aspects concerns the possibility and conditions to work with hazardous material or in a
hazardous environment. This legal field relates both to national law as well as international
regulatory standards to be taken into consideration. As example, the fine particulate dust to be used
in the Dust Analog Experiments (and probably in the dust filtration system) poses a potential hazard
to the health of scientists involved in the experimentation. The ISRU research will involve some
elements or chemical products such as carbon dioxide, methane or hydrogen, but largely no toxic
substances. The radiobiology experiments and Martian regolith experiments both deal with radiation
exposure: the latter issue is regulated by international standards, as can be found in the IAEA Safety
As of today, this second option is very unlikely as neither the Kasei Company nor the industry partner would
be willing to bear this financial risk. Also, NASA is currently unlikely to agree to such a leasing arrangement.

27
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Standards Series28 and other regulations. In addition, the radiobiology experiment involves a genetics
laboratory, which follows the guidelines for biohazard level 2-3 biological laboratories as established by
the US Department of Labor / Occupational Safety and Health Administration (OSHA). Before
commencing operations at Gaia, all those aspects will have to be thoroughly assessed in the light of the
then current administrative law requirements to assure compliance. Even guest scientists from abroad
will have to meet the respective national regulations as the work performed in Gaia takes place in the
State of California and thus underlies the latter’s jurisdiction and / or any federal US labor law
regulations. Similar to this, the Kasei Company will have to assure safe handling of experiments like
the ones mentioned above so as not to harm the environment or third persons. The entire
infrastructure relating to ground facility operations, such as transportation of the Ares mid-fidelity
module or the mock-up to and from the Gaia building (e.g. for lending the mock-up to any exhibition
outside the training area), has to be conducted in this respect, too.
The invitation of foreign scientists to conduct research in Gaia raises issues of visa regulations and
other requirements set by the respective US departments / immigration authorities. The Kasei
Company could hereby act as facilitator and assistant, whereas violations of such regulations will first
and foremost affect the individuals themselves or their host institutions.

4.4.2

Morpheus and the International Space Station regime

As explained above, the Morpheus Program proposal consists of two core elements: the Ground
Segment (Gaia + collaborative network) and the Space Segment (Ares module). To include the latter
one in the concept raises a wide variety of legal questions, some of which can only be answered once
the program has progressed and strategic as well as financial aspects of the partner consortium and
prime contractors for Ares become clearer; others relate to the legal regime of the International Space
Station program. The following sections outline this regime in the light of construction, on-orbit
assembly and utilization of Ares.
Overview of the legal structure behind the ISS29

The partnership for the International Space Station is based on a legal framework divided into a three
level hierarchy:30
The Intergovernmental Agreement (IGA). The IGA is a multilateral agreement at governmental
level signed by 15 countries (USA, Canada, 11 ESA Member States, the Russian Federation and Japan).
It is with this agreement that the cooperating countries established “a long term international
cooperative framework on the basis of a genuine partnership, for the detailed design, development,
operation and utilization of a permanently inhabited civil international Space Station for peaceful
purposes, in accordance with international law.” [IGA, Art. 1 para.1]. The IGA therefore is the legal
The International Atomic Energy Agency (IAEA) and the International Labour Office (ILO) have established
radiation safety standards: “Under the terms of Article III of its statute, the IAEA is authorized to establish
standards of safety for protection against ionizing radiation and to provide for the application of these standards
to peaceful nuclear activities.” (IAEA, 1999).
29 Parts of this sub-section are taken from the literature review document written for the P.A.T.H.-M report by
the same authors.
30 This approach has turned out to be flexible enough to serve the purposes of such an international undertaking,
but it also raised questions and specific problems, some of which will be addressed below (see: strengths and
weaknesses of the existing ISS framework).
28
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core document for the whole ISS project, setting out its general frame and procedures of further sublevel implementation.
Memoranda of Understanding (MOU). The MOU are four space agency-level agreements between
NASA and each cooperating space agency31 concerning the detailed design as well as operational
aspects of the ISS. “The objective of these space agencies-level agreements is to describe in detail the
roles and responsibilities of the agencies in the design, development, operation and utilization of the
Station. In addition, the agreements serve to establish the management structure and interfaces
necessary to ensure effectively the utilization of the Station” [ESA, 2002]. An interesting side remark
concerns the legal status of the MOU: established as political commitments more than contractual
documents with a strong legally binding character, it seems that these agreements still have acquired
the latter status [Farand, 2002]. However, the implementation milestones contained in the MOU are
interpreted quite flexibly, and any postponements within reasonable time frames are not regarded as a
breach of the commitments made.
Implementing Arrangements (IA). “Various bilateral Implementing Arrangements between the
space agencies have been established to implement the Memoranda of Understanding. The
Arrangements distribute concrete guidelines and tasks among the national agencies” [Farand, 2002].
The third and last level of the ISS framework thus consists of an inhomogeneous group of relating
documents referred to in Article 4 of the IGA. The following ones are given as examples [Steptoe,
2000, p.198]:
•
•
•
•
•
•
•

Common System Operations (CSO) offsets
NASA/RSA Balance Agreement
NASA/CSA SPDM Arrangement (“Canada Hand”)
Assembly Launch Offsets
NASA/ESA COF launch offset
NASA/STA JEM Launch offset
NASA/RSA Balance Agreement (SPP and FCB)

Others. In the MOU, the ways to design, develop, operate, and use the space station are decided
[MOU, Articles 7 and 8]. Following these Articles, detailed documents concerning the design,
development, operation, and utilization should be prepared.32
Table 4.9: Ares will be attached International Space Station.
The table summarizes legal aspects to be considered.

Topics
NASA’s
obligation

IGA or MOU
IGA Appendix,
MOU 3.2

Condition
NASA shall develop a habitation
module (for four persons).

Solution /Problem
The Ares module that can be
developed by, sold to or
leased to NASA.

Canadian Space Agency (CSA), European Space Agency (ESA), Japanese Government (on behalf of a series of
Japanese research agencies) and the Russian Space Agency Rosaviakosmos (RKA)
32 E.g.: The Joint Program Plan (JPP), The Joint Management Plan (JMP), The Concept of Operations and
Utilization (COU), The Interface Control Documents (ICDs), a Basic Configuration Documents (BCD), a
Utilization Management Plan (UMP),a Consolidated Operations and Utilization Plan (COUP), the annual
Composite Operations Plan (COP), the annual Composite Utilization Plan (CUP)
31
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MOU 8.2,
8.3.c.2

NASA shall develop a Crew
Return Vehicle for the condition
of 7 crewmembers on board the
ISS.

Resource

MOU 8.1.d.2

Transportation

IGA 12.1,
MOU 12.1.d

Minimize the demands for
housekeeping accommodations
and housekeeping resources in
order to maximize those available
for utilization.
Transportation services for ISS
shall follow the enlisted
transportation systems and be
compatible with them.
Information exchange.

Safety

MOU 10.1

Customs

IGA 18

Data exchange

IGA 19,20

In order to assure safety, NASA
has the responsibility to establish
overall Space Station safety
requirements and plans covering
Space Station detailed design and
development activities,
operations and utilization.
Each Partner State shall grant
permission for duty-free
importation and exportation to
and from its territory of goods
and software which are necessary
for implementation of the IGA
and shall ensure their exemption
from any other taxes and duties
collected by the customs
authorities.
Each Partner shall give some
advantages about exchanging of
data and goods.

Return to CRV development
and construction (option 1).
Use additional Soyuz
capsules (option 2; however, in
this case the crew must be reduced
from 7 to 6).

The number of launches to
construct Ares on orbit must
be incorporated in the
schedule; Ares must be
compatible with the IGA
enlisted transportation
systems.
Ares must be constructed in
compliance with NASA
safety requirements.

Having NASA in the
consortium and entering into
a respective arrangement
early enough, Morpheus can
receive this benefit of
exemption. This will reduce
the costs.

If we can contract with
NASA before development,
we can receive this benefit.

The Ares Space Segment as ISS element:
Legal considerations regarding the existing ISS framework

The bridging legal document for the cooperation of currently 15 member states (“partners”) within the
International Space Station program is the Intergovernmental Agreement (IGA). Its annex contains a
list of all space station elements (comprising flight elements and dedicated ground elements33) provided
by the partners. As mentioned before, the three Memoranda of Understanding contain further details
33

“Space Station-unique ground elements”, as referred to in Article 3.1 of the Memoranda of Understanding.
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on these elements. As can be seen in the IGA annex, NASA as representing agency of the US
government, is obliged to provide “space station infrastructure elements, including a habitation
module”. Article 3.2 of the MOU specifies: “NASA will design, develop and provide on-orbit the
following flight elements including subsystems, the U.S. Extravehicular Activity (EVA) system, flight
software and spares as required: - one permanently attached Habitation Module with complete basic
functional outfitting to support habitation for four crew members, including primary storage of crew
provisions and the health maintenance, (…)”. This element commitment, however, was only half of
the story: “The keys to achieving a seven-person crew were the habitation and life-support capabilities
and the crew rescue capabilities for the entire crew.” [Cline et. al., 2002, p.54]. In other words, a
habitation module and a crew rescue vehicle should be considered together.34 Nevertheless, due to
enormous budget overruns revealed by NASA in early 2001, then expected to be USD 3 Billion until
2005 [Bond, 2002, p. 320], and the reaction of both the US President and the US Congress, the work
on three US elements of the ISS was stopped – including both the habitation module and the CRV35.
This decision had far-reaching implications for the entire project, first and foremost a significant
downsizing of crew capability and operation potential: because of the missing habitation module, the
station can currently support only three crew members in comparison to the original nominal crew of
seven astronauts (regardless of the fact that ISS is still in the assembly phase). This decreased number
of crew members on board the station directly affects the opportunity of all partners to fly their own
astronauts, and this in turn influences the utilization activities - which are the core theme of the entire
project. In a mitigation effort, the Italian Space Agency (ASI) offered NASA a deal comprising the
construction of the neglected habitation module in exchange for US launching services and ISS access
for Italian astronauts; this offer, however, has not been accepted nor implemented yet [Bond, 2002].
On the contrary, US politicians expressed their skepticism: “While I appreciate the difficulties in
managing cost overruns and applaud contributions from our international partners toward the space
station, the NASA/ASI announcement may place obstacles in the way of commercializing the space
station.” [Letter from Rep. Rohrabacher to Daniel Goldin, April 26, 2001, House Science Committee
Press Release]. Moreover, the latest ISS structure sketch published on the NASA ISS website and
highlighting all U.S. elements “based on President’s FY 2004 Budget” does not contain a habitation
module any more. The obligation foreseen in Article 3.2 of the MOU and the IGA annex has thus not
been fulfilled yet, and it cannot be seen to be fulfilled anywhere in the near future.
Whether to call the current situation a breach of the IGA or not is difficult to judge; as pointed out
before, the milestones contained in the MOU are flexible, and postponements of obligation
fulfillments are on the daily schedule, last but not least in the light of the loss of the US space shuttle
Columbia in February 2003. To completely drop the habitation module, however, would constitute a
major design change, especially with regard to the far-reaching consequences of such a decision. The
IGA regulates the conditions for changes or modifications: A notification to all partners in required,
Therefore, in the IGA the United States agreed to provide “other flight elements to supply the Space Station”
[IGA Annex 5]. This was outlined in the MOU as a “crew rescue vehicle with capabilities to support the rescue
and return of a minimum of four crews”.
35 The possibility that Soyuz would be used instead of NASA’s flight elements as the crew rescue vehicle was
raised. “In the second round of negotiations with Russia added as a partner, the allocations of crew were clearly
defined in the case of a three-person crew and also for a seven-person crew. (…) The potential for an interim
stage of a six-person crew was envisaged and provided for in an implementing agreement between NASA and
Rosaviakosmos, by noting that NASA could request additional Soyuz in return for compensation to be
negotiated. (…) Ironically, the current budgetary difficulties in the US have led to the deferral of the crew rescue
vehicle development and made a six-person crew option more likely and, therefore, one which the Partners will
probably have to face after all.” [Cline et. al., 2002, p.53-54].
34
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followed by the necessity of prior consent of each. Therefore, NASA is in a tough situation both in
political, managerial and legal terms: It is difficult to downsize the project that drastically, but it is
difficult on the other hand to gather new funds required. However, this also represents a business
opportunity.
A private sector engagement. By combining the need for a habitation module for returning to the
original station capacities as well as the necessity of testing and utilizing a structure like TransHab in
orbit for human interplanetary flight preparation, the Morpheus Consortium36 will aim to develop and
build the Ares module and integrate it with the ISS as a NASA-provided element under US
jurisdiction. By such an approach, the integrity of the current juridical framework can be maintained.37
Only if such an approach should fail because of a future NASA decision to build the habitation
module otherwise or because of a common, inter-partner agreement to completely and finally drop the
habitation module and thus refrain from a full-size station as envisioned, the Ares project will have to
operate under different circumstances. In this case, the Morpheus Consortium will have to suggest
Ares as entirely new station element outside any current commitment plan – an unlikely approach for
the time being. Therefore, making the assumption that Ares could be developed and flown as a multipurpose module fulfilling the US obligation of providing a habitation module, the Morpheus
engagement could be seen as a private sector proposal for “ISS capability augmentation” [Ersfeld,
2000].
Ares operation considerations (implementation phases 2A and 2B). Should the Ares space segment
be integrated as the original habitation module for ISS, some issues need to be addressed from both a
legal and an engineering point of view:
a) Utilization: implementation phase 2A. In the preferred business option, Ares will represent
the ISS main habitation module. This means that its primary objective is the provision of crew
space for four additional astronauts as well as storage capacities and the health maintenance
system (see Article 3.2 MOU). On the other hand, however, the Morpheus business plan also
includes scientific utilization of the module (phase 2A) and possible commercial utilization
including space tourism later on (phase 2B, see below). Hence, it needs to be shown that Ares
has the potential to both serve its primary objective as habitat and additionally can be used
according to the implementation plan of the program without conflicting interests which
might compromise safety and / or utilization. As discussed in section 3.6, Ares will be a
module unlike any other on the ISS. It has the potential to be a fully self-contained facility
(which would require simply the addition of a separate propulsion and power unit for it to be
completely independent of the ISS). It consists of three primary floors, with six individual
crew quarters in the center of the middle floor. Space is provided for all of the crew functions,
including exercise and medical facilities on the top floor (Article 3.2 MOU), mechanical room
and science rack facilities on the center floor, and galley, wardroom and entertainment on the
ground floor. Ares is unique in that it provides for living and working in the same module,
resulting from careful organization of the space. There is room for six crew to inhabit,
together with plenty of room for science racks to conduct currently identified and additional
future experiments.
b) Commercialization: implementation phase 2B. After the first five years of Ares operation
and (scientific) utilization in orbit, the Morpheus business plan foresees an optional shift
At this stage, the Kasei Company is not the only driver of the Morpheus project any more.
The possibility of such an option opens up because the commitment in both the IGA and MOU is defined as
either a function or the means to fulfill a function, but never as a detailed engineering design plan.

36
37
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towards more, or even exclusive, commercial utilization (besides maintaining the habitation
function for the crew). This emphasis should in the long-term generate income for Ares
maintenance / operation cost or recuperate some of the cost incurred during Ares
development and construction. In order to open up an ISS module for truly commercial
utilization, consensus both between the ISS partners as well as the Morpheus Consortium
partners will have to be found and put down in any kind of mutual arrangement. Especially
the issue of utilizing Ares for space tourism will have to be handled with sensitivity, given the
current agency policies of NASA and others. On the other hand, it is unavoidable to state that
in the long-term these attitudes will have to change: “With all of the space station partners
struggling to make ends meet, any opportunity to raise funds from space station activities
would seem to make sense.” [Bond, 2002, p.297]. The details of such an utilization plan will
have to be structured and finalized by the consortium in accordance with the other ISS
partners. At this point it is necessary to point out that according to the IGA, each partner state
can handle the utilization rights of those elements it provides to the station; the only exception
is a fixed share of usage which must be made available to those partner states who provide
resources and / or infrastructure elements.38 Ares will in fact be both an infrastructure element
and an user element. But notwithstanding the fact that it will be NASA who is operating the
module and facilitating the jurisdiction of the United States over it, there will be a remaining
legal element of private utilization. The incentive of joining either the collaborative network or
the consortium is at least partially based on the scientific and commercial utilization potential
of the space segment. The Kasei Company, in close cooperation with NASA, will have to
make sure that all of the following aspects are facilitated between the Ares-operating space
agency, the ISS partners and the private users [similar: Ersfeld, 2000]:
•
•
•
•
•

Access to the station in terms of frequency, cost, and engineering constraints
Compliance of proposals with resources, crew time, and utilization schedules
Compliance of payloads with Ares internal (and external) configuration
Mitigation of liability risks including related proof / documentation
Customs, immigration and export control issues

As long as the commercial utilization of Ares does not conflict with the rights or the
fulfillment of obligations of other ISS partner states, no obvious limits are set by the space
station framework.
c) Safety. Returning to the original ISS crew capacity of seven requires furthermore to guarantee
enhanced crew escape options. As is seen in the current ISS configuration, as only one Soyuz
is docked for emergency crew escape, this limits the number of crew stationed on the ISS even
in legal terms to three, as no escape option for more astronauts is available. The maximum
crew planned for the ISS is seven. If the maximum ISS crew capacity is to be reached, this will
involve the deployment of the European Crew Return Vehicle (CRV), which is capable of
carrying at least four people. Currently however, development of the CRV has been stopped.
Ares will serve as a habitation module that is capable of housing up to six people. In the event
that the CRV is not developed, an extra crew-escape option for the additional three people is
necessary. As has been described in section 3.7, Ares has two ports, one on each side. In the
initial designs, one of these ports is pressurized, to allow Ares to be docked to the ISS, and the
other is not. However, it would be possible to convert the port to being pressurized to allow a
Soyuz to be docked to the other side. This may involve some form of an additional mating
adapter. Having one Soyuz docked in its current position on the ISS and a second to Ares
38

Russia’s share is legally treated differently.
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would mean that the maximum crew capacity of Ares could be exploited.
Inter-agency Cooperation: Strengths and weaknesses of existing ISS framework

The ISS program “has produced many lessons that merit serious consideration when subsequent largescale cooperative endeavors are being developed. These include the evolving political landscape
worldwide, conflicting political and fiscal realities of the nations involved, and evolution of the
program in directions not originally foreseen,” [Cline et. al., 2002, p. 54]. Therefore the ISS program is
valuable to study not only in regards to technical aspects, but also for legal and policy issues for a
possible human mission to Mars.
As of today, the International Space Station is “the largest, most complex international scientific and
technological cooperation” [Cline et. al., 2002, p. 39] ever conducted. There are five official partners
and fifteen partner states involved. “It is absolutely necessary in constructing any cooperative program
to recognize that each partner has national priorities that must be accommodated. An international
partnership brings together partners seeking political and economic leverage on their investments. A
successful partnership must satisfy the individual interests and needs of each partner. Thus, while
compromise is necessary, it cannot go beyond a certain point - the point where any partner’s individual
national interest is jeopardized. As difficulty as it is to accommodate separate national interests in a
relatively short-term program, implementing a long-term program such as the Space Station has the
additional complexity of priorities which change as national political landscapes change.” [Cline et. al.,
2002, p. 44]. In these regards, the ISS program has had serious problems over time, which more than
once brought it close to cancellation. Compared to the ISS implementation, the Morpheus Program
seems to have both advantages and disadvantages: it is a program proposal partially independent from
political decisions; this concerns especially the Gaia part of the program, as it will be a privately owned
and driven research facility independent from the ISS program. As for Ares, the only advantage is
that this user and infrastructure element can be integrated in an already existing framework (therefore,
after all, the term “element”); on the other hand, however, this phase of the Morpheus Program
therefore becomes a semi-public, very dependent undertaking exposed to all dangers of political
decisions.
Political aspect. Looking back on the history of space activities, there might have been other political
rationales as well. It can be said that through the ISS the United States and Russia intended to promote
international cooperation in space activities. This step forward certainly helped other nations in gaining
ground in space research – last but not least also for the benefit of a future Morpheus Program. “The
rules established for Space Station cooperation will contribute to a certain emancipation – from a legal
standpoint and compared with the current situation in which only the United States and Russia have
the technical means and expertise to send a human being into outer space – of the Cooperating
Agencies of Europe, Japan and Canada in their manned space activities. This emancipation will have a
beneficial impact on all aspects of these activities.” [Farand, n.d., 2003, p.10].
Legal aspects. The political and economic interests of each country greatly influence this kind of large
international project. Therefore, in order to operate any such project smoothly and lend stability to this
international cooperation, it is necessary to clearly define the rights and obligations of each country in
written documents, as it was done for the ISS partnership. The ISS project is regulated through the
three-layer legal framework previously mentioned, which defines aspects such as registration,
jurisdiction and control, ownership, management for coordinating the project, utilization rights, crosswaiver of liability, customs and immigration, exchange of data and goods, intellectual property, and
criminal jurisdiction. Written agreements like these are important, even if they have to be modified
during the course of the project. A possible point of concern (rather than criticism) is the interface of
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various legal layers within such a project. Several times this raised legal issues within the ISS program
and is an aspect to think about for any new large space cooperation of tomorrow [Farand, interview,
2003].
The legal framework of each partner nation further regulates ISS cooperation by requiring that ISS
activities conform to national laws, such as customs and immigration provisions, and the exchange of
data and goods. This helps to promote the development of space technology in each state. Moreover,
the IGA uses Italian, English, German, Japanese, French, and Russian as official languages, which is a
factor in avoiding misunderstandings emerging from language barriers. Although it remains to be seen
how international the Morpheus Program can and will become, such technical details are a valuable
source for creating a well-functioning partnership.
On a legal technical level, there is another aspect to be taken into consideration as well: “A framework
without specifics will not be concrete enough to obtain and sustain approval.” [Cline et. al., 2002, p.
52]. If Morpheus wants to be successful, especially regarding the complexity of all partnerships and
collaborative activities, the legal framework (e.g. terms and conditions of Gaia utilization as established
by the Kasei Company) will have to meet an ideal balance between flexibility and specification.
However, in programs of such a magnitude as ISS (and even on a smaller scale Morpheus), changes of
circumstances after agreements have been made are usual. Therefore, “flexibility can be provided in
areas such as changes to or evolution of the program and the addition of Partners.” [Cline et. al., 2002,
p.52]. In the case of the ISS, the budget climate from the beginning of the project to the current time
has shown the greatest change from the original international agreement, including a strong trend
towards commercialization. Therefore, the possibility of the involvement of non-partners (e.g. a nonprofit organization, a private sector company or other non-partner countries) is stronger than originally
anticipated. The IGA allows the granting of utilization slots even to non-partners, although these nonpartners cannot be more than “participants”: “Partners are signatories to the IGA, and the IGA is not
open to additional signatories (with the exception of ESA Member States not currently part of the
program). Therefore, other countries that participate must do so through the sponsorship of a Partner
and thorough that Partner making available a share of its resources to the participant. (…) The IGA
and MOUs provide that Partners may at any time barter for, sell to one another, or enter into other
arrangements for any portion of their utilization allocations, and are free to market the use of their
allocations. However, ownership of equipment on the ISS by a non-Partner, or the transfer to a nonPartner of ownership of any flight elements listed in the Annex to the IGA requires prior notification
and concurrence of the Partners.” [Cline et al. 2002, p.50]. This entire construction is of special interest
in the light of the user policies and regulations within Morpheus. As pointed out before, the Ares
operations will fully fall under the ISS regime; Gaia operations, however, need to be structured on the
basis of such legal expertise.
With regard to crewmembers, it was not envisaged in the original ISS plans that a private citizen would
be on board the station. However, Russia invited an American private citizen, Dennis Tito, to fly as a
space tourist to the space station. It cannot be said what was the final driver to allow him to fly to ISS;
as a pathfinder for space tourism, to help alleviate the Russian budget problem, or to increase
commercialization of outer space. There is still a lack of both political and legal ideas on how to best
approach this aspect of space commercialization. With the start of the second phase of Ares utilization
(2B), the question might become virulent. At that point in time, legal arrangements for private station
visitors – including issues like selection and training criteria, flight qualification or insurance – need to
be in place, preferably on an international basis39. By preparing implementation phase 2B, the
This does not necessarily mean a regulation by a multilateral international treaty, but at least a bilateral agencylevel code of conduct / terms and conditions document.
39
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Morpheus Program could help in this future legal development.
As can be seen, there are various issues which require further legal development – even though the
space station assembly is fully under way. “Based on the Space Station experience, perhaps the most
important lesson is that future changes and requirements are not easily predicted and therefore, the
flexibility should be in established by defining the process for addressing downstream change rather
than trying to craft language for every possible new development. Many of the adjustments to the
Space Station agreements have been made through the use of implementing arrangements or
guidelines approved by authorized decision-making bodies, without having to amend the IGA or
MOUs.” [Cline et al. 2002, p. 52]. Implementing arrangements are being developed to deal with real
cases as new issues arise. This solution has turned out to be the fastest and most efficient approach.
Insurance

Insuring Gaia. The insurance of the ground facility does not contain any legal novelties or special
problems. Based on the financial resources and the business plan, it will be a task of the company to
decide on types and reasonable rates of insurance. It has to be considered, however, that the entire
facility is not property of the Kasei Company as long as the leasing contract has not reached its end of
life. Therefore different insurances will have to be applied for the building, the movable parts and
equipments, the modules and mock-ups, and finally the users and visitors.
Insuring Ares. Basically, the Ares Space Segment insurance comprises the same insurance levels as
insurance for a commercial satellite. However, Ares as part of the ISS is a human mission (element).
This translates into more risk and thus increased insurance rates, especially during inhabitated flight
operations.
For Ares insurance, the usual three kinds of insurance for space facilities will have to be taken into
consideration:
•

•

•

Pre- launch insurance: This insurance covers the period preceding the launch, for the
Morpheus timeline proposal expected to last 2 to 3 years. It is a classical insurance, relatively
easy to enter and relatively inexpensive (“ground risk market”). This phase will apply during
the Ares module construction, assembly, integration and testing, the transport to the launch
port, and during the effective launch campaign. Normally it is supposed to end with the
release of the launcher carrying Ares into space.
Launch, commissioning and early orbit insurance: From lift-off of the transport system, all
events become to a much higher degree irreversible – resulting in increased insurance rates for
this period. The exact maneuvers like launcher separation, ISS approach and docking of Ares
depend on the space transportation system used (see all options under section 3.8).
In-Orbit insurance: Once docked to the station, Ares becomes an integrated element operated
by one of the IGA partner states. Thus, according to IGA 16.3, it will be necessary to agree to
a cross-waiver of liability “pursuant to which each Partner State waives all claims against any
of the entities or persons” listed below:
• another Partner State,
• a related entity of another Partner State, and
• the employees of any of the entities identified in the bullet points above.
However, this cross-waiver of liability shall not be applicable in cases listed in Article 16.3 (d)
of the IGA.
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In addition to the above, it is necessary that the launch operator or legally responsible entity as well as
the module operating / responsible entity sign a third party liability insurance for both pre-launch and
post-launch events.
4.4.3

Intellectual Property Rights

Using TransHab

The space module Ares will – as outlined in detail in the technical sections of this report – in fact be a
further development of TransHab40, the United States concept for an inflatable habitation module in
the context of a human Mars mission. TransHab was one of the earliest approaches towards a more
flexible, “imaginative hardware” [Bond, 2002, p. 14] and turned out to be very promising from both an
engineering and managerial point of view; however, it became a victim of research and development
delays, funding shortfalls and finally a complete project stop.41
The intellectual property rights for TransHab belong to NASA. A patent application had been filed,
and today NASA is looking for private sector investors to revitalize the concept and eventually
implement it. This is the point where the Morpheus Program comes into play. Not only is the Ares
Space Segment based closely on NASA’s concept, but also a core element of the proposed ground
facility Gaia will be a low-fidelity version of TransHab, supplemented by a mock-up for outreach and
education purposes. Obtaining the (exclusive or non-exclusive) rights to use the TransHab invention
for the program implementation of Morpheus becomes, therefore, unavoidable. The most obvious
way, which is entering into direct negotiations with NASA and paying for a full exclusive license42,
does not seem to be the most reasonable way. It would significantly add to the cost for the first
implementation phase without being a logical necessity in the light of the planned module transfer at
the beginning of phase 2A. Ares, the flight module for ISS integration, shall (from a legal point of
view) represent the US commitment for a habitation module onboard the International Space Station
as agreed upon between the partner states in the IGA annex. Consequently, Ares will have to be retransferred after final development and construction to NASA, in one way or another. The suggestion
for obtaining permission to use the TransHab invention therefore is to either consider a license for
free or under very favorable conditions as NASA’s main contribution in the implementation phase 1A
/ 1B (Gaia and construction of Ares) or to reimburse the Kasei Company after the flight module is
handed over to NASA at the beginning of phase 2A. To grant a TransHab license as part of a nonfinancial commitment would hence not transfer the actual Intellectual Property Rights (IPR) to the
consortium, but allow the usage, further development (if necessary) and implementation of the idea.
Considering the above, the cost factor for a TransHab license remains to be determined after entering
into negotiations with NASA during the start-up phase of Gaia.
Due to technology transfer regulations and proliferation control issues, NASA can grant a license only
to US citizens or entities (according to the JSC patent counsel). This requirement is fulfilled by having
the Kasei Company registered as a non-profit organization under US law, within the United States (see
TransHab stands for Transportable Habitat.
The construction cost estimation for the TransHab module is USD 200 Million [Bond, 2002, p. 16]. Due to the
tremendous cost overruns of NASA’s International Space Station program, the director of Johnson Space
Center, George Abbey, stopped a couple of related projects in 2001, including TransHab itself.
42 According to a telephone interview with the NASA Patent Councel at Johnson Space Center (July 1st, 2003),
the option of buying the rights on TransHab themselves is not existing; for the scope of this program proposal,
it would not have been useful anyway. Unfortunately, no exact information was provided on the current status of
entities interested in a TransHab license or on the status of potential filings already under way.
40
41
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section 4.4.1). Possible participation of foreign entities, such as European universities or Japanese
industry partners, could hereby pose a potential legal problem. On the other hand, such affiliates
would largely take part in scientific research and facility support, whereas the detailed design and
construction of Ares itself (the flight segment) in phase 1B can still be done by a US company such as
Boeing or Lockheed, should regulatory obstacles enforce such a decision. Furthermore, a structure like
this in the current context is not unique – one can take SeaLaunch (although not non-profit) as an
example: The SeaLaunch Consortium, a limited liability corporation based in the United States, is a
joint venture between Boeing (USA), RSC Energia (Russia), Kværner (Norway) and SDO Yuzhnoye /
PO Yuzhmash (Ukraine). Although having faced serious concerns on multiple levels (“these include
concerns about its environmental impact, the lack of international regulation in international waters,
the effect on Kiribati, the implications of Liberian registry, and the dangers of the proliferation of
weapons of mass destruction and the means to deliver them” [Kempton, Balc, 2001]), the consortium
managed to enter into full operation with its inaugural launch campaign on March 27, 1999. In
addition, the particular sensitivity of this undertaking must be seen in the context of the provision of
launch services and thus the interrelation with missile technology, whereas the Morpheus Program in
its implementation phase 1 will have practically no links to such sensitive technologies. The phases 1B
and 2, however, bring the detailed design, construction, delivery and integration of the TransHab
derived alias Ares into play, requiring an in-depth assessment of relating US proliferation regulations
involved at the time being.
IPR aspects related to the Gaia facility

Gaia users can keep the intellectual property rights of their results that they generate at Gaia. In order
to encourage scientific utilization (and thus commercial value for the Kasei Company), researchers and
other users will not be asked to transfer or share any of their intellectual property rights. However, as
one of the outreach activities of Gaia, if they accept it, we will ask them to write that the experiment is
done at Gaia when they publish their results.
The procedure for obtaining IPR, e.g. patents, will be dependent on various factors. As for the
proposed preferred location of the ground facility Gaia, the US territorial approach concerning patent
filing would apply. It is recommended that the Kasei Company enters into negotiations with the US
government (state / federal level) to achieve a similar agreement as the ISS US modules solution in
order to avoid any problems with invention secrecy law regulations.
The IPR environment of ISS in the context of Morpheus

“(…) NASA identified three obstacles to maximizing our business relationships with
industry – ISS pricing, a process for receiving and evaluating entrepreneurial offers, and
a clear understanding by the business sector of intellectual property protection in the ISS
environment.” (Broadwell, 2000, p. 2).
Although the main rationale of Morpheus is to take an essential step further in the development of a
human mission to Mars, it contains in parallel important potential for industry cooperation and
outreach / marketing programs. IPR considerations regarding the ground facility Gaia are outlined
above. In the following, the IPR environment for the utilization of the space segment Ares will be
discussed.
Once docked to and integrated with the International Space Station, Ares is an integral part of the
station and will represent a US module either falling under the current IGA (option 1: Ares as US
habitation module) or being an additional flight element currently not foreseen in the
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intergovernmental framework (option 2). In any case the existing legal framework for the International
Space Station will apply to this new module, thus shaping the IPR environment for the Ares utilization,
too. Article 21 of the IGA thereby implements a territorial approach based on the state of registry of
each flight element. Any discovery or invention made onboard Ares will be regarded as made on US
territory, allowing the filing of a patent under US patent law – with the possibility of reciprocal filing in
other countries if the user is a non-US citizen (requiring the state of element registry, here the USA, to
refrain from its invention secrecy law application, as agreed upon in Article 21.3 of the IGA). The
Memoranda of Understanding outline in more detail the utilization procedures (standard user
integration support and standard user operation support for inter-partner utilization), and the
preparation of actual utilization as well as utilization activities are done by separate instruments outside
the trilogy.
A point of concern, however, is the lack of an uniform or standardized approach to intellectual
property rights protection. With the establishment of a primarily territorial approach with exceptions
and a link to national jurisdictions over the respective modules of the station, some confusion or
problems are likely to appear in the future. “To establish credibility and confidence of potential
customers to promote business growth, clear protection for intellectual property will be important to
all markets and is essential to the conventional commercial utilization market. Service providers will
have difficulty marketing their services and commercial users will be reluctant to enter into contracts
for access to ISS until these issues are resolved.” [SPWG43, 2001, p. E-4]. It is understood, however,
that the Morpheus Program as such has little to do with the further development of the respective legal
standardization / clarification in regard to IPR onboard the space station. On the other hand, the close
cooperation with the Morpheus Consortium partners before and during Ares construction might help
in deepening the discussions on commercial utilization and thus facilitate such efforts.
Public Outreach and Education / Media Rights

Another aspect of both phases of the Morpheus Program is dealing with public outreach, education
and marketing strategies. The idea to start a merchandising business including a shop located in the
Gaia ground facility renders it necessary to think about possible trademarks44 and licensing procedures.
“In order to protect a trade mark, a business should consider registering the mark at the earliest
possible opportunity. […], registering trademarks requires expenditures at the outset, and many
businesses will not have sufficient funds to do so until the business has become established. A business
needs therefore to prioritize its trademark application process in order to obtain the best protection at
the lowest cost.” [Rubin, 1996, p. 48]. After having secured intellectual property on the possible
trademark or other marketing spin-offs, the Kasei Company has the option to transfer the respective
rights by granting licenses to a company who then creates the products. However, trademark
protection cannot protect an innovation or idea from being copied or used by another business. It can
only be used to protect “the reputation, name recognition and goodwill that the business has acquired
as a result, or prior to the making, of the innovation.” [Rubin, 1996, p. 39].
Exclusive contracts with mass media or television companies might be very effective in financial terms
but require special attention for various reasons. As the Morpheus Program is an evolving program
based on various factors both on private and on governmental level, political, managerial and legal
situations can change rather quickly or sudden. In such cases, contractual relationships have to leave
SPWG: Strategic Planning Working Group (of the International Space Station Commercialization)
“A trademark is a sign used by a business to distinguish its goods and services from the same or similar goods
or services coming from another source. Significantly, it may also act as an indicator of the origin of goods or
services and as a guarantee of quality to consumers.” [Rubin, 1996, p. 40].
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enough “margin” for adjustment actions. Additionally, the possibility of international partners in the
Morpheus Consortium as well as the ISS partnership create another factor to be taken into
consideration.
A point hardly mentioned in the public discussion about ISS utilization is the issue of confidentiality
needs in private sector research and development. This applies both to the Gaia ground facility
operations and the space segment: “Strict confidentiality (top secrecy) is in a number of business
sectors the standard rule for all research and development work, e.g. pharmaceutical and cosmetic
industry.” [Ersfeld, 2000]. This fact has some far-reaching implications, last but not least for all
technical operations prior to the launch of industry payloads to the station, such as testing, verification
and integration: the “(…) safety review which must be passed by all payloads to get on ISS is a critical
step (…) because all payloads[,] even those declared as a black box, have to pass safety clearance under
NASA authority (…).” [Ersfeld, 2000]. Such issues go beyond the scope of this program proposal,
especially as Ares space operations will be lead and conducted by NASA. For the scope of a legal
framework for outreach and media cooperation of Morpheus, however, these sensitive aspects have to
be taken into consideration. For example, it will be impossible to grant a TV station unrestricted access
rights to the entire Gaia facility or even special parts of it, as this would certainly conflict with special
research projects. In this regard, the Kasei Company will have to make a constant trade-off between
utilization and publicity – even more in the later phases 2A and 2B.
For the proposed joint events with various space agencies, the Kasei Company should approach the
latter ones to promote common education initiatives. Mutual agreements will be necessary for
implementing a respective strategy, although the existence of the consortium should to a large extent
facilitate the execution of such common programs. Another aspect deals with the possibility of lending
the Ares mock-up to space event organizers around the world. Shipping the mock-up or transporting it
in other ways certainly requires proper insurance for damages. Existing outreach arrangements of space
agencies such as NASA or ESA should help in framing such policies. Finally, the company will have to
decide on special terms and conditions for educational uses of both the Gaia ground facility and the
various Ares modules, may it be in mock-up version, low- or mid-fidelity version or flight hardware.
4.4.4

International Law Dimension

An undertaking like the Morpheus Program is also inherently linked to the international dimension of
law. However, the actual proposal contains far more civil law aspects than public international law
aspects, as it constitutes first and foremost a business plan for scientific research and fund raising in
order to provide further investment opportunities respective to human Mars mission developments.
International45 Space Law: Brief aspects in the context of Morpheus

International space law and the entire Gaia ground facility project have practically no common points
– the private facility management and operation could as well have any other focus, e.g. marine
research, pharmaceutical research or a fun park; neither of those cases requires to consider the
international corpus iuris spatialis developed by the United Nations.
Things look different with the Ares project, however. Assuming the United States as “host country”
for the second phase of Morpheus, four out of five international space treaties apply in one way or
Not taken into consideration for the goal of this report is national space-related legislation, e.g. license
requirements for conducting private space activities: As explained several times, the Morpheus company itself is
not a space-faring cooperation; its activities and even more its responsibilities are ground-based.
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another46: For the space segment launch and operation, the general freedom of peaceful use and
exploration of outer space as stated in Article 1 of the Outer Space Treaty can be evoked47.
Furthermore, the Ares module will have to be registered with the UN Secretary General according to
the Registration Convention. The United States is also party to the Liability Convention, and any
damages to third parties will consequently fall under the regimes of both the Outer Space Treaty and
the Liability Convention. The Kasei Company as private entity can neither get in direct contact with
these instruments of international law, nor will it be touched by the national incorporation of these
international norms. As mentioned above, Ares launch and operations will be entirely conducted by
NASA as a US governmental agency, or any other governmental space agency in case a secondary
scenario would apply. The bearer of liability for launch operations will depend on the transportation
system chosen; in case of the US Space Shuttle it will be the United States (as even the payload, Ares, is
likely to be a US system – no matter if the Kasei Company as Californian cooperation or NASA will
have the ownership of module).
International law continues to influence the mission once having reached the operational phase as an
ISS element. Legal aspects of human safety and rescue in space and on earth apply, again without any
legal context to the Kasei Company, but in regard to the countries exercising jurisdiction. Astronauts
working onboard the Ares module will be regarded as “envoys of mankind”; disregarding whether
crews for Ares research and utilization will mix with “normal” ISS expedition crews or sometimes
constitute a special “Ares expedition team” – the provisions set forward in the space law conventions
regarding “information and notification, rescue and assistance on foreign territory, rescue and
assistance on the high seas, and prompt return” [Jasentuliyana, 1999, p. 187] would apply.
Technology Transfer and Proliferation Control; Non-military utilization

International cooperation in connection with space activities, commonly perceived as very sensitive
leading edge activities, often requires the assessment of national as well as international export control
and technology transfer regulations. In the context of Morpheus, however, these concerns are
secondary at best, as the whole program plan is based to a large extent in only one country, which due
to several reasons pointed out above is the USA. The main intersection with international entities such
as academic research institutions will be the utilization of the Gaia ground facility for scientific
purposes. Depending on the final arrangement within the consortium, possible issues of export control
become visible. It must be stated, however, that the Morpheus Program in phase 2 creates Ares as a
“spin-off” used and operated by one of the International Space Station partners. Therefore, the export
control programs, policies and regulations developed for the ISS program will apply. Specifically
NASA has, since 1994, developed a comprehensive technology control plan for the International
Space Station [GAO, 1999, p. 5]. The other space agencies have undertaken similar efforts, all of which
are dependent on national, supranational or international control regimes, such as ITAR, the
Wassenaar Agreement, and bilateral technology transfer agreements. In overall terms, due to the
The USA has signed and ratified the Outer Space Treaty of 1967, the Rescue Agreement of 1968, the Liability
Convention of 1972 and the Registration Convention of 1976.
47 The emphasis of the Outer Space Treaty on the use of space for exclusively peaceful purposes raises some
interesting issues regarding the “commercial” / non-agency utilization of the Ares module in phase 2b: Not only
ethical, but also legal question would arise if military institutions were interested in using Ares module capacities
for military research or military technology development. However, already the ISS framework poses a limitation
to such ideas. The International Space Station is clearly described as civil space station for peaceful purposes,
which includes all of its elements: “The objective of this Agreement is to establish a long-term international cooperative
framework (…) for (…) a permanently inhabited civil international Space Station for peaceful purposes, in accordance with
international law.” [IGA, Article 1.1].
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extensive system of control instruments already existing and followed by the space station partners
(both on governmental and agency level), as well as its amendments over time, this topic is of
secondary relevance for the Morpheus Program proposal and execution.
It is recommended, however, that the Kasei Company states from the beginning, both for its
operations in Gaia and its cooperation towards Ares via the consortium, that any utilization or
cooperation must be based on exclusively peaceful purposes. In order to avoid the famous game of
interpreting “peaceful” as only “non-aggressive”, the terms and conditions as set up by the company
should be more specific and speak of “exclusively non-military purposes”. Such a restriction might
help to gather a truly international consortium for the work in Gaia and on Ares; on the contrary,
however, possible large investments from military institutions break away – the trade-off between these
aspects needs to be thoroughly assessed in any case.
In preparation of a human mission to Mars (1): Short analysis of relevant UN Treaties

In the light of the current political and economic situation on a global scale with special regard to
space, it is doubtful that a human Mars mission could be achieved without international cooperation.
But if so, which approaches are the most suitable ones for framing and securing an international
undertaking? Two kinds of legal regimes should be considered. One is the regime for implementing the
respective program itself.48 The second is a regime for framing the legal environment of Mars itself – a
“spatial regime” set up with the instruments of International Law.
A spatial regime for Mars would neither come without notice nor stand alone. The United Nations,
through their Committee on the Peaceful Uses of Outer Space, have achieved various international
treaties as well as General Assembly Resolutions called “principles” on a multitude of aspects
concerning the exploration and use of Outer Space. These efforts were clearly shaped by the first era
of scientific and human space exploration during the 1960s. Since 1979, however, the package of the
five international treaties on Outer Space has been closed and never been opened again. In the light of
this “corpus iuris spatialis”, it has to be seen to what extent international legal aspects of a human Mars
mission are covered already. Any such mission is definitely falling under the existing treaties. They
include general statements about the freedom of [Mars] exploration (“outer space, including the moon
and other celestial bodies” [OST, Art.1]); all other mission aspects are covered in principle as well –
liability for damages caused by elements involved in the mission execution, registration, assistance for
astronauts, and protection of the Martian environment in general terms. The need for new regulatory
issues, however, arises with the landing of humans on the Martian surface and the start of activities on
the surface. Before considering a special regime regarding Mars49, however, strengths and weaknesses
of especially the last of these treaties, the 1979 Moon Agreement, should be assessed. The Moon
Agreement was made as the first specific treaty dealing with the exploration of the Moon and other
celestial bodies. However, it has never worked in reality.50 Why?
The Moon Agreement. On July 21st 1969, Neil Armstrong and Edwin Aldrin set their feet upon the
surface of the Moon. They were the first humans to walk on an extra-terrestrial celestial body. Ten
years later the last of the UN Outer Space Treaties was opened for signature: the “Agreement
such as the ISS framework or the Morpheus framework; the latter one, as repeatedly pointed out before, is by
no means a Mars program, but a Mars preparation program.
49 or planetary bodies of the Solar System in general.
50 “The Moon Agreement has encountered a great deal of controversy, due mainly to the conflicting positions of
the leading space technology nations, the United States and the Union of Soviet Socialist Republics.”[DiederiksVerschoor, 1999, p. 53].
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Governing the Activities of States on the Moon and Other Celestial Bodies”. This treaty had been
developed bearing in mind the important role of the Moon as the earth’s only natural satellite and the
only extraterrestrial place to be reached within a reasonable time for sending people there or, perhaps,
conduct commercial activities. Although the Apollo missions had been stopped already in 1972, after
three years of crewed Moon landings, the States believed that this was only the start for a broad, longterm exploitation of the Moon’s resources and for a permanent human presence on it. Therefore
UNCOPUOS faced the need for clear regulations governing all these activities about to come.
However, the subsequent decades neither saw the realization of one of these high-flying plans (even
not a simple return of humans to the Moon) nor at least a success of the Moon Agreement. As far as
the latter one is concerned, the reasons are the following. Especially the exploitation of the Moon’s
resources was (and still is) a very controversial problem. The Moon Agreement declares the Moon to
be a “common heritage of mankind”. This concept appeared for the first time in an international
conventional text, and it states that the exploitation of the Moon shall be carried out for the benefit and in
the interests of all countries, irrespective of their degree of economic or scientific development. It furthermore contains
the obligation to pay due regard to the interests of present and future generations. According to
Article 11.5 Moon Agreement, State Parties undertake to establish an international regime to govern
the exploitation of the natural resources of the Moon. The main purposes of this regime are:
•
•
•
•

the orderly and safe development of the natural resources of the Moon
the rational management of those resources
the expansion of opportunities in the use of those resource
an equitable sharing by all States Parties in the benefits derived from those resources

A “first come – first served” rule in regard to the natural resources of the Moon is therefore excluded
by law, last but not least for the benefit of developing countries. However, realistically, the real answers
to these questions depend to a high degree on national interests and benefits. From that perspective,
the Moon Agreement is more “idealistic” than “realistic”. Hence, especially the provisions of Article 11
Moon Agreement caused a lot of discussion, interesting enough on all sides: “The elaboration of this
principle does not satisfy either the technically advanced industrial nations, or the developing
countries.” [Kopal, 2000, p. 14]. Other problems at the time of Moon Agreement negotiations were
the attempt of the USA to achieve a maximum level of information concerning (national) lunar
activities, a proposal then unacceptable for the other negotiating partners, and the provision of the
utilization of the Moon “exclusively for peaceful purposes” [Art. 3.1 Moon Agreement].
As a result of these and many other points of criticism, only nine countries have ratified51 the Moon
Agreement so far [UN OOSA, 2000]. Considering the direct link between the value of an international
treaty and the number of states being party to it, it becomes clear that the fifth of the Space Law
Conventions is, to the present day, a rather weak piece of paper. This however, is likely to become a
problem, “because a visible gap now exists in the up-to-date international legal system of outer space.
The more so, since the provisions of the 1979 Agreement relating to the Moon should also apply 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. This gap now concerns all celestial
bodies of our solar system.” [Kopal, 2000, p. 15]. Having said all that, it becomes evident that the
international community will have to re-open the discussion on the utilization of celestial bodies.
Although the Morpheus Program has no direct influence on such a decision, its fundamental aim is to
advance research and development on a future human mission to Mars. This does not stop at an
“Ratification” is a technical term and does not necessarily substitute the term “signature”; rather, a country
ratifying an international treaty applies an inner-state procedure of acceptance which usually incorporates the
international treaty in national law [Neuhold et. al., 1995, p.62].
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engineering level.
In preparation of a human mission to Mars (2): A Possible Mars Treaty

The development of a “Mars Treaty” would be challenging in many ways, one of them being the
attempt to avoid the above mentioned mistakes made during the elaboration of the 1979 Moon
Agreement – which today is in practical terms “dead”. A Mars Treaty could contain provisions such as
territorial aspects (common heritage of mankind?), freedom of scientific investigation,
jurisdiction over ground facilities, Mars orbit regulations, space debris mitigation or avoidance
(that could not be regulated in time in the Earth space environment), liability issues, a new and
functional resource exploitation regime, commercial utilization of infrastructures, the
preservation of the natural Mars environment, and criminal jurisdiction over ground crews (and
future colonies).
A future human mission to Mars will have to meet all the legal obligations set by the general corpus iuris
spatialis, the international legal framework governing Outer Space, the celestial bodies and, mainly, the
major part of human activities carried out in Outer Space.
Clear rules for the territorial regime on Mars will be essential, and this in an international Mars Treaty.
“It is generally accepted that resource development beyond the territorial boundaries of nations, of
what may be called “common property”, should be an international effort. These are areas that are not
subject to the jurisdiction of any one country. If such areas and their resources are not managed on an
international basis, they will surely be the basis of international conflict and become a vast region open
to public and private piracy, sabotage and usurpation. Without some guiding framework to preserve
the necessary international stability in these regions and make the expectations of the international
community predictable, one cannot expect public or private enterprises to provide the enormous
investments that are necessary to encourage the timely development of space resources.”
[Jasentuliyana, 1999, p. 228]. In other words, the benefits of clarifying territorial legal aspects will
appear even before Mars crews will examine or settle the planet. Even more necessary is a timely start
of the discussion, which may be conducted throughout the entire Morpheus Program.
As one speaks of a human flight, specific attention should be drawn to legal aspects concerning human
space flight as such, e.g. the legal regime governing crew activities onboard a transfer vehicle to Mars:
“It should be (…) recalled that the main purpose of the registration of space objects is to establish a
legal link between the object launched into outer space and the launching State in order to secure the
rights of this State over such object and over its personnel, and establish which state is responsible for
this space activity.” [Kopal, in: Böckstiegel, 1992, p. 89].
Another question deals with the aspect of Mars contamination in the light of current Space Law. Not
much can be deduced from the existing treaties (e.g. Art. 9 OST: “(…) conduct exploration of [the planets] so
as to avoid their harmful contamination (…)”), a fact urgently demanding new legal ideas and considerations
on an IGO (UN) level. To what extend will a human crew onboard a Mars landing vehicle contaminate
the surface of the red planet? This question does not only include technical aspects, but also requires a
legal definition of the term contamination (a problem which, at least for the Outer Space Treaty, has to
be resolved based on the travaux préparatoires of the OST as well as on the main interpretation
techniques applicable to international treaties according to the Vienna Convention on the Law of the
Treaties, Art.31 para.152).
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Excurse: Protection and Preservation of the Martian Environment
Planetary protection is the consideration of risks posed by, and means to reduce the risks of,
contamination of one celestial body by organisms or dangerous substances from another. Forward
contamination is the release of Earth contamination in a celestial environment, and backward
contamination is the release into Earth’s biosphere of celestial contaminants [Race, 2003, p. 1].
Planetary preservation goes beyond this: to maintain celestial bodies in their original form and avoid
damaging them as far as possible. To date, the technical aspects of planetary protection have received a
lot of emphasis. The Morpheus Program incorporates some experiments that can be considered to
have planetary protection implications, for example suits for Mars surface exploration, which are
designed to protect the astronauts from the Mars environment while protecting the Mars environment
from Earth organisms (human microflora), and incorporating features to minimize the contamination
of the human habitat (and thus returning less uncontrolled Mars material to Earth).
Another aspect of planetary protection that is beginning to gather momentum is the ethical arena. The
United Nations Educational Scientific and Cultural Organization (UNESCO) and ESA established a
working group on the ethics of outer space in 1998, which reported in 1999. The enthusiastic response
to the report prompted the establishment of the Sub-Commission on the Ethics of Outer Space
[UNESCO, 2003, p. 14]. NASA is co-sponsoring a workshop series with the American Association for
the Advancement of Science (AAAS) to consider societal, legal, ethical, philosophical and cultural
implications of finding extraterrestrial life of any form [Race, 2003, p. 2].
The discussion about protecting the Mars environment revolves around the question: “What does
mankind have the right to do to Mars?” The main schools of thought differ widely on this issue.
Anthropocentrism holds that only humans have rights, and all actions that are not detrimental to
humankind are permissible. The preservation of the Martian environment (or life) would have a low
priority. Similarly, zoocentrism claims that only animals with consciousness have rights, and the
required preservation would be similarly low. Biocentrism claims that all forms of life have rights, and
all Mars mission forward contamination protection measures would need to be very strict. Cosmic
preservationism claims that all unique formed bodies have rights, and so Mars should be left unaltered
as far as possible [Fogg, 2000]. If applied, this principle would require strict forward contamination
controls and would limit exploration and settlement.
Considering that Morpheus is a ‘pre-Mars’ program, and a Mars mission is not included, the discussion
above is not directly applicable. However, the activities conducted and results gained in Morpheus will
feed back into the ongoing debate as to which ethical theory is applicable. One could argue that
without a deep understanding of the Martian environment (and life if it is present), humankind’s
efforts to explore Mars may irreversibly alter that environment or life. If that environment or life was
to become a valuable asset to humankind’s future, than the damage would go against even
anthropocentrism: damage to the Mars environment (or life) may be detrimental to humankind’s future
in ways we do not yet understand. Our dilemma is that we cannot understand Mars fully unless we go.
Thus the debate about which ethical theory to apply, and which level of planetary protection to
employ, must be satisfactorily concluded before the first human mission to Mars departs from Earth.
Morpheus will contribute scientific findings to the ethical debate, and if the international cooperation
problems are solved, Morpheus will also provide another international forum in which to hold the
debate. The alternative may be a unilateral decision by the first nation to gain the technical capability to
stage the mission.
An issue from both a governmental and commercial point of view will be the settlement of Mars and
resource exploitation. However, this problem might turn out to be far less virulent when applied to the
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planet Mars, as the main locations for “space mining” are clearly the Earth’s Moon and several types of
asteroids. Nevertheless, situations can change if some undiscovered or unknown resources are found
on Mars.
Finally, going to Mars and returning is one possibility, going to Mars and staying is another one. In the
latter case a whole new “world” of legal problems comes into being. Any agreement dealing with the
construction and maintenance of ground facilities on Mars will have to be compatible with Article 12
of the Outer Space Treaty which states that “all stations, installations, equipment and space vehicles on
the Moon and other celestial bodies shall be open to representatives of other State Parties to the Treaty
on a basis of reciprocity.” Settling on Mars and conducting possible profitable activities such as mining
etc. (see above) will also require a broad consensus of the legal status of the planet itself. Furthermore,
the rules of living and working on Mars are dependent on the applicable (private) law; to put it in other
terms: which state will exercise jurisdiction over which objects (personae and res) to which extent in
which situation? It would be a fundamentally new approach to stop extending terrestrial jurisdiction (as
done for dealing with activities onboard aircraft or space objects for example), and to implement a
whole independent legal framework for Mars instead. This undertaking would definitely be a challenge
for lawyers of all participating countries, but no one can predict a possible outcome. Never before in
history was a legal framework – meaning a complete, self-sustaining hierarchy of norms including
public and private law – established from nothing, “invented” from zero. This would provide the
unique opportunity to combine different legal systems and merge them into a new, more efficient one.
This, however, is dreaming of utopia, even with the Morpheus Program and its combined efforts to
facilitate all aspects of proper preparation for leaving planet Earth.
4.5

Outreach

Outreach will be an important part of the Morpheus Program. It will take on many forms, but will
mainly fall in one of two categories. The outreach can either be conducted locally, meaning that the
activities takes place in or around the Gaia facility, or it can have a global reach, which refers to
activities that extend beyond the ground facility. Both types will be discussed in the following.
Local focus

The Gaia facility has many exciting and impressive aspects that make it an ideal place to arrange
educational visits and also entertaining visits. First there is the building itself. It is a massive building
with a large glass atrium in the center that houses the impressive Ares mock-up. Two cubes that
contain all the laboratories, offices and other rooms used for research flank the atrium. Inside the main
hall the Ares mock-up, which is accessible to the public, is placed. It is a model of a three-story module
that will be sent up to the ISS eventually. Inside the Ares module are examples of scientific studies that
will be conducted in space, exercising areas and living quarters. The visitors can touch everything, and
boards will explain the interesting details about the module. The public will also be able to see the
scientists and engineers at work through large soundproof windows. Interactive screens will be placed
throughout the public areas that people can access more information about Gaia and the Morpheus
Program. The rover track will also be a popular item. Here the visitors can see Mars rovers being
tested, and they can also get to sit in one.
The visitors are also encouraged to provide their input to the program through competitions, such as
an interior design contest of the Ares module. Communication should also occur on other premises.
The Morpheus Program emphasizes communication with the public whenever it is possible. Having
people in the facility opens a number of ways communications can occur. Visitors might get to ask
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questions to astronauts, scientists, or other interesting people. This would not happen on a daily basis,
but in allocated slots where people can be available.
Other activities in Gaia facility will include lectures held in the auditorium, conferences, workshops,
and other arrangements. There will also be a comprehensive library that focuses on literature on the
subject of human space exploration with Mars as a primary topic. It is foreseen that this library, or
parts of it, can be sent to other institutions so that others can use the Morpheus Program’s resources.
There will also be a gift shop, which will sell general space items, but also products directly related to
the Morpheus Program. An example would be bottled “Mars dust” that has been used in the facility
for research, or pieces of rovers and other space material that is being used for research.
Section 2.3.1 “Gaia: The Core Facility” provides more details about how the outreach activities will be
integrated with the scientific and technological research conducted in the Gaia facility.
Global focus

The cornerstone of the global reach of the outreach program will be the Internet. Through the website
of the Morpheus Program, activities can reach all corner of the world. For this reason the website
should be available in multiple languages, so that even more people can enjoy the Morpheus Program.
Activities like tele-educcation are something that should be explored, as this will be more and more
important in the coming years.
Other activities would include joining exhibitions around the world, linking research to other
institutions; encouraging students from around the world to do projects in the Gaia facility, and many
others.
The Ares mock-up could also be shipped to other places in the world, so that even more people can
get the opportunity to see the module up close. This will help increase the awareness of human Mars
missions and hopefully also increase interest levels. The shipping would be a fairly complex task given
the size of the module, but the costs will as a rule of thumb be covered by the receiving institution.
4.6

Policy and Politics

4.6.1

Current National Policies

In order to be able to say that a national space policy supports the development and conduct of a
program such as Morpheus, it must be shown to have several important characteristics. Firstly, the
policy must encourage international cooperation and accommodate commercial involvement.
Secondly, it must accommodate Mars exploration. Finally, for the Ares module an additional desirable
characteristic is that the nation conducts a human spaceflight (HSF) program, however, financial
support for HSF is useful as long as one partner has HSF capability. The policies of the US, Europe,
Russia and China will be assessed in this framework in the following paragraphs.
United States

The National Aeronautics and Space Administration (NASA) is the national space agency of the US.
NASA pursues research and exploration under the legislative and policy framework of the National
Aeronautics and Space Act of 1958, as amended. The goals and strategies of NASA are more
specifically defined in the NASA 2003 Strategic Plan. While the Space Act lists international
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cooperation as a NASA objective [US Government, 2003], the strategic plan is quite vague in this area.
There is scant mention of international cooperation. For example Goal 3 is to “create a more secure
world and improve the quality of life by investing in technologies and collaborating with other
agencies, industry and academia” - this may be expected to mention international cooperation.
However, the detailed text is primarily about homeland security and defense collaboration, with some
discussion of space applications and spin-off technologies [NASA, 2003, pp. 15-16]. The only glimpses
of international cooperation are implied in discussion of the International Space Station (ISS), and
repeated mention of NASA “leadership”. Thankfully, the reality of NASA international cooperation is
more promising than the strategic plan would indicate, and will be discussed further in section 4.6.2
below. As far as Mars exploration is concerned, NASA is committed to a long-term exploration
program [NASA, 2003, p. 19]. In particular, as part of the Space Science Enterprise, NASA is
committed to the search for life on Mars and comparative planetology, stating “…Advances in our
understanding of Mars would be useful for future human exploration” [NASA, 2003, p. A-5]. A
detailed explanation of the Mars exploration objectives follows, including robotic missions up to 2009
and a statement that “…By early in the next decade, an inventory of critical environmental parameters,
local hazards, and potential resources will be available to support future human exploration” [NASA,
2003, p. A-12]. NASA also remains committed to its HSF program, through the Space Shuttle, ISS,
and the programs encompassed by the Space and Flight Support theme [NASA, 2003, p. A-8, A-9].
The entire Morpheus Program is in concert with NASA policy, and it is obvious that NASA would be
an extremely valuable partner in the consortium.
A particular issue that arises often in discussion is NASA’s seeming reluctance to commit to long term
programs due to the requirement for annual budget allocations by Congress. The annual variance in
allocations can adversely affect large programs such as the Space Shuttle and ISS, but for small
programs the “low tide” can be fatal. If Morpheus gains funding from NASA, it would be very
beneficial if a constant level of funding can be guaranteed. This seems impossible, but investigation of
the House practice of the US Congress reveals that financial appropriations can be made for periods of
more than one fiscal year. “A multi-year appropriation is made when budget authority is provided in an
appropriations act that is available for a specified period of time in excess of one fiscal year… A
permanent appropriation is budget authority that becomes available as the result of previously-enacted
legislation and which does not require current action by Congress” [US Government Printing Office,
pp. 77-78, 2003]. The good news is that where there is political will, there is a legal way. However, the
level of political support required to push through a permanent appropriation must be extraordinary –
an example of a successful attempt is the appropriations for compensation of Members of Congress. It
is unlikely that the majority of the House would ever think Morpheus is as important as paying
themselves. A multi-year allocation is a less lofty target than a permanent allocation, but no doubt
would still be difficult to achieve. Whether Morpheus would ever be given US funding other than via
NASA is doubtful, and so budget variance may be a problem throughout the program.
Europe

European space policy is in a state of change at the time of writing. Since 1999, the European Space
Agency (ESA) and the European Union (EU) have been working toward a joint space strategy. The
latest development along this path was the four-month, widespread consultation over a ‘Green Paper’
on European Space Policy. The results of the consultation, and the views of the European parliament,
will be combined to form a White Paper on European Space Policy, due to be released in October
2003. The process of cooperation between the EU and ESA will produce strategic documents
clarifying the complementary roles of each body and the medium and long term plans for the future
use of space [European Commission Press Room, 2003, p. 2]. The Green Paper provided the basis for
discussion, and so the general thrust of the Green Paper can be assumed to remain as core European
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space policy until the release of the White Paper. Regarding international cooperation, the Green Paper
restated the level of cooperation between ESA (and certain ESA member states) with other nations,
particularly the US and Russia [Office for Official Publications of the EC, 2003, p. 16]. The Green
Paper also reasserted the importance of maintaining scientific excellence and developing Europe’s
industrial and technological base [Office for Official Publications of the EC, 2003, pp. 11-13]. The
reality of this commitment can be seen in continued support for the Aurora program that aims to
enable a human mission to Mars within 30 years [European Commission Press Room, 2003, p. 3].
Finally, the Green Paper raised the issue of what level of effort is appropriate in the field of HSF. The
current effort which is principally connected with the ISS is small compared to the US and Russia, but
substantial nonetheless [Office for Official Publications of the EC, 2003, p. 17]. It remains to be seen
what the White Paper holds in this regard, but in all likelihood there will be a continued and perhaps
strengthened commitment to HSF. The Morpheus Program is therefore palatable to European space
policy and the potential synergies between the Morpheus and Aurora program objectives are obvious.
The interest in Morpheus shown by Aurora personnel at an early stage of development, including a
visit to ISU and a desire to attend the Morpheus Team Project final presentation, bodes well for the
future.
Russia

The Russian Aviation and Space Agency, Rosaviakosmos, is unlike NASA or ESA. It operates on a
small budget and coordinates the activities of a large number of space hardware production
enterprises. Among the stated Rosaviakosmos policy goals, those directly applicable to Morpheus are:
•
•

“Defining state space science and industrial policy in the area of rocket and space technology
and providing their implementation”, and
“Establishing international cooperation and interaction with appropriate agencies in CIS
member states and other foreign countries in space research and applications…and also
entering into international agreements” [Rosaviakosmos, 2003, Goals].

The stated Major Directions of Activities include:
•

•

“Development of orbital manned flights including international cooperation under manned
space flight programs and implementation of agreements on International Space Station;
working through space production technologies and obtaining materials with unique
properties”, and
“Fundamental space research in planetology, astrophysics, solar physics and Sun-Earth
connections and life science; implementation of international agreements on studies of
planets, studies of the near-Earth plasma using active methods; and space medical research
under micro-gravity conditions” [Rosaviakosmos, 2003, Directions].

Thus international and commercial cooperation, Mars exploration, and HSF are all well within
Rosaviakosmos policy. Cooperation with an organization such as Morpheus is almost assured – on the
proviso that Morpheus is going to provide a viable financial return for the Russian enterprises
involved. For example, Russia has very strong international cooperation and HSF programs in
partnership arrangements with a need to raise funding from whichever sources present themselves.
China

As China is poised to become the next nation to have a HSF capability, its space policy warrants
particular attention. China launched its first satellite in 1970 and since then China has paid much
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attention to developing its space technology. The four successful launches of the Shenzhou spacecraft
have demonstrated the great progress of China's space technology. The Chinese government knows
the importance of space technology to the economy and the security of the country, so the
government has spent a lot of money to develop this technology. In recent years, the development of
the space market in China has shown an attractive future, so some private companies have also
stepped into this market, particularly in satellite communications. The successful launch of the
spacecraft to date has given the Chinese government and scientists great encouragement to develop a
more ambitious project, for example, going to the Moon or Mars. One declared goal is a base on Mars
by 2040 [Johnson-Freese, 2003, p. 63].
The Chinese government knows that Chinese space technology is greatly behind that of many
countries, and development is slow because of the large amount of money needed, so the government
has paid more attention to cooperation or commercial relations with other countries. It is well known
that China has procured a lot of space hardware for commencing and implementing their human
spaceflight program. In the Shenzhou project, Russia has sold China knowledge to design the craft and
train the astronauts. China has cooperated with Europe on the Sinosat and DSP satellite projects. In
fact, China has also had a lot of space cooperation with the US. From 1992 to 1994, China has
piggybacked space experiments on the US space shuttle five times [China Aerospace Newspaper, 2003,
p. 42]. In 1998, the US space shuttle piggybacked a Chinese science payload from the China Science
Academy; it was a 17-hour test of five kinds of space materials [People’s Daily, 1998]. China has
launched 27 US-manufactured satellites, and one European manufactured satellite.
China has shown a desire to participate in the ISS program, but that is unlikely in the near future for
reasons that will be explained more fully in section 4.6.2. “China has signed cooperative space
agreements with a number of countries, including Canada, Germany, Italy, France, Britain, Russia,
Pakistan, India and Brazil” [Johnson-Freese, 2003, p. 64]. China also has an ambition to build a space
station, and using a similar approach of cooperation with Russia it is not unrealistic. Jones was looking
a long way into the future when he wrote “A Chinese station could receive visits from foreign
spacecraft, possibly forming a rival international program. Chinese station modules could also be
docked to the ISS, in addition to China's own independent station” [Morris, 2001]. China’s motives for
undertaking such a comprehensive space program include its desire for domestic, regional and
international prestige, and the benefits to its military space technology [Johnson-Freese, 2003, pp. 5257].
In the context of the criteria for participation in Morpheus, China has shown willingness to undertake
international and commercial cooperative ventures, and has stated a desire to carry out space station
activities and human exploration of the Moon and Mars. China may conduct its first human space
flight before the end of 2003. The monetary support that China could provide Morpheus is very
desirable, both in terms of the size of the contributions and more significantly the potential of those
contributions to grow annually with the expansion of the Chinese economy and China’s interest in
space.
4.6.2

International Cooperation Opportunities

All of the space agencies discussed above are engaged in international cooperation. NASA is very
heavily engaged around the world. It is beyond the scope of this paper to list all of NASA’s
cooperative ventures, but it is sufficient to say that they cover the full spectrum of space activities. The
organizational structures used have included multilateral or bilateral frameworks, a highly integrated
program, programs coordinated through consultative groups, joint management, and “lead partner”
organizations. The most prominent venture is cooperation with Russia, ESA, and others in the ISS
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program [Cline, 2002].
By definition, every ESA program is “international”, and ESA as an agency is very much connected to
many other nations. Of note, China has become a partner in Galileo, the European Global Satellite
Navigation System. Russia has entered cooperative agreements with NASA, ESA, many of ESA’s
member countries, and a number of others [Rosaviakosmos, 2003, Cooperation]. It comes as no
surprise to anyone who has seen a photograph of a Shenzhou capsule that Russia has also cooperated
with China’s HSF program [Harvey, 2001, pp. 298-299].
While it seems at first consideration that all space agencies discussed above are keen to cooperate with
each other, there is one match-up that is underdeveloped. The US will not cooperate fully with China
in its HSF program. Although the US cooperates well with Russia, and Russia cooperates well with
China, there seems to be no closing of the circle. The biggest issues preventing the US cooperating
with China relate to technology transfer. Several incidents of alleged transfer of technology in the past
several years have caused the US Congress to tighten technology transfer regulations. This problem,
heightened by the fear of the spread of technology to terrorists, combined with political tensions over
differences regarding Taiwan and North Korea, make cooperation in the short term unlikely
[Williamson, 2003]. Morris Jones gave a very succinct summary of the scope for future Chinese
cooperation with the US. “In the past, China has expressed interest in joining the International Space
Station, although official contacts between China and ISS partner nations has been somewhat tenuous.
The prickly political situation between China and the USA has probably been the major obstacle to
their entry, but situations can change. As budgetary pressures threaten the future of ISS, and the USA
seeks the cooperation of more foreign nations for international security objectives, welcoming China
on board the ISS could be a realistic option for the future” [Morris, 2002]. To enable a technical
capability for docking Shenzhou with the ISS is relatively simple. The sticking points of improving
political relations with the US, solving technology transfer problems, and improving Chinese
technology to the point where the US wants cooperation to gain technology for itself [Williamson,
2003] are more complex.
It is not within the scope of the paper to judge China’s space policy intentions, but an interesting
comparison can be made with the early stages of US cooperation with Russia. Although there have at
times been American fears about the transfer of Russian technology to rogue states, in particular North
Korea and Iraq [Harvey, 2001, p. 297], the cooperation between the US and Russia continued:
“In summary, then, the major ‘non-programmatic’ rationales for enhanced U.S.-Russian cooperation in
human space flight that lead to Russia becoming a partner in the International Space Station were:
1. providing employment opportunities related to civilian space projects within Russia for
Russian scientists and engineers who might otherwise have worked on projects not in the U.S.
interest;
2. providing incentives for the Russian government and Russian industrial enterprises to adhere
to the provisions of the Missile Technology Control Regime and other nonproliferation
measures;
3. building ties between U.S. and Russian elites in the aerospace sector linked to shared Western
values;
4. providing a way for the U.S. government and private sector to channel hard currency into the
Russian economy to assist in its stabilization and growth; symbolizing U.S. support for
Russian reform and the administration of President Boris Yeltsin; and
5. helping Russia to maintain one of the emblems of its great power status - its human space
flight program - in existence” [Logsdon and Millar, 2001].
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Could not the US cooperate with China for many of the same reasons? Not yet. Firstly, the US
possibly does not want to assist the economic growth and great power status of a rival on the rise.
Secondly, in the case of Russia, there were clear “programmatic” (technical) benefits to having Russian
cooperation in HSF [Williamson, 2003]. This provided the “end”, and politicians provided the
“means”. For China there is currently no desired end, thus no means.
If China is not engaged in Morpheus, the program can still succeed. In the longer term, to send the
first human mission to Mars, it is almost essential that these problems be overcome. Besides the
practicalities of funding the mission, could a human set foot on Mars “in peace for all humankind” if
the most populous nation on Earth was excluded from the venture? Morpheus may provide the
stepping stone to this much needed trust and cooperation between the US and China. Looking at the
bigger picture, the US, Europe, Russia and China have quite different space policies, but Morpheus lies
of a point of confluence for all of them – this type of large cooperative program has benefits for them
all and will help them further their ambitions.
4.6.3

Political Lobbyism

The business plan for this program proposes the involvement of private entities. However, space
agencies and some other governmental agencies of many nations will be involved in any cooperative
effort to send humans to Mars. To influence space policy in each nation will require a tailored
approach, due to the differences between their political systems, the level of involvement of the
general public in policy making, and the advocacy coalitions that are active in policy making. Despite
these differences, there are many similarities that will be discussed below. These principles will not
hold true in every case, but with adaptation may prove useful. Advocacy coalitions are organizations of
interested groups and individuals who seek to influence public policy formulation by influencing the
view of those governmental institutions in a position to shape policy. Policy is shaped under the
influence of the advocacy coalitions, external factors such as economic conditions, and stable
constraints such as constitutional rules [Bosso and Kay, 2003, p. 47].
The primary struggle is to set the agenda for political discussion, as issues not on the agenda are not
discussed. The advocacy group must seek first to spread the participation in the issue (in some cases to
the public) to gather popular support, then to control the relationship of the “wider” opinion to the
political solution of the issue. Thus in some issues only politicians may be involved, in other cases the
participants include bureaucrats, legislators, advocacy groups, researchers, reporters, and the public.
Often a crucial point in the policy formation on an issue is when it redefined as a matter in another
domain, for example if nuclear power is taken from the “energy policy” domain by widespread
awareness of environmental issues. Thus problem definition and control is vital. In many nations,
business interests have a position of some power also, presumably driven by market forces, but in all
cases operating in a framework established in concert with government [Bosso and Kay, 2003, pp. 5053].
How does this theory apply to space policy, particularly to Morpheus? In the early days of space policy,
nationalistic interests and cold war politics drove the utilization of space. Today space policy is
intertwined with policy in many arenas, partly due to government attempts to commercialize activities,
partly due to market forces, but primarily by the pervasive nature of space applications. For example,
decisions relating to Global Navigation Satellite Systems involve departments of transport, science,
defense, agriculture and others. Within the US Congress the Standing Committee on Science is
responsible for oversight of Astronautics and Space Exploration administration [US Government
Printing Office, 2003, p. 252]. Apart from the bureaucrats, Christopher J. Bosso and W.D. Kay have
identified four major advocacy coalitions involved in space policy in the US: Business in Space, a group
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focused on material benefits; National Defense, “High Frontier”, a group driven by national security
concerns; Neo-Apollo, “Human Destiny” comprised of groups seeking the settlement of the Moon and
Mars for benefits to society; and Science in Space, comprised of research science organizations. NASA
acts as a broker attempting to find centrist positions on issues. However, the long-term financial
commitments required in the R&D for a mission to Mars are not well served by brokering between
widely disparate points of view [Bosso and Kay, 2003, pp. 55-57].
The advocacy coalitions observed in the US and their relationship with the national space agency have
broad parallels in many space faring nations. There are some cases that are quite different on either end
of the spectrum of business interest, such as China’s more nationalistic and defense focused program,
or the Russian Space Agency which is quite business focused. The common thread is that for
maximum political support, Morpheus must appeal to many of the advocacy groups and agencies and
upset none. This can been achieved. There is opportunity for businesses to participate and profit.
There is a clear link between Morpheus and the push to eventually settle Mars. Defense is served, as
some members of the space scientific and engineering community in cooperating nations will be
involved in a peaceful enterprise rather than military programs. The scientific community can
participate in the program and benefit from it. The space agencies exist to conduct space programs.
The broad appeal of Morpheus should make it a program that breeds cooperation rather than conflict
among advocacy groups. It is particularly important to partner with, rather than compete with, existing
advocacy groups including the International Astronautical Federation, Planetary Society, and the Mars
Society.
4.7

Conclusion to EOA

The Enabling Overhead Activities (EOA) comprises the support functions of the Morpheus Program.
These form the framework in which the Gaia Ground Segment and the Ares Space Segment are being
realized. Through an innovative approach to program realization, a model for program design has been
presented that is built to exploit the best qualities of the space agencies, private industries and
academia. These organizations come together in the Morpheus Consortium and provide their expertise
and support. The collaboration is initiated by the private Kasei Company, as opposed to a government
institution, as is traditionally the case. With this “new”, private-public partnership, approach new legal
challenges that must be addressed arise. Issues such as organizational structure, intellectual property
rights, international cooperation, and the current ISS regime are just a few of the legal problems that
have been discussed in light of the Morpheus Consortium.
The Kasei Company and Morpheus Program also utilize marketing tools that are associated with
traditional commercial companies. This enables the Morpheus Program to receive income from
commercial sources, such as sponsorships and the sale of space merchandise through the Gaia Gift
Shop. It also opens up a new arena for building awareness of space and missions to Mars in particular.
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Zentrum fur Luft-und Raumfahrt (DLR), eds. International Space Station Agreements.Legal
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2000.

•
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Pablo M.J. Mendes de Leon, eds Dordrecht, Boston, London: Martinus Nijhoff Publishers,
1992.

•

Williamson, Ray. “Re: China and the US.” E-mail to Stuart Briese. 2 Jul. 2003.
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Nijhoff Publishers, 1988.

•

Zubrin, Robert M. and Maggie Zubrin, eds. Proceedings of The Founding Convention of the
Mars Society. San Diego: Univelt, 1999.
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Space, Including the Moon and Other Celestial Bodies. 610 United Nations Treaty Series
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5

MAKING OUR DREAMS THE FUTURE: CONCLUDING REMARKS

In our quest to reach the stars, the first human footprint on Mars is inevitable. But the path ahead is
long and fraught with uncertainty. Humanity must join together from today, accepting the challenge to
tread this path with spirit and, in so doing, open the door to the next chapter of human history.
P.A.T.H. – M, Program Advancing Towards Humans on Mars, has presented a program level solution
to address the challenge of enabling humans to journey to Mars. The Morpheus Program has been
proposed to facilitate the development of a systematic, coherent approach to answering the questions
that arise when planning such a mission. Earth and space have been considered as two primary
platforms for conducting necessary research and development, taking the form of a dedicated ground
facility, Gaia, and a large module to be integrated to the ISS, Ares.
Many lessons have been learned in the process of this project. One of the most important must be that
we need to take a coherent approach to human Mars mission planning. Coherent means:
•
•
•
•
•

What?
Who?
Where?
How?
and
When?

Comprehensive
Inclusive
International
Systematic

including everything
including everyone
conducted everywhere
in a logical, ordered manner

… from today

The need for a highly interdisciplinary approach is clear. It allows conflicting requirements to be
resolved at an early point in the design phase and allows the maximum possibility for exploiting
complementary requirements. The best example of this is seen in the design of the Gaia facility. The
requirements for the science and technology research that needs to be conducted were ultimately the
primary driver for placing the facility in the USA and directly influenced the internal design of the
building. However, the need for conducting outreach and generating some revenue from the facility
was the primary driver for the high level design of the building and also affected the choice of location.
An interdisciplinary approach employed correctly can lead to extremely coherent results.
Early and accurate definition of goals, objectives, requirements, and long term planning is essential.
Failure to do so is seen historically. The Apollo program had very clearly defined short-term goals and
requirements, but the lack of a long-term vision, amongst other reasons, eventually led to the
cancellation of the program. The ISS is also an example of poorly defined goals and requirements,
which has resulted in a constantly changing infrastructure. This has meant that a utilization plan must
now be fitted to the environment the ISS provides, rather than designing the ISS to provide a specific
environment for a pre-defined utilization plan.
The ISS, in its current form, provides limited research and development possibilities relating to human
Mars missions. Clearly, some of the systems developed for the ISS can and will be adapted for Mars
mission systems, certain science and technology experiments can be done on the ISS racks, and
astronauts living onboard the ISS are a continual source of information for a database on humans in
space. However, to make any significant space-based advancement of human Mars mission research,
the best use of the ISS would be as a host for a large module that allows required experiments to be
conducted.
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The creation of Morpheus Program, though complex, encouraged the development of many new and
innovative ideas. Firstly, all of the investigation proposals presented in the Earth and Space Segment
have developed significant original material. Apart from these, there have been several innovative ideas
employed in the construction of the program, which are extremely valuable in themselves. These
include the idea of having a common location from which the program can begin and gather
momentum, at the same time being used to raise awareness, i.e., to act as a ‘head quarters’ for the work
that must be done. This leads into the concept of having distributed work (through the collaborative
network) but centralized information (at Gaia), a step that will be essential to implement and manage
the program effectively, given the likely operating environment.
A new take on industry-government partnerships was developed in the form of Private-PublicPartnerships, where the initiation of a project is done by a private company rather than a government.
The development of a consortium also leads to collaboration rather than competition, and this should
be encouraged. A systematic, coherent approach was applied at all points and should in itself be taken
as a valuable lesson. This may well be the most important lesson learned.
Ê
We, the students of the MSS Class of 2003, want our work to have some lasting influence. We wish to
pass on our fresh perspective and enthusiasm. We hope to inspire people with the means to make a
difference. We take responsibility for a dream special to us.

We must all take responsibility for our dreams today.
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APPENDICES

Appendix A: Assessing the Importance of Different Challenges Faced by
Human Mars Missions

A-1

The Criteria

Outlined below are the different criteria applied to each of the identified challenges faced by
human missions. There are two sets of criteria; importance and team constraints. Numerical
ranking is used to enable inputs from many people and then the inputs to be averaged
appropriately.
Importance

1. Mission Criticality:
How critical is it to solve this problem in order for a mission to Mars to happen as
quickly as possible?
(10=Absolutely critical, 1=Not critical)
2. Financial Feasibility:
To what degree is it possible to address this problem within current funding levels?
(10=Easily possible, 1=Very difficult)
3. Legal/Political Feasibility:
To what degree does the current political/legal environment allow this problem to be
addressed?
(10=Not restricted, 1=restricted)
4. Technical Feasibility:
How much time/innovation is required to address this problem to within acceptable
levels of performance and cost?
(10=Not much time/innovation, 1=A large amount of time and innovation)
5. Impact on Level of Mission Success:
To what degree does solving the problem aid in the achievement of mission goals,
including safety, science return, etc.
(10=High impact, 1=Low impact)
Team Constraints

1. ISS Use:
To what level can the ISS be used to solve the problem?
(10=Extensive ISS use, 1=No ISS use)
2. Skill Level:
How would you rate the team's ability to address this problem?
(10=Large potential to solve problem, 1=No potential to solve problem)
3. Interest Level:
How would you rate your interest in having the team address this problem?
(10=Very interested, 1=No interest)
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s

The Final Matrix

Normalised Criteria Weighting

(1 - 10)

(1 - 10)

(1 - 10)

(1 - 10)

Constraints
Total

(1 - 10)

Interest Level

Impact on
Mission Success

(1 - 10)

Skill Level

Technical
Feasibility

(1 - 10)

ISS Use

Legal/Political
Feasibility

(1 - 10)

Importance
Total

Financial
Feasibility

Range

Mission Criticality

Criteria

C

Im

O
u
on r
st
ra
in
t

po
rt
an
ce

A-2

26.3

18.9

16.5

20.3

18.0

51.8

30.6

31.9

37.5

48.3

Lack of Public Support

8.7

7.1

6.8

5.5

7.3

6.5

7.6

7.0

7.4

5.1

6.9

5.0

7.3

7.2
6.4

6.8

Motivation

5.9

5.8

7.3

6.4

Propulsion

8.0

6.1

4.8

6.3

8.0

5.8

5.9

5.3

8.3

6.5

7.2

6.4

8.0

8.5

6.8

6.9

7.3

Weightlessness Countermeasures

6.1

5.5

8.2

5.0

6.5

7.6

5.5

6.7

6.6

Materials

6.9

6.9

8.4

6.5

6.6

7.4

5.1

7.9

6.9

Thermal Control Systems

7.5

7.1

8.5

6.7

7.3

7.1

5.6

5.2

5.9

Communication

6.7

7.9

7.2

7.1

6.7

5.0

5.6

3.8

4.8

Spacesuit/Marssuit

7.7

7.3

8.4

6.5

7.9

6.0

5.2

6.1

5.8

Power

7.6

6.8

5.8

6.7

7.9

6.1

5.7

5.6

5.8

Surface Mobility

5.9

6.9

7.8

6.6

6.4

2.6

5.2

5.1

4.4

IT, Computer / Architecture

5.8

8.1

8.2

7.6

6.3

6.7

5.3

3.4

5.0

Emergency Procedures

7.8

7.4

7.9

7.0

8.1

5.9

7.2

6.1

6.4

Life Support (ECLSS CELSS)

8.9

6.8

7.6

6.5

8.5

8.4

6.2

7.7

7.4

ISRU

7.6

6.6

7.3

6.4

7.5

6.8
7.3
6.2
7.0
7.4
7.1
7.5
7.0
6.6
7.1
7.6
7.7
7.1

4.1

Habitation

3.9

6.6

7.6

6.1

Radiation

9.2

7.2

8.1

6.2

8.4

6.1

7.6

7.1

5.8

5.8

6.2

5.8

6.4

7.9
6.0
6.9
6.9
6.7
7.5
7.8
7.9

7.6

Planet Protect (fwd bkwd and samples)

5.6

6.1

5.6

5.7

6.5

5.5

5.5

5.8

3.3

5.7

6.0

5.1

6.7

5.1

5.6

5.8

8.1

5.6

6.4

6.7

8.3

6.3

6.9

7.1

8.3

6.9

7.4

7.5

6.3
6.6
6.9
5.8
3.5
5.2

7.2

6.8

6.3

6.7

7.3

7.1

5.9

6.7

5.0

6.1

5.3

5.5

5.8

6.3

4.4

5.4

2.8

4.5

2.0

3.0

7.3

6.9

6.4

6.8

7.3
5.5
5.2
5.6
6.5
4.9

8.6

6.5

7.1

7.3

2.8

5.6

6.3

5.0

2.2

5.5

5.2

4.3

7.5

5.9

5.5

6.2

5.6

5.4

3.8

4.9

4.5

4.7

4.3

4.5

CRITERIA
TOTAL

HUMANISTIC ISSUES

7.1
6.4

ENGINEERING

6.1
7.3
6.4
6.9
6.7
5.9
6.7
6.4
5.5
6.1
7.0
7.6
6.6

SCIENCE

Characterization of Space Environment

5.9

7.5

8.1

7.1

6.1

Characterization of Mars Environment

7.9

5.9

7.5

5.6

7.3

Telemedicine

5.9

7.0

7.6

6.6

6.6

Medical Countermeasures

7.8

7.3

8.2

6.5

7.7

Psychology

6.8

8.2

8.1

7.9

8.4

Crew Selection

7.6

8.5

6.9

8.2

8.4

7.5
5.9
6.4
6.0
6.2
7.1
7.5
7.7

BUSINESS
Marketing

6.1

6.7

7.2

5.9

5.9

Outreach

5.5

7.1

7.9

7.3

5.4

Financing

9.3

5.0

6.1

5.2

8.2

Organizational Structure

5.5

6.3

6.3

5.5

5.9

Insurance

3.7

2.6

4.7

3.6

3.2

Commercial Use

4.9

4.8

6.5

4.9

5.4

International Cooperation

8.6

6.0

7.2

5.7

8.8

Mars Treaty

5.8

6.4

5.6

4.8

4.8

Resource Exploitation

5.3

5.9

5.1

5.0

4.5

ISS Regime

4.6

6.6

5.8

7.3

4.1

Contracts

6.8

6.6

6.6

6.2

6.3

Liability and Insurance

5.4

4.4

3.8

5.3

5.2

6.5
6.6
6.2
5.6
3.3
6.0

LEGAL & POLICY

International Space University, MSS 2003

7.3
5.2
4.8
5.9
5.7
4.7

198

P.A.T.H. - M

Appendices

Program Advancing Towards Humans on Mars

Tabulated results from the final matrix.
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Appendix B: Potential partners for the collaborative network
This list is not exhaustive. It comprises some examples of organizations that could be a potential
partner through the Morpheus collaborative network.
Organization
NASA, Ames Research
Center
Institute of Aerospace
Medicine
Aeromedical center
Wright Patterson air Force
Base
Air Force Research
Laboratory (AFRL)
MEDES
Concordia station
Dutch Experimental Support
Center
RAF, Farnbourgh
Human Centrifuge for
Medical Research Application
and Scientific Studies
Artic Mars Analog Svalbard
Expedition
National Aeronautics and
Space Administration (NASA)
European Space Agency
(ESA)
NASDA
Rosviakosmos
Massachusetts Institute of
Technology (MIT)
Mars Yard Facility
Polygon-Moscow
VNII TransMash
Mars Analog Research
Stations (MARS)
Flashline Mars Arctic
Research Station (FMARS)
European Mars Analogue
Research Station (EuroMARS)
Mars Electrostatic Chamber

Area of expertise

Location/country of origin

Human centrifuge

California, USA

Human centrifuge

India

Human centrifuge

Singapore

Human centrifuge

USA

Human centrifuge

USA

Isolation studies
Isolation studies

France
Antarctica

Human centrifuge

The Netherlands

Human centrifuge

UK

Human centrifuge

France

Mars analogue environment

Svalbard, Norway

Space agency

USA

Space agency

Europe

Space agency
Space agency
Research institute with
particular strengths in ….
Mars analogous terrain for
rover testing
Mars analogous terrain for
rover testing
Mars analogous terrain for
rover testing
Mars analogous habitat and
human activities
Mars analogous habitat and
human activities

Japan
Russia
Massachusetts, USA
USA
Moscow, Russia
St. Petersburg, Russia
International
Devon Island, Canada

Mars analogous habitat and
human activities

Iceland

Martian atmosphere room

Florida, USA
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Organization
Mars Desert Research
Station (MDRS)
Polygon-Kamchatka
Boeing
Lockheed-Martin
EADS
The Mars Society
The Planetary Society
National Institute of
Radiological Sciences (NIRS)
Powerspan Corp.
PPC Industries
VKI Plasmatron
SCIROCCO
ONERA F4
DLR’s HEG
Laboratoire de Meteorologie
Dynamique, CNRS
Atmospheric, Oceanic and
Planetary Physics (AOPP)
MELISSA
TechnoMembranes
Karolinska Institut
Draegerwerke
British Nuclear Fuels
CERN

Area of expertise
Mars analogous habitat and
human activities
Mars analogous terrain for
rover testing
Space vehicles and orbital
systems
Space vehicles and orbital
systems
Space vehicles and orbital
systems
Mars Exploration interest
organization
Mars Exploration interest
organization

Location/country of origin

Particle accelerator

Japan

Industrial filtration systems
Industrial filtration systems
Plasma test facility
Plasma wind tunnel
Wind tunnel
Wind tunnel
Martian atmospheric
environment
Martian atmospheric
environment
Closed ecosystems
Water recycling
Medical countermeasures
EVA technologies
Nuclear power
Particle accelerator

USA
USA
Belgium
Italy
France
Germany
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Europe
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USA

Paris, France
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International
France
Stockholm, Sweden
Germany
UK
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201

P.A.T.H. - M

Appendices

Program Advancing Towards Humans on Mars

Appendix C: Income and cost estimations for the Morpheus program
All numbers in USD. The estimation does not take into consideration any inflation and assumes
a stable economic environment. Phase 1B is dependent on support from a space agency, and will
only start when such support is achieved.

Building Name
Plaque display
Lab rentals
Ares rental
MEC
Conference
room
Tourists
Gift shop
Total income
Equipment
Ares mock-ups
Building lease
Personnel
Building
maintenance
Market activities
Insurance
Ares
development
Other
operational costs
Total costs

Phase 0
Initial investment
3 000 000
5 000 000

8 000 000

Year 1

Year 2

Phase 1A
Year 3

Year 4

Year 5

300 000
300 000
650 000

390 000
390 000
750 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

15 000

22 500

45 000

75 000

75 000

500 000
500 000
2 265 000

900 000
900 000
3 352 500

1 750 000
1 750 000
5 170 000

1 750 000
1 750 000
5 200 000

1 750 000
1 750 000
5 200 000

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

150 000

250 000

250 000

450 000

450 000

150 000
100 000

100 000
100 000

100 000
100 000

100 000
100 000

100 000
100 000

300 000

350 000

400 000

450 000

450 000

200 000

200 000

200 000

200 000

200 000

2 040 000

2 140 000

2 190 000

2 440 000

2 440 000

3 000 000
3 000 000

500 000

6 500 000

Continued on next page
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Continued from previous page
Phase 1B
Year 6
Year 7
Building
Name
Plaque
display
Lab rentals
Ares rental
MEC
Conference
room
Tourists
Gift shop
Total
income
Equipment
Ares mockups
Building
lease
Personnel
Building
maintenance
Market
activities
Insurance
Ares
development
Other
operational
costs
Total costs

Year 8

Year 9

Phase 2A
Year 10

Year 11

Year 12

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

75 000

75 000

75 000

75 000

75 000

75 000

75 000

1 750 000
1 750 000

1 750 000
1 750 000

1 750 000
1 750 000

1 750 000
1 750 000

1 750 000
1 750 000

1 750 000
1 750 000

1 750 000
1 750 000

5 200 000

5 200 000

5 200 000

5 200 000

5 200 000

5 200 000

5 200 000

500 000

500 000

500 000

500 000

500 000

500 000

500 000

640 000

640 000

640 000

640 000

640 000

640 000

640 000

450 000

450 000

450 000

450 000

450 000

450 000

450 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

3 100 000

3 100 000

100 000

100 000

100 000

100 000

100 000

150 000 000

150 000 000

200 000

200 000

200 000

200 000

200 000

200 000

200 000

154 990 000

154 990 000

1 990 000

1 990 000

1 990 000

1 990 000

1 990 000

Continued on next page
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Continued from previous page
Building
Name
Plaque
display
Lab rentals
Ares rental
MEC
Conference
room
Tourists
Gift shop
Total income
Equipment
Ares mockups
Building lease
Personnel
Building
maintenance
Market
activities
Insurance
Ares
development
Other
operational
costs
Total costs

Year 13

Year 14

Phase 2B
Year 15

Year 16

Year 17

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

425 000
400 000
800 000

75 000

75 000

75 000

75 000

75 000

1 750 000
1 750 000
5 200 000

1 750 000
1 750 000
5 200 000

1 750 000
1 750 000
5 200 000

1 750 000
1 750 000
5 200 000

1 750 000
1 750 000
5 200 000

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

500 000
640 000

450 000

450 000

450 000

450 000

450 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

100 000

200 000

200 000

200 000

200 000

200 000

1 990 000

1 990 000

1 990 000

1 990 000

1 990 000

End of table
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Appendix D: Detailed overview of Martian analogue environment test facilities
Facility
Location
Mars analogous terrain for rover testing
Mars Yard Facility [NASA JPL, JPL,
2003]
California,
USA

Comments

- The area: 462m² (22m x 21m)
- 18 inches (~45,72cm) in base laid on top of drainage stone
- 250 tons (US units) of washed sand
- 25 tons (US units) decomposed granite
- 10 tons (US units) of brick dust
- 5 tons (US units) of small red cinders
- 20 tons (US units) of volcanic rocks
- the view of the terrain represents the ones of Viking Lander 1 and Viking Lander 2
- the rock distribution is based on Moore’s model
Polygon-Moscow
Moscow,
Martian rover testing with the capability of having mechanisms to reduce to the gravity level of Mars (~1/3 of
[Tolyarenko, 2003]
Russia
Earth gravity)
Polygon-Kamchatka
Kamchatka, Bigger than the one in Moscow
[Tolyarenko, 2003]
Russia
Volcanic rocks (like on Mars)
Martian rover testing with the capability of having mechanisms to reduce to the gravity level of Mars (~1/3 of
Earth gravity)
VNII TransMash
StMartian rover testing with the capability of having mechanisms to reduce to the gravity level of Mars (~1/3 of
[Tolyarenko, 2003]
Petersbourg Earth gravity)
, Russia
Mars analogous terrain for habitat and human activities
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Mars Analog Research
Stations (MARS) Project from
Mars Society
[Mars Society 1, 2003]

International Goals of the MARS Project:
Effective test bed for field operations studies in preparation for human missions to Mars specifically
(e.g. habitat design, field exploration strategies, tools, technologies, and crew selection protocols);
Field research facilities at selected Mars analogue sites on Earth, to further help the understanding
of the geology, biology, and environmental conditions on the Earth and on Mars;
Generate public support in order to send humans to Mars.
There are four different stations that exist or that are planned (see below in the table):
MDRS
FMARS
Euro-MARS
MARS-OZ

Flashline Mars Artic Research
Station (FMARS)
(MARS Project from Mars
Society) [Mars Society 2,
2003]
Mars Desert Research Station
(MDRS)
(MARS Project from Mars
Society) [Mars Society, 2003]
European Mars Analogue
Research Station (EuroMARS)
(MARS Project from Mars
Society) [Mars Society 3,
2003]

Devon
Island,
Canada

The same goals as in “Mars Analog Research Stations”.
FMARS is the first station in the MARS Project.

Utah, USA

The same goals as in “Mars Analog Research Stations”.

Iceland

The same goals as in “Mars Analog Research Stations”.
Euro-MARS is due to become operational in 2003.
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Australian Mars Analogue
Australia
Research Station (MARS-OZ)
(MARS Project from Mars
Society) [Australian Mars
Research Facility, 2003]
[Clarke, 2002] [Clarke 2, 2002]
The NASA Haughton-Mars
Project (HMP)
[NASA-Haughton, 2003]

Devon
Island,
Canada

INTEGRITY
NASA JSC,
(Integrated Human Exploration Houston,
Simulation Facility) by NASA
Texas, USA
JSC
[Henninger, 2003]

Martian Atmosphere room
Mars Electrostatic Chamber
(MEC)
[Calle et al., 2001]

NASA KSC,
Florida, USA

International Space University, MSS 2003

The same goals as in “Mars Analog Research Stations”.
MARS-OZ still needs to be confirmed. It will be the fourth facility in the MARS project.
The cost is estimated to be USD 700000 for the development of the station and USD 120000 per year for
the operations.
It is planned to perform rover testing vehicles for surface exploration, to study the interaction between crews
and mission controllers. A Horizontally Landed Biconic will be tested rather than the usual tuna can design.
Space suit and communication system are also planned to be tested.
HMP is led by the SETI Institute. It constitutes an international scientific field study research program at a
Mars analog site: the Haughton impact crater and its surroundings (on Devon Island in Canada).
“The rocky polar desert setting, geologic features and biological attributes of the site offer unique insights
into the evolution of Mars, the effects of impacts on Earth, and the possibilities of life in extreme
environments. The opportunity of scientific field studies at Haughton is also used to support studies in
exploration research, to investigate the technologies, strategies, humans factors and hardware designs
relevant to the future exploration of Mars by robots and humans.” [NASA-Haughton, 2003]
Proposition to develop a high-fidelity ground facility to carry out long-duration human exploration
mission simulations on Earth;
These simulations would include all elements of an actual mission with actual technologies that will
be used for the real mission, for example:
o extravehicular activities;
o robotic systems;
o telepresence and teleoperation;
o surface drilling technology;
o simulated planetary landscape surroundings;
5 or 6 missions are planned over a span of 10 to 15 years (duration between 180 to 1000 days).
1.5m³ cylindrical vacuum chamber simulating limited Martian environmental conditions for
electrostatics studies as well as other studies
It could operate down to –90°C at 10mbar
There is a 100% CO2 atmosphere
The experiment deck is 1.43m x 0.80m
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