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EXECUTIVE SUM M ARY

Executive Summary
This literature review presents an in-depth analysis of the past, present and future of space analogs. The
goal of this report is to identify gaps in analog research and recommend new studies to seal them.
Following the direction of international space agencies towards manned missions to the Moon and Mars, an
intensive study of current analog capabilities is required. The scope of this review concentrates on human
long-duration missions to planetary or lunar surfaces. In keeping this focus, the results of this paper provide
comprehensive information regarding the implementation of analogs to prepare for these missions,
including an overview of the legal and ethical issues related to tests on human behavior in analog sites.
In order to consider all aspects of analog missions, the research is divided into human and technological
factors that should be studied in analog sites prior to space missions. By this division it is possible to cover
all analog sites, which are capable of simulating or studying the effects of long-duration human spaceflight.
Since the beginning of human spaceflight, the psychological aspects of human spaceflight have represented
a major threat to astronaut health and sanity. The first pioneers had to deal with the unknown space
environment, operational risks and with living in confined spaces. Progressively, space missions have
involved larger and larger teams. With this trend, astronauts have had to deal with human interaction and
intercultural issues. These aspects became more pronounced when long-duration missions to space stations
were introduced. Analog sites can partially recreate the circumstances astronauts encounter in space,
making them a valuable tool to assess the possible psychological consequences of space missions.
Spaceflight also adversely effects human physiology. One such example is the immune system. A wide
range of alterations in the human immune system have been observed after both long-duration and shortduration spaceflights. By studying effects of human physiology in analog sites, it is possible to formulate
strategies for preventative care and treatment.
Human-robot interaction will be an essential component of long-duration missions. This will require
increased autonomy in on-board software. To prepare for a long-term human space missions, the use of
robots will be an invaluable asset, both for unmanned reconnaissance missions as well as for human
assistance during missions. Considering the development and manufacturing costs of robots and high level
of performance required, these robots are fully tested in Earth analogs before they are deployed on actual
missions.
One other aspect that requires the execution of complex tests is human extra vehicular activity (EVA) in
space. In fact astronaut’s spacesuit systems allow for an astronaut to conduct activities outside the space
vehicle or on a planetary body, keeping crewmembers alive and allowing them to routinely perform tasks
outside the protective environment of the vehicle.
Closed loop life support systems will be necessary for the success of future long-duration spaceflight
missions. Hence, such systems must be self-contained and possess self-regenerative capability.
As the duration of human space mission is increasingly extended and the crew composition becomes more
international, human factors become ever more important to spacecraft design. Space Architecture focuses
on human interaction with artificial environments and artifacts in the context of space exploration. Analog
simulations can provide valuable insights in architecture, ergonomics and industrial design such that aspects
of human interaction may be improved.
Part of this literature review was dedicated to the non-technical aspects of analog studies, such as
international collaboration, potential commercialization of analog studies, and the legal, ethical, and
policies that govern analog studies, is presented.
To provide a comprehensive overview, a list of current space analogs was compiled. Presented in matrix
form, this list also provides a method of comparison between different analog studies. Following the
comprehensive list of analogs, various improvements to analog studies, such as standardization and fidelity
metrics are identified and discussed.
In conclusion, a broad literature review was performed on the topic of analogs for long-duration human
spaceflight. Critical gaps were identified and several possible future studies are proposed. These suggested
studies are both aimed at improving current analog studies and proposing new types of space analogs.
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Nomenclature
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CAPSULS
CEEF
CELSS
CESRF
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Desert RATS
DLR
DMRS
ECSS
EMU

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

ENEA

=

envihab
ESA
EVA
EXEMSI
FAP
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FMARS
GCR
GRAF
HMP
HPM
HRI
HUBES

=
=
=
=
=
=
=
=
=
=
=
=
=

HUMEX

=

HZE
IBMP
IHM
INTEGRITY
IPEV
ISEMSI
ISRU
ISS
ISU
IVA
JAXA
JPL
JSC

=
=
=
=
=
=
=
=
=
=
=
=
=

Advanced Composition Explorer
Arthur Clarke Mars Greenhouse
Augmented Reality
Air Revitalization System
Italian Space Agency
Antarctic Survey Station
All-Terrain Hex-Legged Extra-Terrestrial Explorer
Advanced Water Recovery System
British Antarctic Survey
Bioregenerative Life Support Systems Test Complex
Bioregenerative Life Support System
Bone Mineral Density
CELSS Antarctic Analog Project
Controllo Ambientale Biorigenerativo (Bioregenerative Life Support program)
Canadian Astronaut Program Space Unit Life Simulation
Closed Ecosystem Experiment Facilities
Closed Environment Life Support System
Controlled Environment Systems Research Facility
Canadian Space Agency
Desert Research and Technology Study
Deutsches Zentrumfür Luft- und Raumfahrt (German aerospace center)
Desert Mars Research Station
European Cooperation for Space Standardization
Extravehicular Mobility Unit
Ente per le Nuovetecnologie, l'Energia e l'Ambiente (Italian National Agency for
New Technologies, Energy and the Environment)
Environmental Habitat
European Space Agency
Extra-Vehicular Activity
Experimental Campaign for the European Manned Space Infrastructure
Flight Analog Project
Field Integrated Design and Operation
Flashline Mars Arctic Research Station
Galactic Cosmic Rays
Graphics Research and Analysis Facility
Haughton-Mars Project
Human Physiological Model
Human Robot Interaction
HUman Behavior in Extended Spaceflight
Study on the Survivability and Adaptation of Humans to Long-Duration
Exploratory Missions by ESA
High Z, High Energy
Russian Federation Institute for Biomedical Problems
Integrated Health Monitoring
Integrated Human Exploration Mission Simulation Facility
Institut Polaire Français
Isolation Study for the European Manned Space Infrastructure
In-Situ Resource Utilization
International Space Station
International Space University
Intra-Vehicular Activity
Japan Aerospace Exploration Agency
Jet Propulsion Laboratory
Johnson Space Center
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KSC
LB
LBNP
LCG
LDC
LED
LEO
LET
LMLSTP
LRV
MELiSSA
MER
MMPI
MRI
MSL
NASA
NASDA
NBF
NBL
NBS
NEEMO
NET
NME
NOAA
NSF
OPP
OST
PAR
PAT
PCI
PHA
PISCES
PLSS

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

PNRA

=

PULSA
RBE
RLSS
RSA
SCAMP
SDE
SES
SFINCSS
SLS
SMEAT
SMS
SPE
SPFGC
STS
TransHab
TRIGON
UAV
VR
VTE
VTV

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
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Kennedy Space Center
Laboratory Biosphere
Lower-Body Negative Pressure
Liquid Cooling Garment
Large Diameter Centrifuge
Light Emitting Diode
Low Earth Orbit
Linear Energy Transfer
Lunar Mars Life Support Test Project
Lunar Roving Vehicle
Micro-Ecological Life Support System Alternative
Mars Exploration Rovers
Minnesota Multiphasic Personality Inventory
Magnetic Resonance Imaging
Mars Science Laboratory
National Aeronautics and Space Administration
National Space Development Agency of Japan
Neutral Buoyancy Facility in Germany
Neutral Buoyancy Laboratory at Johnson Space Center
Neutral Buoyancy Simulator
NASA Extreme Environment Mission Operations
Non-Effusing Trash
Neuromuscular efficiency
National Oceanic and Atmospheric Administration
National Science Foundation (USA)
Office of Polar Programs
Outer Space Treaty
Photosynthetically Active Radiation
Pre-flight Adaptation Trainer
Personality Characteristics Inventory
Personal Hygiene Assistant
Pacific International Space Center for Exploration Systems
Portable Life Support System
Programma Nazionale di Ricerche in Antartide (Italian National Program of
Research in Antarctica)
Plant-based Unit for Life Support
Relative Biological Effectiveness
Regenerative Life Support System
Russian Space Agency
Secondary Camera And Maneuvering Platform
Synthetic Digital Environment
Submarine Escape Simulator
Simulation of Flight of International Crew on Space Station
Soil-Like Substrate
Skylab Medical Experiments Altitude Test
Space Motion Sickness
Solar Particle Event
South Pole Food Growth Chamber
Space Transportation System
Transit Habitat, concept for inflatable space station modules by NASA
Transformable Robotic Infrastructure-Generating Object Network
Unmanned Aerial Vehicle
Virtual Reality
Virtual Training Editor
Virtual Training Viewer
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INTRODUCTION

Chapter 1
TP Analogs
"[Being a] cosmonaut is one of the few professions for which it is
impossible to gain experience of actual activities during the training
process. The main task of the cosmonaut training system is to form
professional knowledge, skill and habits by …creating…activity that
approximates the reality as closely as possible with… corresponding
emotional and psychic stresses (NIKOLAYEV, A.G., 1984)."
‐Cosmonaut A.G. Nikolayev
1.1. Introduction
The past 50 years of human space exploration have proven the environment of space to be merciless to any
minute flaw. This perilous nature makes space a costly endeavor, particularly in regards to human health
and safety. Even the slightest mistake can be deadly. To minimize the risk of failure, numerous tests and
experiments are conducted prior to flight. The goal of these experiments is to replicate and anticipate
problems that may occur during a mission. By simulating specific aspects, one can study the crucial effects
and consequences of space exploration. These tests, referred to as analogs, are designed to use comparable
situations to imitate characteristics of spaceflight and planetary surfaces.
Analog testing has been a prominent factor in training and evaluating astronauts since the dawn of human
space exploration. Beginning with the Russian Vostok program and NASA’s Mercury program, astronauts
underwent rigorous physical training and extensive flight instruction to mentally and physically prepare for
spaceflight. As the risks and complexity of tasks increased, so did the need to practice mission elements
before flight. Analog testing significantly increased during the Apollo era. The ability to fly the Lunar
Module, a crucial element to mission success, was practiced on Earth using the Lunar Landing Research
Vehicle. By analogously simulating lunar terrain and landing operations, astronauts could evaluate possible
future anomalies and engineers could refine the design. Throughout human spaceflight history, analog
concepts like the Lunar Landing Research Vehicle have proven to be a vital attribute in reducing risk and
increasing technical operational experience.
Since the Apollo era, human presence in space has increased significantly. Today, the International Space
Station is continuously occupied by a crew of six astronauts with a manned lunar base and a crewed mission
to Mars anticipated for the future. With this increased fervor for space exploration, and the international
objective of lunar and planetary manned missions, analog studies are a necessity. Without fully
understanding the effects on human psychology, physiology, and other essential factors, the risk of pursuing
long-duration space missions is too high. With the present focus of many space agencies directed towards
future human exploration, an intensive study of current analog capabilities is needed. In addition,
identifying gaps in analog research will allow for new tests to be developed to gain data on effects yet to be
investigated.
The following review proposes to analyze past, current, and planned analog studies in order to identify
these gaps and recommend new studies to help fill them. The scope of this paper concentrates on human
long-duration missions greater than six months in length. In accordance with the current exploration trends
of many space agencies, this focus ensures that the report will provide comprehensive information
regarding the implementation of analogs to prepare for long-duration manned missions to planetary
surfaces.
In order to ensure consistency throughout the report, a formal definition of space mission analogs is
required. Through extensive and broad research, this review assumes the following definition: A space
mission analog is a location or experiment that attempts to imitate one or more aspects of a non-Earth
environment in order to enhance knowledge of these aspects, such that relevant technology and procedures
may be improved. Analogs of this nature and their applicability to long-duration human missions will be
discussed at length.
Due to the scope of the present report, well-documented analog tests common to the industry such as
thermal-vacuum tests, simulating the temperature and atmospheric environment, and vibrational tests
simulating launch environment will be omitted. These tests are routine and many publications can be found
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easily. In addition, hardware and materials testing will not be included because they do not apply to the
anthropocentric focus of the current investigation. Finally, operations and ground command analogs are not
included in our limited scope due to successful evolution of these practices throughout spaceflight history.
Therefore, the aforementioned areas will not be discussed in this document.
1.2. Layout of the report
In order to consider all aspects of analog studies, the report is divided into eight main chapters. First
examining many critical aspects of human spaceflight, and then turning attention to how, or if, they have
been studied in analogs will cover a large range of topics effectively. The following topics were selected
and studied in-depth based on their significance with respect to long-duration human missions.
I.

Psychology: Investigating the ways in which psychological aspects of long-duration human
flights are simulated and studied in analog sites.

II.

Physiology: Studying how to replicate the effects of spaceflight on the human body such as the
immune system, cardiovascular system, and respiratory system.

III. Robotics: Extensive research on improving Earth-based testing and human interactions allowing
more efficient and useful robotic systems for planetary exploration.
IV. Extra Vehicular Activities: Examining how to improve hardware, operations, and astronaut
safety through analog missions.
V.

Hypergravity and Microgravity: Exploring analogs for simulating biologic and non-biologic
objects under microgravity and hypergravity.

VI. Regenerative Life Support Systems: Researching the feasibility, efficiency, and fidelity of
closed-loop life support systems necessary for long-duration human missions.
VII. Space Architecture: Analyzing the interactions between humans and artificial environments or
artifacts in order to simulate space missions and identify the best options.
VIII. Integrated Studies: Focusing on the development of a comprehensive analog study comparison
and also investigating the commercial prospects of analogs studies.
The objective of each chapter is to evaluate, systematically, the gaps in current analog research. Initially,
the chapter will concentrate on the effects of the non-Earth environment on humans. Then, through analysis
of past, current, and planned analogs, the chapter will identify methods to simulate and study these effects.
Policy, legal, and ethical considerations pertaining to each chapter will be discussed. Each chapter will then
conclude with an identification of the gaps yet to be studied, highlighting the potential paths for future
projects. Finally, a matrix is included in the appendix to provide a comprehensive overview of past and
current analog studies.
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Chapter 2
Psychological Aspects
2.1. Introduction
In almost 50 years of human spaceflight, the psychological aspect of humans in space has evolved
considerably by changes in the environment of the mission and changes in the human interactions. The first
pioneers had to deal with the unknown space environment, the huge risks involved in operations, and they
had to learn how to function in confined spaces. Gradually, more and more people have been part of teams
that go into space, and have had to deal with each other and a ground crew. These aspects became more
pronounced when long-duration missions to space stations were introduced. The missions to the Moon have
taken humans far away from the known environment of Earth. If missions to Mars are to be undertaken,
flight durations will increase beyond anything ever attempted and humans will travel so far they will not be
able to see Earth. It is hard to predict the psychological impact this will have on astronauts.
Analog sites can partially recreate the circumstances astronauts encounter in space, making them a valuable
tool to assess possible psychological consequences of space missions. They can help in predicting
psychological issues in preparation for future missions. Currently, analog sites to simulate space missions
are located in polar, submarine, or simulated environments. Many studies on these sites are not specifically
aimed to simulate space missions. Even though they can have valuable results, they have inherent
weaknesses such as different selection procedures for crewmembers, crew size, and crew tasks. Therefore,
applicability of these studies is limited. This must always be kept in mind when drawing conclusions from
such studies.
A relevant analog site for psychological purposes should not only be physically similar, but the emotional
and practical experiences in these facilities should be similar to the ones encountered during a real mission
in order for relevant results to be derived. The analog should therefore have functional and organizational
similarity. This is discussed more rigorously by Manzey (MANZEY, D., 2002).
All previous analog sites are on Earth, but other relevant psychological investigations are carried out on real
missions in space. Future missions can be simulated realistically in past and current space missions. For
example, certain aspects of a Mars mission could be recreated in space stations and the Moon could serve as
an analog site for the Red Planet itself. Even if these sites are not used specifically to simulate other
missions, relevant information can be retrieved.
The first part of this chapter describes the psychological effects pertinent to spaceflight. The second portion
focuses on past analog studies and discusses the relevant results. The third part discusses ongoing studies
and any preliminary results while the fourth section looks forward to future analog studies. The fifth part of
the chapter provides an overview of the legal and ethical issues associated with the use of analog sites to
test human behavior. Finally, the conclusion gathers achievements to date using analog sites and identifies
research gaps to be addressed in the future.
2.2. Effects
Two case studies are presented which demonstrate several psychological problems that have occurred
during space missions. These psychological issues can be divided into three categories:
•

The individual problems astronauts have to deal with, such as confinement, danger, or lack of
privacy.

•

The psychological issues arising from interactions between the crewmembers and how they can
result in the formation of subgroups, interpersonal conflicts, or leadership issues.

•

The psychological influences resulting from the organization, the interaction with the ground
crew, and the planning of mission operations.

After discussing these three categories, the countermeasures to prevent and mitigate these issues will be
briefly described.
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2.2.1. Case studies

To provide an insight into possible problems occurring due to psychological issues during spaceflight, two
case studies are presented. Both of them originate from the NASA-Mir missions, in which the neglect of the
psychological aspects of spaceflight contributed to near-catastrophic incidents. The presented cases are
taken from the book Dragonfly, by Bryan Burrough (BURROUGH, B., 1998).
From September 1996 until January 1997, John Blaha was the third NASA astronaut to become a
permanent crewmember of the Russian space station Mir. The selection of Blaha was the first adverse
factor to influence the mission. Blaha was a Space Shuttle veteran, having flown four missions, but was
deemed by psychologists as too dependent on others to function properly in the considerably different
environment of Mir. NASA officials chose to neglect the psychologists’ concerns for the simple reason that
there were no other candidates. Unfortunately, Blaha was surrounded by an inexperienced operations lead
and equally inexperienced flight surgeon. The situation worsened as the two cosmonauts who should have
been his crewmates were replaced due to medical reasons shortly before flight. Blaha’s new team consisted
of two men he hardly knew and he had hardly ever trained with. Moreover, Blaha’s level of Russian was
insufficient for him to express himself properly. Once in orbit, the inexperienced ground team put Blaha
under an unbearable workload, partly due to inadequate preparation. All these factors led Blaha to
experience extreme depression. After the four-month mission, Blaha would look back at his mission by
stating it was something he would never, ever do again.
From January until May 1997, Jerry Linenger was NASA’s astronaut permanently on board MIR. Similar
to Blaha, Linenger was an equally questionable choice for a long-duration mission. He was a very
ambitious astronaut. According to his fellow NASA astronauts “Jerry was in it for Jerry.” Linenger’s flight
was marked by the fire aboard Mir, shortly after the arrival of his Russian crewmembers. The event would
mark the rest of the mission and lack of follow up from the ground crew made Linenger believe a
conspiracy was ongoing to cover up the incident. Linenger would show increasing signs of paranoia
throughout the mission. In addition, a persistent problem with communication led Linenger to refuse all
verbal communication with the ground team, as he deemed it to be inefficient and a waste of his time. Mir’s
problems did not stop after the fire. A progress supply vehicle nearly missed the station, which itself was
showing persistent signs of aging by its numerous leaks of cooling fluid. While his Russian crewmates
worked long hours to fix the station, Linenger focused only on executing his experiments and exercises.
Linenger’s unwillingness to cooperate led to tensions between him and the cosmonauts, climaxing in an
argument between him and his commander. Linengers attitude did not change until the arrival of the Space
Shuttle that was to take him home, when he finally had someone to speak to in his own language.
Linenger provides his own views on his mission in his book: Off the Planet (LINENGER, J., 2000). While
admitting to having an egocentric personality, which he claims is inherent to the astronaut profession; he
challenges the interpersonal relationships as depicted in Dragonfly. Upon landing, Linenger reacted to the
on-ground perception of hostility between him and his commander, in disbelief. He does not recall any
major disagreements and describes that they got along well, in spite of the difficult circumstances. He does
mention that conflict in such an environment is inevitable and that isolation off the planet places them under
an unnatural psychological strain. While Linenger’s view on the crew relationships was rather positive, he
describes the relationship with the ground crew as unexpectedly dismal and extremely tense. Ground
control in Moscow became their enemy (LINENGER, J., 2000).
2.2.2. Individual issues
2.2.2.1. Past and current missions

Space environments, whether in orbit, on the Moon, on Mars, or elsewhere, are inherently unfavorable to
human life. Hence astronauts are required to live in life-supporting capsule environments in order to
survive. These structures possess several psychological stress factors, which can lead to psychological
problems in individual crewmembers. These include isolation from the external world, extreme difficulty in
entering or leaving the capsule, infrequent excursions into the external environment, confinement, and lack
of privacy. This environment shares many traits with other capsule-like environments including polar
stations, and undersea habitats. These analog sites can therefore provide information and research on the
psychological effects of capsule environments of space.
It should be noted that, for many people subjected to capsule-like environments, the long-term and shortterm psychological effects can be positive (SUEDFELD, P. and Steel, D., 2000). People who have
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experienced these environments report a sense of achievement and adventure. These people tend to come
out of the environment mentally stronger and are generally more successful (SUEDFELD, P. and Steel, D.,
2000). For astronauts in particular, the percentage of people who desire to return to the capsule environment
is very high.
The space environment itself has significant influence on the psychological well-being of astronauts. Most
notable are:
•

Microgravity. This affects the astronauts’ way of living. Furthermore, the astronauts’
physiological changes due to microgravity, such as bone density loss, muscle loss, or a swollen
face, can have a serious psychological impact.

•

The absence of a 24-hour day-night cycle. In low-Earth orbit (LEO) the day-night cycle is 90
minutes. Long-duration missions far away from Earth have different cycles.

•

Danger. Astronauts in space are subject to the permanent presence of danger. Orbital missions
and missions to the Moon have an escape and rescue possibility which partially mitigates the
sense of threat.

All these issues resulting from both capsule and space environment, can lead to depression, lack of
motivation, decreased performance over time, homesickness, post-flight problems, and even psychiatric
issues.
2.2.2.2. Future missions

Future manned missions are expected to differ significantly from current orbital space missions (KANAS,
N. and Manzey, D., 2003):
•

Increased mission duration

•

Long-term social monotony due to the small crew size and absence of visiting crews

•

Dependence on technical life support systems without the possibility for rescue and evacuation
during a potential failure of the life support systems

•

Lack of possibilities for in-flight support and a need for greatly enhanced crew autonomy

•

Reduced possibility for psychological support by ground personnel due to the time delays in
communicating with Earth

•

Transit periods in long-duration missions involve long periods of decreased workload, monotony,
and boredom, especially on the way back from a remote destination

•

The Earth-out-of-view phenomenon, where the psychological effects of the lack of a real visual
link to Earth are unpredictable (Figure 2-1)

Figure 2-1: The first ever picture of Earth as seen from Mars The psychological effects of being far away from
Earth are currently unknown. This is usually referred to as the Earth-out-of-view phenomenon (Courtesy of:
NASA)

13

2

TP ANALOGS

Difficulties arising as a result of these factors are (KANAS, N. and Manzey, D., 2003):
•

Crew motivation issues

•

Irritability

•

Low morale

•

Personal psychological well-being issues

2.2.3. Interpersonal issues
2.2.3.1. Past and current missions

Historically, the early space mission crews were highly homogenous, generally consisting of male pilots of
caucasian ethnicity with previous military training. In the current missions, this is far from true. Current
crews, most notably the ISS crews, are heterogeneous and interdisciplinary, consisting of people of
different genders, culture, previous experiences, personality, and professional background. A crew can
perceive this as a negative feature, adding unnecessary complexity, or as positive, providing an extra
challenge.
Crew size has increased considerably, from Yuri Gagarin’s solo flight to combined Space Shuttle and ISS
crews comprised of up to thirteen members in total.
Larger crew size increases the number of options for possible social relationships and
social stimulation. Members of a crew develop the ability to exercise a variety of roles.
Several studies show that emotional and interpersonal problems are less severe in relatively
large isolated and confined groups, but become a problem in smaller groups. However, the
relationship between group size and interpersonal compatibility is not well understood
(CONNORS, M. et al., 1985).
Today multi-cultural crews are the norm for most space missions. This does not mean that issues due to
cultural differences have disappeared. The risk of cultural isolation is still present. A systematic study to
address this topic has been done by Lozano and Wong, who defined fourteen key cultural and interpersonal
communication factors which might impact multi-cultural crew operations (LOZANO, M. and Wong, C.,
1996).
An effective leader keeps the focus on mission objectives and has the ability to take charge during critical
situations. Moreover, the leader is sensitive to the individual crewmembers’ expertise and personal qualities
and pays attention to group harmony and cohesion (NICHOLAS, J. and Penwell, L., 1995). Bad leadership
can result in role confusion, which can cause group performance problems or in competition between
crewmembers (KANAS, N. and Manzey, D., 2003).
In contrast to early space missions, most current crews are mixed-gender crews. Women have performed
equally well or better than their male counterparts in most isolation studies done in polar situations,
underwater habitats, and fallout-shelter studies (CONNORS, M. et al., 1985). This brings forward some
stressors that can lead to conflict. Male crewmembers coming from a macho culture could fail to respond
appropriately to female leaders’ commands (CONNORS, M. et al., 1985). On the other hand, female
crewmembers can have a positive effect on crew group dynamics, by mediating in conflicts or in a more
subtle way by calling “the boys” to order as can be seen by Nicole Stott in the Expedition 21-22 change of
command ceremony (NASA, 2009).
Sexual relationships are mainly considered as an issue in mixed-gender groups. Literature often highlights
the potential risks of having sexual relations in space missions, like jealousy, reduced privacy levels, or
even the ethical aspects of possible conception in space (CONNORS, M. et al., 1985; BACAL, K., 2009).
However, sexual relations with consent from both partners in space may also have a positive influence on
the psychological well-being of crewmembers, as it is an efficient way of stress relief and prevents build-up
of sexual tension and frustration. Sex between two homosexuals is deemed as less likely due to the strong
links between spaceflight and military culture, where open homosexuality is often not accepted.
(WOODMANSEE, L., 2006). Up until now, space agencies have denied that crewmembers have had sex in
space.
The stressors of spaceflight can cause the psychological difficulties listed below (KANAS, N. and Manzey,
D., 2003):
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•

Insomnia

•

Depression

•

Hostility

•

Isolation

•

Inconsistent goals

•

Scapegoating a crewmember

A comprehensive and thorough overview of human interactions and their consequences is described by
Kanas and Manzey (2003).
2.2.3.2. Future missions

The effects of crew heterogeneity are amplified in long-duration missions due to the time effect. Even
though this can lead to conflict situations, heterogeneity may enrich the interpersonal environment and
counter boredom if differences among crewmembers are accepted over time (KANAS, N. and Manzey, D.,
2003). As diversity could also be perceived to be negative by the crew, the level of social monotony and
feelings of isolation may be higher in crews participating in interplanetary missions. Thus, the risks and
hazards for mission success arising from interpersonal tensions, conflicts, and a breakdown of crew
cohesion may be considerably increased to what is known from other environments (KANAS, N. and
Manzey, D., 2003).
Crew size for future long-duration missions is an issue. A larger crew reduces social monotony, but
increases risks of subgroup formation. The number crewmembers for a Martian mission that is often cited is
six (DRAKE, B., 1998). This seems to be a compromise between what is psychologically desirable and
technically possible.
The gender discussion for long-duration spaceflight is usually focused on the possibility of
sexual relations during the mission. One might argue that future crews could consist of
married couples or stable male-female pairs in order to minimize competition and conflict.
However, there is no reason to expect that such a crew composition would prevent secret
liaisons and jealousy, since infidelity and extra-marital relations occur on Earth in less
stressful interpersonal environments. Enforced platonic relationships and abstinence is a
possibility, but it is difficult to imagine this is a realistic scenario for healthy people who are
confined together for long periods of time (KANAS, N. and Manzey, D., 2003).
A crew consisting of couples can have other advantages, as the presence of a partner can be a psychological
support, and compensate for the decreased possibility of psychological support by the ground crew in some
mission scenarios.
Crewmember personality, often referred to as ‘the right stuff’, and crewmember psychological
compatibility will be increasingly important for future long-duration missions. This means that aspects like
emotional stability and versatility will have to be taken into account starting from crew selection and
throughout training.
Future long-duration missions will be marked by increasing crew autonomy. The crew has to be able to
handle interpersonal conflicts, serious medical illness of a crewmember, or mental and behavioral illness of
a crewmember without significant assistance from ground support. Even more serious events cannot be
excluded, such as the death of a crewmember, possibly due to a suicidal act. The level of autonomy will
seriously impact the crew and they need to be trained to cope with such situations.
A last important issue is ‘groupthink’, a phenomenon where concurrence-seeking becomes dominant,
attributed to highly autonomous and cohesive groups that work under stressful situations (JANIS, I., 1982).
It may lead to degraded crew performance, most notably the decision making process. The most important
characteristics of groupthink are:
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Delusions of invulnerability

•

Reluctance of crewmembers to express concerns and disagreements about decisions and ways of
acting in order to maintain harmony

•

Stereotyped views of people outside the group, such as ground control staff
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2.2.4. Organizational issues
2.2.4.1. Past and current missions

Differences in organizational philosophy can affect how crewmembers from different space agencies
behave on the job and interact with one another (KANAS, N. and Manzey, D., 2003). Space agencies train
their astronauts in their own way. Furthermore, astronauts from different agencies have different salary
schemes. Differences like these results in inequality among the crewmembers even before they spend time
together in space. This can seriously influence how astronauts behave on the job and how they interact
(KANAS, N. and Manzey, D., 2003).
The crew relies on mission control for scheduling, support, information, and trouble-shooting. If scheduling
is done improperly, this can have extensive repercussions, especially when crew feedback is not being taken
into consideration. The crew can diabolize the ground crew, resulting in the “us versus them” problem.
In addition the crew needs to have the possibility of communication with their family, friends, and updates
of current events happening on Earth (KANAS, N. and Manzey, D., 2003). Communication with ground
control is not always evident and can be a source of annoyance. Communication with ground support in a
non-native language is not always straightforward. When an additional factor was added with respect to
ground training situations, such as communications via the voice channels to Earth, understanding became
extremely difficult (PEETERS, W. and Sciacovelli, S., 1996). Some crewmembers have become irrationally
angry with people monitoring their behavior (KANAS, N. and Manzey, D., 2003). This suggests that
crewmembers use ground personnel as outlets for on-board frustrations. This may lead to neglect of the real
problems and may be harmful in the long-run. Furthermore, it can deteriorate the important relation with the
ground crew.
In summary, problems related to lack of empathy, over-scheduling, growing crew autonomy, or
displacement of frustrations and anger can lead to crew-ground miscommunication and a perceived lack of
support from mission control. All these issues can have a negative impact on the mission (KANAS, N. and
Manzey, D., 2003).
2.2.4.2. Future missions

For a future mission to Mars, there are additional factors, such as a communications time-delay to Earth,
which will necessitate more crew autonomy. This requires appropriate countermeasures such as astronaut
selection, crew training, in-flight support, and post-flight debriefing (KANAS, N. and Manzey, D., 2003;
LARSON, W. and Pranke, L., 1999). Studies suggest that isolated groups can become more self-sufficient
and rely on their own resources due as a result of the isolated living conditions. This suggests that space
mission planners need to consider growing crew autonomy as an important factor for psychological issues
during long-duration space missions (KANAS, N. and Manzey, D., 2003).
2.2.5. Psychological countermeasures

It is believed that psychological issues can be prevented or mitigated by a set of countermeasures. A first set
of countermeasures focuses on adapting space mission working and living conditions to the psychological
needs of humans. These include different aspects of habitability and ergonomics, as well as organizational
factors related to work design and appropriate work-rest scheduling (KANAS, N. and Manzey, D., 2003).
A second set of countermeasures focuses on adapting individuals to the psychological vicissitudes of space
missions. This can be achieved by the following methods (KANAS, N. and Manzey, D., 2003):
•

Selecting astronauts whose personalities are most suitable to meet the demands of space missions

•

Composing crews of individuals who are compatible with one another

•

Giving relevant psychological and interpersonal pre-flight training

•

Environmental psychology

•

Providing psychological support to individual astronauts and entire crews while they are in-transit

The latter will be difficult in missions far from Earth due to the communication delays. In contrast, new
countermeasures are possible for these missions. In-flight retention of performance skills acquired before
flight might be an effective way to prevent boredom and monotony. A more rigorous description of
psychological countermeasures can be found in (KANAS, N. and Manzey, D., 2003).
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2.3. Past analogs
2.3.1. Isolation Study of European Manned Space Infrastructure

The Isolation Study of European Manned Space Infrastructure (ISEMSI) was a 1990 isolation study
consisting of 6 males, aged between 26 and 34, within a simulation environment, for a period of 4 weeks.
The environment consisted of a series of 5 baryonic chambers, with a total volume of 100m3. The crew was
selected from 42 volunteers based predominantly on medical history and work experience. From the
psychological side, the crew was screened for psychopathology and their motivation for participating was
examined (VAERNES, R. et al., 1993). The 6 members of the crew came from 6 different European
countries, however they all shared English as a common language and all shared a scientific background
(BERGAN, T. et al., 1993). There were 11 separate psychology experiments with the main focus being on
crew performance and social interactions (COLLET, J. et al., 1991). Data for these tests was obtained
through daily questionnaires, systematic external observation and post-isolation interviews. The external
observation involved categorizing all communication between crewmembers from a randomly selected 15minute interval from conference and dinner times, every third day (BERGAN, T. et al., 1993).
The crew undertook a very heavy workload, peaking at 12 hours per day (COLLET, J. et al., 1991).
Attempts were made to make this work as meaningful as possible, however, a large part of it included
conducting the psychological and physiological tests. No attempt was made to simulate the highly managed
schedules that generally occur in space missions (COLLET, J., 1993). A slight increase in negative
emotions was observed during the fourth and final week with the crew feeling less satisfied and less goaloriented. This is hypothesized to be a “fourth quarter” effect as a crew sees the end of the mission coming
(COLLET, J. et al., 1991). While there were individual fluctuations, no other systematic negative
psychological effects were reported (BERGAN, T. et al., 1993).
From the interpersonal side, centralization of communication was observed to occur over the course of the
study. Interactions between crewmembers decreased, whilst the commander increased communicated with
the group as a whole rather than on an individual basis (COLLET, J. et al., 1991). No significant
interpersonal conflicts were observed. It must be noted that the external observations that produced this data
were less than ideal due to the high variance inherent in the method described above.
2.3.2. Experimental Campaign for European Manned Space Infrastructure

The Experimental campaign for European Manned Space Infrastructure (EXEMSI) study was a 1992
hyperbaric chamber study consisting of 3 males and 1 female, aged between 27 and 34, over a period of 9
weeks. Each of the crewmembers was from a different European country (SANDAL, G. et. al, 1996). The
hyperbaric chamber consisted of a habitation module, a storage module and a laboratory module, all
roughly of a volume of 23m3 (VAERNES, R., 1996). The format was very similar to the ISEMSI mission,
but with several attempts to improve the fidelity of the simulation. These included a much more thorough
selection process, which was performed externally by the European Astronauts Centre and the following of
stricter protocol in communication between the crew and the ground crew (COLLET, J. and Vaernes, R.,
1996). The crew was selected from 82 volunteers based on an initial psychological and medical
questionnaire and then by more extensive psychological interviews (VAERNES, R., 1996). This included
selection based on crew compatibility. The selection process was followed by 1 month training and team
building process (SANDAL, G, 2001). Psychological data was collected in the same way as in ISEMSI
(SANDAL, G. et al., 1996).
As in the ISEMSI study, very few individual psychological problems were observed over the course of
EXEMSI. (SANDAL, G. et. al, 1996). However from the interpersonal side, none of the centralization
reported from ISEMSI was observed, and no significant interpersonal conflicts were observed throughout
the duration of the study (VAERNES, R. et al., 1993). This was attributed to the stricter selection process,
the pre-isolation team building and a much stronger commander who was regarded far more positively by
the crew than the commander in the ISEMSI study. Aggression tended to be directed towards the ground
crew rather than other crewmembers (VAERNES, R. et al., 1993).
2.3.3. Lunar-Mars Life Support Test Project

The Lunar-Mars Life Support Test Project (LMLSTP) was a project lasting between 1995 and 1997 and
while it was primarily concerned with testing closed life support systems, there was also an opportunity for
psychological observation (LANE, H., Sauer, R., Feeback, D., 2001, p.1). Four separate simulations were
run as part of the project. Phase I was a basic test of a single person confined in the isolation chamber for 15
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days. The remaining phases all consisted of three men and one woman within the same baryonic chamber.
Phase II was a 30-day simulation, phase IIa lasted for 60 days and the final phase III simulation lasted for
91 days (LANE, H., Sauer, R., Feeback, D., 2001, p.7). Basic psychological monitoring took place. This
consisted of individual and group psychological conferences with the crew during the simulations and two
post simulation debriefing interviews (LANE, H., Sauer, R., Feeback, D., 2001, p.145). As a result the
psychological results are anecdotal in nature.
The chamber consisted of 3 levels, each dedicated to specific task. The top level contained individual
private rooms, the middle level contained storage and equipment and the lower level contained common
facilities. The entire chamber was 225m3 in volume (LANE, H., Sauer, R., Feeback, D., 2001, p.59). The
volume and privacy for the individuals was therefore at a much higher level than in the EXEMSI and
ISEMSI studies. In addition, the scheduling was less strict. This was due to the focus on the closed loop life
support system, which constantly and unpredictably encountered various problems (LANE, H., Sauer, R.,
Feeback, D., 2001, p.17). This is more realistic to a long-duration manned mission where there is likely to
be less of a strict schedule to be followed.
No interpersonal, individual or organizational psychological problems were reported for the duration of any
of the studies (LANE, H., Sauer, R., Feeback, D., 2001, p.17). This may be due to the many psychological
countermeasures that were implemented for the study. These included giving the study a "mission
mentality" by conducting public outreach, the concentration on the closed loop science, conducting an
extensive selection process and conducting team building activities prior to the simulations (LANE, H.,
Sauer, R., Feeback, D., 2001, p.17). The selection process included select-out and select-in criteria similar
to the one in astronaut selection processes of the time, and looked at selecting a crew that would be
compatible with each other and the mission (LANE, H., Sauer, R., Feeback, D., 2001, p.141).
2.3.4. Human Behavior in Extended Spaceflight

The Human Behavior in Extended Spaceflight (HUBES) experiment was a 135-day mission simulation
with a crew composed of 3 males, aged between 31 and 36, within a baryonic chamber (ROSNET, E.,
Cazes, G., Vinokhodova, A., 1998). The crew was selected on a volunteer basis. Two of them were
cosmonauts, while the third was a scientist (ROSNET, E., Cazes, G., Vinokhodova, A., 1998). During the
simulation, the crew completed several psychological and physiological experiments. The experiments
consisted of a questionnaire that was completed seven times and was focused on how the crew perceived
themselves and each other; a monitored problem solving session and four free discussion sessions; and
individual journal entries where the crew was asked to express how they felt about their situation
(ROSNET, E., Cazes, G., Vinokhodova, A., 1998). Compared to other simulations, there does not appear to
be strong attempts to turn the simulation into a real mission with scientific objectives.
No significant individual psychological problems were reported by any of the crewmembers. It appeared as
though crewmembers tended to intentionally overcome any difficulties through denial mechanisms in an
attempt to keep the group functioning and peaceful (ROSNET, E., Cazes, G., Vinokhodova, A., 1998). This
led to few interpersonal psychological problems. There appeared to be a slight tendency towards groupthink
and a slight tendency to channel aggression outside the group (ROSNET, E., Cazes, G., Vinokhodova, A.,
1998). This lack of conflict is likely due to the small crew size and two of the crewmembers having
experienced cosmonaut training which deals with minimizing interpersonal conflicts.
2.3.5. Simulation of Flight of International Crew on Space Station

The Simulation of Flight of International Crew on Space Station (SFINCSS) was a unique baryonic
chamber isolation study that took place between 1999 and 2000 and focused on psychological stressors and
interpersonal conflict arising from an international crew. The baryonic chamber was composed of 3
interconnecting modules. The first module was 100m3 in volume and housed a 4 man Russian crew for 240
days. The second module was 200m3 in size and housed 2 separate crews for 110 days each over the 240
days of the study. The first of these groups was composed of 1 German and 3 Russian males, whilst the
second group was composed of a Canadian female, a Japanese male, an Austrian male and a Russian male.
The last module was 50m3 in size and hosted visiting groups (INOUE, N. et al., 2004). Data was gathered in
the form of questionnaires, interviews, individual diaries and external observation (LAPIERRE, J. et al.,
2009).
Along with the usual psychological stressors associated with a baryonic chamber environment, this study
included several additional stressors. These included the changing of the second crew halfway through the
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study, the international aspect of the second crew, and a ground crew that the international crew had not met
before and who did not speak English (LAPIERRE, J. et al., 2009). The international factor in particular is
very applicable for any future manned mission. The international crew underwent basic psychological
testing as part of the selection process, but did not undertake psychological evaluation focused on crew
compatibility (INOUE, N. et al., 2004).
There were minimal interpersonal problems reported while the two European crews occupied the chamber
(INOUE, N. et al., 2004). On the other hand the arrival of the international crew brought on a string of
significant interpersonal problems. The Russian crew expressed resent towards the new crew and reported
feeling high levels of stress due to the international crew interrupting well established routines
(LAPIERRE, J. et al., 2009). This eventually led to two incidents 4 weeks after the arrival of international
crews. A fistfight broke out between a member of the all-Russian crew and the Russian on the international
crew, and the Canadian woman was sexually assaulted by a member of the all-Russian crew, as he
attempted to forcibly kiss her (INOUE, N. et al., 2004). Following these events, the outraged international
crew blockaded the hatch between the two living modules and had repeated teleconferences with the
Russian management. There was observed to be a significant cultural difference in the interpretation of the
events between the international crew, who viewed the incidents as human rights breaches, and the Russian
crew and management, who viewed the incidents as non-issues (INOUE, N. et al., 2004). The culmination
of this episode was the Japanese crewmember opting to leave the simulation after only 60 days. His
deteriorating motivation in face of the interpersonal problems was compounded by the fact that he was the
only crewmember on board who was neither a researcher in experiments being conducted nor a candidate
cosmonaut (INOUE, N. et al., 2004).
Also within the international team there was significant interpersonal tension between the Russian,
Canadian and Austrian crewmembers. This appears to be chiefly the result of differences in personal values
on how the SFINCSS experiment should be run and the Russian member's wife being part of the ground
crew (INOUE, N. et al., 2004). The resentment and anger the two felt towards the ground crew appears to
have carried across to the Russian member. This is an interesting observation as anger being directed
towards the ground crew is a very common phenomenon in analogs and space missions. Following the
departure of the Japanese crewmember, the Russian was socially isolated and appeared to cope by extensive
communication with his wife on the ground crew (INOUE, N. et al., 2004).
2.3.6. Biosphere-2

Biosphere-2 is a closed ecological system with a footprint of 14,000m2 (MACCALLUM, T. et al., 2004). Its
most significant simulation was the two-year mission that took place between 1991 and 1993 with an 8
member crew consisting of 4 males and 4 females (MACCALLUM, T. et al., 2004). While its large size,
individual sleeping quarters and ample recreation space make it less than ideal in reproducing many of the
stressors associated with manned space missions, it is one of the longest analog missions undertaken and
thus could provide insight into very long-duration manned space missions (MACCALLUM, T., Poynter, J.,
1995).
The crew was selected from project management and technical leads for the life support system. There was
no psychological testing as part of the selection process and no effort was made in selecting a crew that was
psychologically compatible. There was an indirect selection process due to the fact that the management
and technical team was highly experienced with tough environments in the Australian outback and on a
research vessel on the sea (MACCALLUM, T. et al., 2004).
There was only one formal psychological test for the duration of the simulation, which involved a standard
psychological questionnaire near the end of the simulation. The results indicated that none of the crew had
developed significant psychological problems at this time (MACCALLUM, T. et al., 2004). Despite this
lack of psychological data, anecdotal evidence paints an interesting picture. Reports suggest that during the
second and third quarters of the mission, many crewmembers experienced bouts of depression and lack of
motivation (MACCALLUM, T., Poynter, J., 1995). These individual problems were probably a byproduct
of extensive interpersonal problems that were encountered. These interpersonal problems culminated in the
splitting of the crew into two factions of four, which barely interacted for the remainder of the mission. As
in the SFINCSS study, the primary reason for these interpersonal conflicts was the differing values held
between the two groups. The two groups shared opposite views on management and science policy with
respect to how the simulation should be run and what its goals should be (MACCALLUM, T., Poynter, J.,
1995).
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2.3.7. Polar expeditions and bases

Polar environments are perhaps the most analogous environments to space missions that exist on Earth
(LUGG, D., Shepanek, M., 1999). Expedition crew and winter-over participants experience many of the
same psychological stressors that astronauts face in space. These include reliance on technology to survive
in an inhospitable and dangerous environment, total physical isolation from the external world, extreme
difficulty in leaving or entering the environment and the requirement of participants to conduct scientific
research. These last two factors are particularly important, as they are very hard to reproduce in simulation
studies such as those mentioned above. Participants in simulations know that their primary purpose is to
produce psychological data, and they also know if things get really bad they can always quit. This
knowledge affects the results of the simulation studies.
While there had been anecdotal reports of psychological problems at polar stations for quite some time
(STUSTER, J., 2000), one of the first studies to be more quantitative was a 1977 study of 30 winter-over
participants. Psychological data was obtained by monthly conducted psychological surveys of the crew. The
results indicated a slight trend away from psychological pathology as the winter progressed. Interviews and
external observations indicated a decrease in morale and cognitive ability. Despite these problems, it was
suggested that previous anecdotal reports of severe psychological problems were very a likely result of
exaggeration by the participants (OLIVER, D., 1991).
A 1996 study involved 13 participants of polar crossings of typical length of 6 weeks, and 34 participants in
an Arctic base. The participants undertook questionnaires and health inventories on a regular basis. None of
these groups underwent any psychological selection. The results showed a significant increase in
homesickness and a significant decrease in anxiety over the course of the missions. It is believed that the
high anxiety in the first quarter of the study is related to the most dangerous part of the mission. Incidence
of individual psychological problems was observed to be higher than in baryonic chamber studies, but did
not appear to change significantly over the period of the expeditions (SANDAL, G. et. al, 1996).
Another psychological study conducted on two 6-man, 100-day glacier traverses in 1994 and 1995
concentrated on the individual and interpersonal adaptation of the crews (LUGG, D., Shepanek, M., 1999).
This was one of the first studies to use computer-based questionnaires. This allowed for a far more
quantitative study compared to previous work as it allowed for far more frequent data input (WOOD, J. et.
al, 2005). These questionnaires were completed twice a week for the entire mission. These crews were
selected on a volunteer basis with no psychological screening. There was a high variability between
individuals and the psychological problems they experienced. Some experienced significant psychological
pathologies, whilst others were unaffected. On a group level, only small psychological changes were
observed over the period of the study (LUGG, D., Shepanek, M., 1999). Perhaps more surprising was the
finding that the three crewmembers common to the two expeditions had greatly varied experiences
(WOOD, J. et. al, 2005). Both these results are most likely a byproduct of the lack of a selection process for
the crews. Some members of the crew were simply not cut out for the expedition. In the case of the varied
experiences of the 3 common crewmembers, this was probably due to certain other crewmembers clashing
with them.
The 1994-1995 study was built upon by a dedicated 10-year study using the same methods. The focus was
on winter-over crews at four separate Antarctic stations as opposed to expedition missions. Similar results
were observed with a high variability in the psychological problems encountered by individuals. There was
also found to be different results between different years and different stations. Subjects that participated
multiple times in the study were again found to have different psychological experiences between years. On
average, there was not found to be any significant psychological problems above control groups from nonAntarctic bases. One interesting result was the significant role that leadership plays in interpersonal tension.
Poor leadership (as judged by the crewmembers) was found to significantly increase psychological
problems in the short-term, and also lead to decreasing morale in the long-term. It was found that females
were significantly more affected by this type of problem than males (WOOD, J. et. al, 2005).
A unique study was conducted to investigate a crew composed by three married couples in the High Arctic.
Though married coupled have been taking part in polar missions for years, this was the first case of a crew
being selected based on their marital status. The expedition took place on a boat that was intentionally icelocked in the High Arctic for 9 months. The crew was composed of 3 couples and a 2-year-old child, who
was the son of the expedition leader (LEON, G. et al., 2002). Participants conducted a psychological survey
before the expedition and then completed a weekly questionnaire and a monthly partner intimacy measure
over the entire mission. After the mission, they participated in a semi-structured interview (LEON, G. and
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Sandal, G., 2003). Compared to other polar missions, their boat more closely simulated the confined
environment of a manned space mission with little room for privacy and poorly isolated acoustics. The
crew’s daily activities included scientific research, site and equipment maintenance, updating a web site and
taking care of the child (LEON, G. et al., 2002).
Interpersonal conflict was recorded during specific activities, such as setting up equipment, and was
centered around disagreements on how tasks were to be carried out. The unexpected pregnancy of the
leader's wife also caused varied amount of stress (Leon et al, 2003). Despite this, no individual
psychological problems were observed. In fact the psychological questionnaires indicated crewmembers
were highly motivated and content (LEON, G. and Sandal, G., 2003). The weekly questionnaires and post
mission interviews revealed that all the women and two of the men felt they received emotional support
from their partner, and that their presence was important in dealing with psychological stress. The
beneficial effect of intimacy and emotional support, more than the sexual component, was reported to be a
major factor in the success of the expedition (LEON, G. and Sandal, G., 2003). The presence of a small
child and two dogs also had a positive effect on the group dynamics. Coping with the child's needs,
irrespective of the mood of the moment, was perceived as being beneficial despite sometimes being
stressful (LEON, G. et al., 2002).
2.3.8. SEALAB

Underwater habitats provide an environment for saturation diving, a technique that allows divers to work
for several days or even weeks at depths greater than 50 meters. The crewmembers are acclimatized to the
working pressure at the beginning of the working period, and require a lengthy decompression at the end of
the mission. The decompression procedure can take up to 10 days if the crew comes from depth below 150
meters, and leaving the habitat without decompression causes certain death.
Undersea habitats provide an ideal environment to study long-duration spaceflight psychology, because
they offer an experience comparable to that of an actual space mission. They are highly stressful working
environments as opposed to simulations such as ISEMSI described above. The living space is both confined
and isolated, and thus it generates issues of privacy and conflict over the use of common space and
resources. The surrounding environment is inherently hazardous and inescapable. In fact, leaving is both
dangerous and time consuming. The crew has to rely on ground control not only for scheduling of their
activities, but for their survival too. Finally, diving outside the habitat is an activity that closely resembles
space Extra Vehicular Activities (HELMREICH, H., Wilhelm, J., 1985).
The SEALAB project consisted of three different missions using three different habitats. SEALAB I
involved four divers, who remained in the habitat for eleven days. The main focus of SEALAB I was to see
how the crew could live and perform a busy schedule of tasks, and to conduct experiments to measure the
effect of different atmospheric mixtures in an environment with increased atmospheric pressure. SEALAB
II started in 1965. Three different 15 days missions, each one with a 10 men crew, were carried out on
SEALAB II. Former Mercury astronaut Scott Carpenter took part to the experiment as a team leader, and
was the only one to spend 30 days in the habitat. His presence highlighted the similarities between the
underwater and the space environment. SEALAB III was a refurbished SEALAB II, designed to sustain a
crew of 9 at depth up to 300 meters. In February 1969, the habitat was lowered to 180 meters off the coast
of California. The habitat began to leak, and three crewmembers volunteered to dive to repair it. During the
second attempt, one of them died. This accident, which highlights the dangerous nature of this kind of
habitat, stopped the program (COUNCIL, J., 2004).
SEALAB studies included a series of performance evaluation tests, to assess visual, auditory and
psychomotor skills, as well as a systematic observation of both individual and group behavior.
Psychological interviews were conducted both before and after the missions. (HELMREICH, H., Wilhelm,
J., 1985).
The performance of the crew in terms of adaptability and psychological stability was substantially better
than those of participants in isolation studies in less severe environments. Problems like headaches, or
social tension were not observed. A possible explanation is a model of adaptability that takes in account a
cost-reward factor (HELMREICH, R., 1986). The model suggests that a laboratory environment, even
though it offers a low degree of discomfort in comparison to an underwater or space environment, at the
same time offers a very low level of reward. As a contrast, early undersea and space habitats offered a high
reward in terms of personal satisfaction, fame and monetary gain, enabling astronauts and aquanauts to
withstand a higher degree of deprivation and discomfort. The model also suggests that the level of Cost-
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Reward may change over time. Early astronauts were perceived as national heroes, and their lives were
reported on by newspapers and magazines. Today, spaceflight is perceived as routine, and so the
adaptability of astronauts has become a bigger issue than before. To maintain a high degree of CostReward, it is important to provide a work activity with a high level of intrinsic satisfaction for the
participants.
2.3.9. Tektite

The Tektite program was a U.S. project, which was focused on the psychological implications of the
isolated and confined environment of a subsea habitat. The habitat was placed in Great Lameshur Bay of
the U.S. Virgin Islands in 1969 and 1970. The first experiment, which employed a crew of four for 58 days,
was particularly significant for psychological investigation. A second round of experiments took place in
1970, and comprised 10 to 20 days missions involving a crew(s) of 4 scientists plus an engineer. Notably,
Tektite featured the first all-female crew in underwater environments.
The crew of Tektite was subjected to extensive observation, using methodologies for systematic behavioral
observations. A study of habitability was also included, with an evaluation of the habitat, a measure of the
mood and the effect of leisure activities (HELMREICH, H., Wilhelm, J., 1985)
An interesting finding was the occurrence of conflicts between the crew and surface controllers
(HELMREICH, R., 1986). The conflict between the crew and mission control was mainly centered around
scheduling of the planned activities, a problem that has been the subject of anecdotal report on both U.S.
and USSR spacecraft (RADLOFF, R., Helmreich, R., 1968; LEONOV, A. and Lebedev, V., 1975). Shifts
in sleep/work cycles were observed, as well as changes on performance over the time. Other observed
psychological problems were episodic in nature, and related to specific individuals.
A key point of the behavioral research conducted on Tektite was that it was conducted on a non-interfering
basis. The crew perceived themselves as working professionals, and not as test subjects. The most important
factor in research on underwater habitats is that participants are performing real work, which is relevant to
them from a personal and professional point of view. The need for meaningful work is probably the most
important lesson learned from underwater analogs (HELMREICH, R., 1986).
2.3.10. Submarine analogs

A nuclear submarine is a closed ecological system that resembles a spacecraft from many operational points
of view. Due to nuclear propulsion, a modern submarine can operate submerged for months at a time. The
crew is subjected to many psychological stressors that mirror those experienced on manned space missions.
These include confinement, reprocessed air, an interrupted diurnal cycle, threat of radiation exposure, and
reliance on technology to survive (WEYBREW, B., 1971).
The main behavioral changes recorded during prolonged submerged missions include reduced vigilance and
decrease in motor performance. These effects are believed to be a consequence of a deterioration of
motivation rather than a consequence of the environmental conditions themselves (WEYBREW, B., 1971).
The reported incidence of psychiatric cases in the submarine force amounts to less than 2% (NINOW, E.,
1963). Even during the Second World War, the incidence rate of psychiatric cases in the British Submarine
Service was relatively low, with an annual rate of 6 percent. Most of them were episodic in nature: in fact,
less than 0.3% of the crew was permanently grounded on psychiatric reasons (MCHARG, J., 1946). A
study of 360 fleet ballistic missile patrols (WILKEN, D., 1969) reported a total of 102 cases of individual
psychological problems that resulted in 69 sick days being taken. Moreover, 52 days were the result of 2
specific acute cases. All three studies are consistent in reporting neurotic disturbance, which are transient in
nature and were reported to be controlled by mild doses of tranquilizers. In general the conclusions are that
most submarine crewmembers are psychologically stable, with reported psychological problems only in a
small proportion of the crew.
According to (WEYBREW, B., 1979) the reasons for such a remarkable performance can be accounted to
three factors. First of all, all men in service are volunteers with strong motivations (social position, financial
reward, educational opportunities). Secondly, an extensive psychiatric screening is performed on each
candidate, to check his aptitude, emotional stability and level of motivation. Third, the preventive role
played by the submarine medical officer, who perform a constant screening and evaluation of each
crewmember during a mission. It must be noted, though, that the military culture would lead crewmembers
to only report problems when they were significantly affected by them. Hence the results may be biased
towards providing a better picture than actually exists.
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2.4. Current analogs
2.4.1. Mars Desert Research Station

Mars Desert Research Station (MDRS) is a baryonic chamber habitat located in a desert location. A unique
psychological stress factor in these simulations is the requirement that extensive EVA simulation is
conducted and all EVA simulation takes place whilst wearing space suits. Participants spend two weeks
conducting EVAs from the main habitat as simulated mission. Beginning in 2006, a psychological survey
was added to mission protocol to assess crew dynamics as sociological stressors (OSBURG, J., 2006)
(OSBURG, J., 2007). Despite this, no psychological results have been reported.
2.4.2. Space stations and the ISS

NASA's space program has historically paid little or no attention to the psychological issues beyond
astronaut training and selection. This situation appears to be a consequence of a culture focused on the
engineering aspects of space missions and the relatively short experience with long-term spaceflight
(PALINKAS, L., 2001). On the other hand, the Soviet-Russian space program developed an extensive
experience in long-duration spaceflight with the Salyut stations from the early '70s to the '80s and MIR in
the '90s. Anecdotal episodes of interpersonal issues have been reported during Russian missions (BAKER,
P., 2007) and during the Shuttle-Mir Space Program (BURROUGH, B., 1998). Problems with depression,
lack of communication between the crew and ground control or between crewmembers, self-segregation
and various examples of hostility showed that it is necessary to introduce new criteria to evaluate the
potential for an individual to cope with the problems that arise in an isolated working environment.
The Russian literature reports a psychological problem known as asthenia, a neurotic syndrome whose
symptoms are fatigue, depression, irritability and other psychosomatic symptoms. The American diagnostic
system does not include the asthenia model: the American model of psychological distress regards
depression and fatigue as two separate syndromes, with no correlation between them (KANAS, N., et al.,
2001).
Early identification of potential problems and their mitigation will be required to ensure the success of a
future long-duration manned missions. As a result, a study was undertaken to investigate and attempt to
verify the asthenia model. The study involved 8 astronauts and 9 cosmonauts while they were onboard the
ISS (BOYD, J. et al., 2007). The subjects were asked to complete a weekly questionnaire over their
mission, to assess their mood level using the Profile of Mood States (POMS), which cover a wide range of
moods and their symptoms (MCNAIR, D. et al., 1992). The study suggested that a correlation between
depression and fatigue, the main symptoms of asthenia, is common among Russian cosmonauts, while
Americans are more likely to show a correlation between anxiety and depression. Anger seems to be related
to depression for both categories, which is consistent with anecdotal evidence of irritability reported by both
cultures. More research is needed to identify culturally appropriate assessment strategies that could help to
identify negative psychological reactions before they become problems (BOYD, J. et al., 2007).
2.5. Planned analogs
2.5.1. Mars500

Mars500 is a current research simulation being conducted in Moscow, Russia with the prime focus being
investigation of psychological and physiological effects under relatively realistic conditions simulating a
mission to Mars. Two shorter test runs have been completed and crew selection has begun for a full 520day simulation expected to begin enclosure in 2010 (ESA, 2009). The psychological factors that are being
simulated include:
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•

the length of 520 days

•

the various stages of the mission - a 250-day journey to Mars, followed by a 30-day surface
exploration stage and then a 240-day journey back to Earth (ESA, 2009)

•

the 20-minute time delay in communication with ground crew and family

•

the diet which is identical to the ISS diet

•

simulated emergency situations to study work capability during fatigue, sickness, and equipment
failure. (ESA, 2009).
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The all male crew has been selected and is composed of 4 Russians and 2 Europeans. Selection was
relatively intensive with 290 European applicants being narrowed down through a series of physical and
psychological tests. From the psychological side, particular attention was paid to determining the
motivation of the candidates for participating and for any potential problems that could lead to interpersonal
conflict. The main habitation module is roughly 150m3 and includes separate bedrooms. The 80m3 landing
module is to be used by 3 of the crew for the 30-day surface exploration stage (ESA, 2009).
There are to be four main psychological studies collecting data for the duration of the study. The first study
addresses group dynamics and individual psychological adaptations. The second one investigates any
correlation between individual psychological well-being and cardiovascular function. The third one looks at
effects of group dynamics and loneliness on individual performance, and the last investigates how personal
values affect group compatibility and group cohesion (ESA, 2009). The last study is of particular interest as
it could give some more quantitative data on how best to select a crew to minimize the problems of
interpersonal conflict. These four psychological experiments along with the high fidelity and length of the
simulation make Mars500 the most promising psychological analog in the near future. These psychological
experiments along with the high fidelity and length of the simulation make Mars500 the most promising
psychological analog in the near future.
2.5.2. Integrated Human Exploration Mission Simulation Facility

The INTEGRated human exploration mission simulation facilITY (INTEGRITY) is a proposed project to
take place at the Johnson Space Centre, that will support extended high fidelity analog simulations of entire
human space missions (HOFFMAN, S., 2004). The facility will consist of 5 simulators, each concentrating
on a different aspect of a manned mission, a transit vehicle simulator, a lander vehicle simulator, a surface
habitation facility, a roving vehicle simulator and a surface terrain simulator (TAVANA, M., 2006). It will
therefore have a high focus on crew training and EVA systems testing, however there are plans to run
psychological experiments simultaneously (HOFFMAN, S., 2004).
The focus on training for and the simulation of a space mission rather than on producing psychological
results will make the psychological experiments more pertinent. Also, like Mars500, the INTEGRITY
facility will offer the possibility to investigate psychological issues to do with the changing phases of a
manned space mission. Along with the high fidelity of the simulations, this facility should provide an
excellent psychological analog. However whether the project is realized is currently uncertain. There is no
information available on its status from the last two years.
2.5.3. Mars-Oz

Mars-Oz is a proposed Mars analog to be located near Arkaroola in Australia. It is planned to focus on the
simulation of living and working on Mars rather than the trip there and back, including conducting real
scientific work in geology, paleontology, geophysics and other areas in a dusty environment whilst using
full body space suits; and conducting this work from out of a simulated lander habitat of volume 240m3
(CLARKE, J., 2002).
Currently there appear to be minimal plans for psychological research should this simulation go ahead.
While this could easily be changed, key problems exist in the simulation length, which is predicted to be
roughly 2-6 weeks; and in the fact that crew selection is currently aimed at being predominately honors
students (CLARKE, J., 2002). These two factors, along with the stagnation of the project, imply that MarsOz is unlikely to produce psychological research of mentionable quality in the near foreseeable future.
2.5.4. NASA Extreme Environment Mission Operations

NASA Extreme Environment Mission Operations (NEEMO) is a multi-objective mission analog for longduration spaceflight developed by astronaut training specialists. The main research facility is the Aquarius
undersea habitat. It is used extensively for scientific research, coral reef and ocean observation and
undersea technology development. (NOAA, 2009). NEEMO missions at the Aquarius habitat are designed
to expose future astronauts to extreme environments for training purposes. The interior is very similar to a
space station module and crew procedures, mission rules, time lines, procedures and even the meal
composition is modeled after those on a space mission (NASA, 2009). As a result NEEMO provides a very
good analog for manned space missions. However the focus on NEEMO as a training mission rather than a
research mission means that there is no psychological research available from previous NEEMO missions
(CLANCEY, W., 2004). The high fidelity environment this facility presents makes the facility a suitable
candidate for future analog research.
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2.6. Ethics and law
2.6.1. Legal considerations

Psychological analogs must conform to all national and international laws. One of the most important steps
in achieving this is obtaining consent from all the testing subjects. Article 24 of the Helsinki Accords,
developed by the World Medical Association in 1975, states that the test participant must be accurately
informed of all risks, aims, methods, and other aspects of the study before it begins. Participants are also to
be given the right to refuse a test or completely discontinue participation at any point during a study. This
particular legal restraint makes it incredibly difficult for an analog to accurately simulate the psychological
environment of a long-duration space mission where participants do not have the option to exit the situation
for any reason.
Polar bases, which are inaccessible during winter, underwater habitats, which can require long
depressurization times, and the International Space Station are all examples of analogs that can offer a
psychological environment similar to that of a long-duration mission. Though analogs such as these are
available, none are anywhere near as rigorous as an actual long-duration spaceflight. In order to accurately
create the same psychological environment, the participants would have to waive all their rights to
discontinue participation. While this waiver may satisfy the legal aspects of the problem, such an approach
would generate a huge ethical dilemma.
Article 12 of the Accords demands all researchers conform to safe and accepted practices (Helsinki
Accords, 1975). While the Helsinki Accords was not created as a legally binding document, it has obtained
a customary value through widespread use and acceptance. Therefore, all the principles of the document,
including those listed previously are applicable to all psychological analog testing.
Another legal consideration to address with respect to psychological analogs is jurisdiction at international
locations. As previously mentioned, polar expeditions can provide an excellent opportunity to perform
psychological analog tests. According to the Antarctica Treaty of 1959, countries have jurisdiction over
their own citizens and all national laws of that country apply (Antarctica Treaty, 1959). Therefore, an
analog site is under the jurisdiction of the country whose citizens operate it.
The International Space Station is another example of a possible psychological analog site where
jurisdiction is not always clear. In the case of the ISS, the Outer Space Treaty of 1967 clearly states in
Article VIII that a country shall retain jurisdiction of any object it launches into space, as well as the
personnel occupying the object while it is in space (UN, 1967). Therefore, any analog placed in space is in
the jurisdiction of the country that launched it.
2.6.2. Ethical considerations

Even if all national and international laws are complied with, there are many ethical concerns associated
with psychological analogs that must be addressed. The first is the question of “How far is too far?” The
human psyche is sensitive and some analog tests can be potentially damaging. Even if a researcher obtains
the consent of a participant, there are still medical ethics to consider. For example, the EXEMSI analog
triggered anxiety and depression in participants over the course of the study. Such conditions are extremely
unpleasant and it could be argued that it is unethical to subject humans to such an environment. In regards
to using the ISS as an analog, there is the issue of crew confidentiality. Unlike terrestrial analogs, astronauts
are not always willing participants of a study and their psychological state is not necessarily available for
analysis. Therefore, using any personal medical information without the knowledge and consent of an ISS
astronaut would be a breach of medical ethics (BALL, J.R. and Evans, C.H., 2001).
Another ethical dilemma to consider is the previously mentioned scenario in which the participant waives
all rights to discontinue a study. Even in the case that this waiver is legally binding, the ethical implications
are not easily ignored. If such a waiver is considered unethical, then perfectly simulating the psychological
environment of a long-duration space mission is not possible. The question can even be raised whether or
not it is ethical to send humans on a long-duration mission, e.g. to Mars, if simulating that environment in
more controlled conditions already gives rise to ethical issues.
Though there is extensive research available on the ethics of medical psychological testing, there is very
little documenting the ethical conundrums of space analogs. This is an area where further research is needed
to determine what is and what is not ethical in regards to simulating the psychological environment of
space.
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2.7. Summary
Psychology is one of the critical factors for future long-duration human spaceflight missions. This chapter
presented an overview of the possible psychological issues that occur during spaceflight and that are
expected to occur in future missions, along with a brief summary of relevant countermeasures. The effects
were divided into three categories: individual issues, interpersonal issues and organizational issues.
Furthermore, the method and results for past and current analog missions were summarized and methods for
planned analog missions were described.
The four classes of analogs; simulated analogs, polar based analogs, underwater based analogs, and space
based analogs, all have inherent strengths and weaknesses in simulating the psychological aspects of longduration human space missions. Even though current space based analogs are closest to future missions,
they cannot replace the others due to cost constraints. The currently available analogs to research
psychology are not all encompassing, but complementary.
Table 2-1 provides an overview of psychological issues as they have been observed during analog studies.
Two main trends are apparent. The mission duration has a large influence on the occurrence of individual
and interpersonal psychological issues. This observation is critical, as mission duration is expected to
increase substantially for future missions like lunar bases or interplanetary travel. Secondly, the effect of
psychological countermeasures, most notably crew selection based on psychological compatibility,
psychological training, and team building of crews, is very prominent in these results. Implementation of
these countermeasures reduces the problems significantly.
The legal and ethical aspects of using humans as test subjects have been presented. It is important to note
that these boundary conditions restrict the validity of some analog tests. The question can be raised if
current ethical ground rules are still applicable for the upcoming challenging missions. The question is
whether it is better to fully comprehend the psychological effects when an actual mission is ongoing, or to
study them in a more controlled environment, even if it means pushing the limits of what is ethically
acceptable.
An output of this overview is a set of gaps in what has been done so far in psychological analog studies.
The six identified gaps are:
•

Current analog missions studying psychological issues have a large cultural bias. Almost all
studies and participants originate from the U.S., Europe, Russia, and Canada. Space faring nations
with a substantial human spaceflight program or ambitions for developing a human spaceflight
program like India, China, and Japan, are absent in psychology related analogs. Studies so far
with multi-cultural crews are biased as these possible partners for future long-duration human
spaceflight missions have not or scarcely participated.

•

The presence of married couples in analog studies has so far proven to have a positive influence
on group dynamics. This path can be pursued more in depth by doing analog studies with a crew
consisting only of married couples. Having a partner on board for a long-duration mission could
decrease homesickness and sexual tension, and can compensate for the reduced role of ground
control as a psychological support, due to mission inherent communication problems like time
delay or absence of communication. So far, the impact on psychological well-being of having this
crew composition has not been thoroughly tested.

•

All analog studies focus only on the crew. It might be a valuable addition if the ground control
crew is also systematically researched when doing this mission, especially the people interacting
directly with the crew. Conflicts between crew and ground control have been reported, but so far
only from a crew perspective.

•

Space stations can be used explicitly to simulate a long-duration mission like a mission to Mars.
This can be the ISS, or a new especially developed station, and does not necessarily need to be in
LEO. These space stations can be used to realistically recreate the psychological aspects like
duration, isolation, if no visiting crews are allowed, and if the communication delay is introduced
artificially, and includes all the physiological effects of being in space with its influences on
psychological well-being. An analog like this is very advanced and expensive, but it would not be
limited to psychology.

•

Another gap is a space-based analog designed to take humans further away from Earth than has
ever been attempted before without going to distant scientific goals like Mars. This analog has
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real danger elements present since escape in case of emergency is impossible. Furthermore, the
Earth-out-of-view phenomenon can be studied for the first time.
•

The last gap is not a specific study, but an approach towards psychological research in analog
sites. Current analogs mainly produce qualitative results for a limited amount of participants. In
order to reliably determine the risk of occurrence of psychological problems, a more quantitative
approach is necessary. A high number of crews need to be tested in very similar circumstances,
like analog site, crew composition, selection process, and training, while using the same research
methods for each crew. This can lead to statistical results, which can later be used to assess the
impact of the psychological problems on the real mission. These results have this far not been
produced yet for space mission analogs.

The feasibility of solutions to fill these gaps can be discussed, but is outside the scope of this literature
review.
The knowledge of the psychological issues and their impact on the crew and mission are still not fully
understood. Further research is necessary, and analog sites are a suitable tool to do so.
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Table 2-1: Overview of the psychological issues as observed during analog studies
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Chapter 3
Physiology
3.1. Overview
One of the greatest challenges of human spaceflight is protecting the human body from the effects of the
space environment. Even setting aside the challenges of providing for needs such as food, water, and
oxygen, humans in space are subjected to a number of environmental factors, such as microgravity and
radiation, which are incomparable to those on Earth. Many of the systems of the human body are
significantly disrupted by these unfamiliar conditions, and if countermeasures are not prepared, the health
and lives of astronauts could be endangered. In order to develop these countermeasures, it is first necessary
to understand the precise effects of the space environment on each of the body’s systems.
3.2. Immunology and microbiology
3.2.1. Overview

The immune system is composed of specialized cells, chemicals and organ systems, which collectively
serve to protect their host from pathogens and aberrant tissue growth that could become cancerous. A wide
range of alternatives in the human immune system has been observed after both long-duration and shortduration spaceflights. Immunology and microbiology are fundamentally linked due to the role of the
immune system in resisting infection by harmful bacteria, viruses, or other microorganisms. In this section
past, current, and future experiments related to the effects of spaceflight on the human immune system will
be analyzed, paying particular attention to experiments in analog environments. The gaps between the
immune system’s changes in spaceflight and current experimentation on the ground will be identified and
discussed.

Figure 3-1: Parts of the human body involved in the immune system (Courtesy of: Arthur’s Medical Clipart:
The Human Body Clipart)
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3.2.2. Effects of the space environment on the immune system

The space environment can impact the immune system in many ways that would likely be significant over
the course of a long-term human space mission. Immune system changes and environmental considerations
that must be considered for such missions include:
•

Alterations in cytokine production, inhibited leukocyte proliferation, inhibited immune memory,
alterations in distribution of leukocytes, inhibited natural killer cell activity, and decreased
responses of bone marrow cells to colony-stimulating factors (SONNENFELD, G., 1998).

•

Slow healing due to microgravity environment, which can increase the risk of infection
(BARRATT, M.R. and Pool, S. L., 2008).

•

Stressors such as isolation, confinement, fear, anxiety, sleep deprivation, and physical discomfort
have the potential to impact the central nervous system, inducing neuroendocrine changes
(BARRATT, M.R. and Pool, S. L., 2008).

•

The circulation of immune cells is altered during the flight due to a redistribution of fluids
(BARRATT, M.R. and Pool, S. L., 2008).

•

Latent viruses can be reactivated and expressed when the functions of the immune system
decrease (BARRATT, M.R. and Pool, S. L., 2008)

•

The risk of pathogen transmission by direct contact is high in a confined spacecraft (BARRATT,
M.R. and Pool, S. L., 2008)

•

The atmospheric restrictions cause allergic sensitization and hypersensitivity of the crewmembers
due to compounds that remain suspended in the spacecraft atmosphere (BARRATT, M.R. and
Pool, S. L., 2008)

•

Nasal and ocular irritations from particulate matter can be excellent vectors for disease
transmission (BARRATT, M.R. and Pool, S. L., 2008)

•

The continuous radiation exposure may induce microbial mutation that may lead to increased
virulence (BARRATT, M.R. and Pool, S. L., 2008)

Figure 3-2: Cells of the immune system (Source: www.prism.gatech.edu/~gh19/b1510/whiteb.gif)
3.2.3. Results of past experiments conducted in analogs on immunology

There have been numerous experiments conducted on the immune system in order to understand the
changes that occur during human spaceflight and especially the changes in microgravity. However, the
evolution of the immune system in microgravity remains relatively unknown. This is partially due to
terrestrial analogs being incapable of simulating microgravity for sufficiently long durations. The space
stations and the space shuttle allow for longer stays in microgravity, making them the only relevant analogs
for studying the effects of microgravity on the immune system. However, these missions have provided
only a limited quantity of data thus far. This section is divided into three parts: the experiments conducted
on the animal immune system, the experiments conducted on the human immune system and the
experiments on microbiology.
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Figure 3-3: Cells of the immune system (Courtesy of: the University of Hartford)
3.2.3.1. Experiments conducted on the animal immune system

Studies on Drosophila have been conducted to understand how altered gravity affects immune function. A
number of these flies have been submitted to hypergravity on ground facilities to study the effects of
hypergravity on the immune system and other Drosophila have been taken to microgravity during the STS121 flight in 2006. Both the microgravity and hypergravity experiments show that the immune system of
the Drosophila has been altered by the changes in gravity. Hypergravity has a positive effect and
microgravity a negative effect on the immune response according to these experiments (MARCU, O. et al.,
2006).

Figure 3-4: Centrifuge recreating the hypergravity on Drosophila located in tubes
(Courtesy of: Groupement Scientifique en Biologie et Medecine Spatiales)

Studies conducted on Pleurodeles waltl (urodele amphibian), immunized on Earth during a 5 month stay on
board the Mir space station (Perseus mission), indicate that the rate of somatic hypermutation is severely
depressed when animals are immunized in space. This suggests that the affinity maturation of antibodies
could be seriously compromised in these the space environment (BOXIO, R. et al., 2004).
Rats and rhesus monkeys have been used extensively in space studies on the immune system. In vivo tail
suspension is an Earth-based analog that has been frequently used in order to investigate the effects of
microgravity on the immune system. In other Earth-based such as laboratories, stressors have been applied
to animals in order to study the response of their immune system. Through these experiments several
changes in the immune system have been observed, such as disruptions of leukocyte blastogenesis, cytokine
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production and natural killer cell activity (BASCOVE, M. et al., 2009). These changes can be explained by
exposure to microgravity, stress, radiation, and the disruption of circadian rhythms and other systems. Out
of these factors, the one most critical for a long-duration space mission is the microgravity environment. A
number of studies have been made in terrestrial analogs, attempting to examine the effects of microgravity
on the immune system. However, it is very difficult to simulate microgravity in analogs on Earth, as
parabolic flights and drop tower experiments do not last long enough to conduct experiments on the
immune system. Therefore, in order to study these changes in the immune system, it is necessary to conduct
experiments on animals in LEO. The only analogs currently available that are capable of studying these
changes in an environment comparable to a long-duration mission are the Space Shuttle and the ISS.

Figure 3-5: Developmental biology experiment on Pleurodeles (Perseus mission 1999) (Courtesy of: CADMOS
2007)
3.2.3.2. Experiments conducted on the human immune system

For ethical reasons, few experiments have been conducted on astronauts during space missions. However,
some data is available on astronauts that have shown alterations in their immune system capabilities. A
Russian cosmonaut on Mir developed a urinary tract infection, and the available antibiotics were ineffective
in space. His body’s inability to fight off harmful microorganisms led to his becoming severely ill.
Therefore, good analogs on Earth for such studies are patients that suffer from immunodeficiency or
autoimmune diseases. It is important to stress here the fact that other than weightlessness, the only other
situation that severely diminishes T-cell function (responsible for immune system deficiencies) is HIV
infection (BOONYARATANAKORNKIT, J. B. et al., 2005). It presents a useful comparison for
understanding how their body is reacting, what the processes that led to such altered abilities of the immune
system are and what are the appropriate countermeasures.

Figure 3-6: Stress compromises the immune system by acting on several glands to release stress hormones such
as epinephrine (left) and cortisol (right) into the bloodstream. Remaining in a stressed state for extended periods
can suppress the immune system enough to allow latent or new infections to be expressed. Credit: Duane
Pierson. (Courtesy of: NASA Space Research)
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Other useful research subjects other than astronauts are the crews of nuclear submarines, Antarctic research
stations, polar expeditions, oil drilling rigs and underwater habitats. These are analogs because isolation,
confinement, danger and anxiety are important stressors, and stress is known to have a substantial impact on
the immune system. These analogs are very well suited for simulating many of the stressors that occur
during long-duration human space missions. All the results have shown that lymphocytes are altered, cellmediated immune function decreases, and latent viruses reactivate. Here, it is clear that the human body
operates as a whole and that the psychological effects have an important impact on the functions of the
body. Studies in the Antarctic base analogs have shown the reactivation of latent viruses, such as the
Epstein-Barr virus and other members of the herpes virus family. In microgravity experiments on human
cells it was discovered that after a viral infection of these cells, 91 of the genes did not turn on whereas
normally in a gravity environment 99 genes turn on and activate T-cells to destroy the virus
(BOONYARATANAKORNKIT, J. B. et al., 2005). It is therefore apparent from these analog studies that
the immune suppression in long-term space missions is due to a combination of psychological factors, lack
of vitamin D due to the absence of sunlight, and due to the lack of gravity.
3.2.3.3. Experiments in microbiology

It is meaningless to consider the changes of the immune system in microgravity without taking into account
the fact that the microorganisms in space, such as viruses and bacteria, become more aggressive in
microgravity. Experiments on microbiology have been carried out in bioreactors on Earth, which are
essentially microgravity analogs. Similar experiments have been conducted on-board Mir and the ISS. It has
been noticed that microbes and viruses developed in microgravity have a resistance to antibiotics and
produce adhesin, a molecule that mediates adhesion to cell surfaces because of a difference in gene
expressions. This is why viruses and microbes are more aggressive in microgravity (NICKERSON, C.A. et
al., 2004).
3.2.4. Current experiments conducted in analogs on immunology

Current terrestrial experiments continue to focus on animals, humans and microbes as discussed above.
However, space scientists tend to focus more on human experiments on ISS. It is rather difficult to
understand the evolution of the human immune system in space. The population of astronauts living for
long-durations on ISS is too small to conduct a comprehensive scientific statistical study on the immune
system. Moreover, the permanent crewmembers on board the ISS are replaced every 6 months, which is not
long enough to be compared to long-duration human missions such as going to Mars (1.5 years or more).
The situation is further complicated when ethical and legal issues are taken into consideration. Deliberately
infecting astronauts with viruses to analyze their immune response in space is not an acceptable means of
investigation. Thus, it is slow and difficult to study these changes directly on ISS astronauts. However,
researchers collect and analyze blood, urine, and saliva samples from crewmembers before, during, and
after spaceflight to monitor these changes. Moreover, the in-flight samples permit researchers to distinguish
between the alterations of the immune system in-flight and those after landing. Another aspect of the
immune system that is currently being studied in the ISS and in ground-based analogs is the capacity to heal
wounds. There have been 344 rats tested to study wound healing responses in the orbiting Space Shuttle
Endeavour and tests found that collagen content was 62% lower in the wounds from animals with 10 days
of microgravity exposure as compared with test samples on the ground (DAVIDSON, J.M. et al., 1999). In
Earth analogs, including polar expeditions, nuclear submarines, Antarctic bases, the important stressors that
affect the immune system have an impact on the speed of healing. In environments where stressors apply,
wounds tend to heal slower (ENGELAND, C.G. and Marucha, P.T., 2009). There have been few studies in
this area, and data is lacking. It is important to understand these changes of the immune system before one
undertakes a manned long-term mission so as to develop adequate countermeasures.
3.2.5. Future experiments in analogs on immunology

Experimentation on animals is currently used to study wound healing and more experiments are in the
planning stages. In ground experiments, ruptured ligaments in rats suspended by their tails have been
known to show disorganized healing patterns. However, more experiments must be conducted in long-term
space missions to understand the healing process in space. Robust experimentation in spaceflight is vital to
understand the immune system and healing in space. Many questions must be addressed before a longduration manned mission can be undertaken. However, it is important to bear in mind the fact that many
restrictions on animal testing have been adopted in recent years, making these experiments more difficult to
arrange than in the past. Few microgravity experiments are presently being conducted on animals.
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3.2.6. Conclusion: gap analysis on immune system

According to these studies it seems as if the human immune system function suffers when the host leaves
the Earth, which is particularly troublesome for long-duration space missions. It has not been conclusively
determined whether astronaut with a suppressed immune system would be able to complete a three-year
space mission, such as to Mars. What is certain is that more consistent studies on the immune system are
required in order to prevent these changes and to find countermeasures. Current countermeasures include
pre-flight quarantine, ongoing crew health monitoring, onboard antibiotics, anti-viral and anti-fungal
agents, immunizations, sterilization procedures, and use of clean vehicles. Scientists are currently looking at
new countermeasures such as anti-microbial agents, fusion proteins to block virus re-infection, molecular
detection systems for surface, water and airborne pathogens, and pre-flight crew screening for the presence
of microorganisms. The main gaps remaining in the study of the immune system reside in the lack of longterm experiments in microgravity on animals or human beings, because of this there is no data available on
the human immune system in long-term microgravity exposure.
3.3. Cardiovascular system
3.3.1. Introduction

The cardiovascular system is responsible for the delivery of O2 and nutrients to the body in addition to the
removal of CO2 and metabolic wastes. It is also responsible for the circulation of blood, transport of
immune system components and hormones, and regulation of body heat (CLÉMENT, G., 2005). The
cardiovascular system, unlike other systems in the body is not adversely affected by the absence of gravity.
The cardiovascular system adapts to changes in gravity by shifting fluid and changing the blood volume. It
also reacts to different levels of gravity such as those experienced in the launch position, on-orbit (early and
later) and post-flight. These effects have been observed in laboratory studies, using bed rest studies and
animal experimentation. Other studies have been performed on the astronauts of the ISS, Spacelab and Mir.
These studies have brought about countermeasures to mitigate cardiovascular disorders in astronauts. Headdown bed-rest studies have become a primary analog to examine and test countermeasures for
cardiovascular disorders (PLATTS, S.H. et al., 2009).
3.3.2. Results of past analogs

Astronauts launching on the Space Shuttle and Soyuz are placed in an almost horizontal position at
approximately 2.5 hours before the anticipated launch time. The crews can stay in this position for as long
as four hours before the mission control either authorizes or aborts launch (HAMILTON, D.R., 2008). This
seating position places the crew in a supine position, with a 90-degree hip and knee flexion to direct the
launch acceleration though the chest. Prolonged time in the supine position causes a significant blood
volume to be placed above the heart, thereby increasing the load on the heart and forcing an increase in
cardiac output. The body misinterprets these physiological changes as an acute increase in intravascular
volume and compensates by reducing the blood volume through urination and reduced thirst. Shuttle
astronauts wear absorbent undergarments that allow crewmembers to urinate. Some astronauts prefer to
restrict fluid intake from 12 to 24 hours before flight and fly dry to prevent usage of the undergarment
(CLÉMENT, G., 2005).
3.3.2.1. Fluid shift

Once on orbit, a persistent head-ward fluid shift occurs. This shift occurs because there is no gravity
induced increase in blood pressure in the lower portions of the body. The mechanism that counteracts this
increase in blood pressure continues to work in spite of the absence of gravity. The fluid shift is continuous
for the duration of the stay in microgravity, and is apparent as facial swelling, enlarged neck veins and
decreased leg sizes (CHARLES, J.B. and Lathers, C.M., 1991). These were among the earliest
physiological effects noticed in human spaceflight. The fluid shift initially increases the size of the heart
and the volume of blood it pumps per beat. This increase is noticed by receptors causing the body to reduce
the fluid volume, which in turn makes the heart shrink. Thirst and fluid intake is also decreased early in
flight which may be attributed to the effect of space motion sickness, which is discussed in detail in section
3.5.
During a bed rest study, NASA’s Flight Analog Project (FAP) subjected participants to head-down tilt bed
rest. Fluid intake prior to the study was about 1100 ml greater than urine output. About 800 ml of this was
lost mainly via respiration, sweat and excretion, which were relatively constant in the controlled
environmental condition (PLATTS, S.H. et al., 2009). After three days of bed rest, fluid intake was
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observed to have exceeded urine output by 750-1000 ml and remained relatively stable throughout the
remainder of the study. This is quite similar to what is experienced during spaceflight and in space (MECK,
J.V. et al., 2009).
3.3.2.2. Blood pressure and heart rate

Data collected during Spacelab missions in 1993 and confirmed in other missions showed an increase in
Central Venous Pressure (CVP) before launch when the crew is in supine position and increases further
during launch and reentry. CVP is the pressure of blood in the thoracic vena cava, near the right atrium of
the heart and represents the blood to the right atrium at each contraction cycle (HAIN, T.C., 2009). The
increase in CVP before and during launch is due to the fluid shift as a result of the supine position and the
launch acceleration through the chest (CLÉMENT, G., 2005). The CVP decreases upon reaching orbit,
which may indicate that the system adapts to the increased fluid level. This in-flight observation is similar
to results from bed rest studies that recorded a predictable transient response at the onset and cessation of
the bed rest (SHIRAISHI, E.R. et al., 2003).

Figure 3-7: Head-down tilt bed rest study (Courtesy of: NASA Ames
3.3.2.3. Extra vehicular activity

Astronauts that were observed while conducting EVAs on ISS, Mir and Skylab lost close to 2.2 kg of fluid
over 6 hours. (CLÉMENT, G., 2005). Although space suits are equipped with a liquid cooling garment,
overcooling is often observed due to the decreased blood flow in microgravity. The astronauts are also
equipped with a small container of water for drinking, accessed through a straw mounted in the helmet to
prevent dehydration. Dehydration during an EVA might aggravate the already deconditioned cardiovascular
system brought about by the exposure to microgravity.
3.3.2.4. Post-flight

Post-flight orthostatic hypotension has been the subject of intense study during spaceflight and bed rest
experiments. Orthostatic hypotension is a form of hypotension with symptoms of dizziness, faintness or
lightheadedness which appear only on standing, as a result of low blood pressure (HAIN, T.C., 2009). This
may be attributed to a series of in-flight cardiovascular changes such as relative hypovolemia initiated by
fluid shift, decreased cardiac function, decreased aerobic capacity, changes in vascular structure and cardiac
rhythm (ZHANG, L.F., 2001). During re-entry and landing both heart rate and arterial pressure increases.
About 27% of crewmembers are usually unable to stand upright for ten minutes after landing and must sit
down to prevent syncope (fainting). The causes of orthostatic intolerance are diverse. It could be attributed
to a decreased blood flow or decreased arterial pressure (CLÉMENT, G., 2005).
3.3.3. Results of current analogs

Current analogs are not substantially different from past analogs. Recent studies observing six astronauts,
before and after long-duration spaceflights revealed that orthostatic intolerance was more severe after longduration missions. Five of the six astronauts studied became pre-syncopal during tilt testing after long
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flights whereas only one had become pre-syncopal during a stand test after a short-duration flight (MECK,
J.V. et al., 2001).
Recent findings have suggested that cardiovascular adaptation to weightlessness may differ from groundbased simulations, such as bed rest and dry immersion. The magnitude of the fluid shift in space may be
quantitatively greater than what is observed when moving from upright to supine position (BUCKLEY JR.,
J.C., 2006). Thornton et al. showed that weightlessness simulations yielded a result of 50% or less fluid loss
in the leg compared to microgravity (1992).
3.3.3.1. Countermeasures

The main focus of researchers is on devising and refining countermeasures in order to prevent and avoid
cardiovascular disorders when returning to a gravity environment. A combination of several
countermeasures may be required to mitigate the effects of returning to gravity on the cardiovascular
system. Presently, countermeasures include exercise (pre-flight and in-flight), application of lower body
negative pressure (LBNP) in-flight, and fluid loading before re-entry. LBNP is used to simulate the pull of
gravity on the body’s fluids, and to put stress on the human body, particularly the cardiovascular system. It
may be used alone or in combination with other stressors. There is however the problem of individual
differences in the response to in-flight LBNP tests (GUELL, A. et al., 1990).
3.3.4. Gaps and future direction

Bed rest studies have proven to be the best analog to simulate the effects of spaceflight on the
cardiovascular system. Unfortunately, these studies are not able to fully replicate the effects of microgravity
on cardiac functions. For future surface explorations of Mars, there would be a six-month exposure to
microgravity followed by some duration at 0.33g on the surface, and then a six-month return journey in
microgravity. Bed rest studies need to better replicate the sequence of environments and place greater
emphasis on effective countermeasures prior to undertaking any manned mission to Mars.
3.4. Bone loss and muscle activity in space
3.4.1. Overview

Spaceflight has been observed to cause significant atrophy in bones, as the skeleton adapts to the
microgravity environment. Due to the skeleton’s reduced mechanical function in microgravity, it sheds
calcium, which can be measured in increased amounts in the urine and feces of the spaceflight crews. This
adversely affects the health of crews during and after flight, weakening the bones and causing osteoporosis.
Osteoporosis is a disease that affects humans on Earth and is characterized by calcium deficiencies, which
weaken bones.
The effect of spaceflight on muscles is similar to that of bones. Thigh and calf muscles tend to atrophy due
to the relief of pressure and disuse since they are no longer necessary to bear the body’s weight.
3.4.2. Past analogs
3.4.2.1. Bones in space

Simulation of bone loss on Earth is possible but not completely effective. Patients that are comatose or
otherwise confined to beds for long periods have shown significant loss of bone density (SCHNEIDER, V.
et al., 1995). This is a starting point to study bone and muscle loss. Although it is hard to simulate
microgravity on Earth, bed rest studies do provide scientifically valuable results.
Studies of human spaceflight show a significant loss of bone mass post-flight. Measurements indicate a 12% loss of bone mass per month during spaceflight with no decline in the loss rate. Some astronauts may
lose upwards of 20% of their bone mass in six months of flight (CLÉMENT, G., 2005). Loss of calcium
and changes in the connective tissue system has been observed both in animals and humans during
spaceflight. Load bearing bones, such as the pelvis, femur, calcaneus, and lower spine are responsible for
balancing and holding the body weight in gravity. These are not used in space and are therefore prone to
weakening during spaceflight as the bone density decreases.
During the Skylab program photon absorptiometry was performed to analyze the bone mineral mass preand post-flight. The study showed significant calcium loss during the Skylab-4 mission. A decrease in
spinal mineral density was also observed in Salyut-7 cosmonauts. The measurements were done by X-ray
computer tomography and all four cosmonauts had lost a vertebral bone mass loss ranging from 0.3%-
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10.8% (SCHNEIDER, V. et al., 1995). Mineral recovery usually takes the same amount of time as it took to
lose. However, one of the crewmembers of Skylab-4 regained only half of the preflight calcaneal density
and one astronaut regained none (SPECTOR, E.R. et al., 2009).
Many countermeasures have been tested to prevent or reduce the loss of bone mass in astronauts. The
primary countermeasure continues to be exercise. Exercise has shown positive results in decreasing bone
loss. However, the data collected in Earth analogs are not exactly the same as that in space since the
environmental conditions, specifically microgravity, cannot be completely replicated. The loss of bone
mass was decreased by 5% in Mir, however, it did not return to pre-flight level. On ISS, bone mass loss was
decreased in similar way to Mir and new countermeasures such as improved exercise equipment were
applied (NICOGOSSIAN, A.E. et al., 1993).

Figure 3-8: Recovery of leg volume post-flight (CLÉMENT, G., 2005)
3.4.2.2. Muscles in space

Cosmos missions have flown several animals in order to study the effects of microgravity on muscle
structure and function. Rats flown on a five-day mission have shown muscle atrophy and some changes in
muscle force. Longer flights revealed a larger decrease in muscle mass. Muscles that develop on Earth have
been shown to be considerably healthier than those which developed in space. Human studies reported loss
of muscles, including muscle fatigue, abnormal reflex behavior, and diminished Neuromuscular Efficiency
(NME) (DELUCA, C.J. et al., 1982). Skylab and Salyut missions estimated muscle size and limb volume
by measuring limb circumference and found a significant decrease post-flight. Recently, more accurate
quantitative measurements of pre- and post-flight leg muscles have been obtained from both Magnetic
Resonance Imaging (MRI) and muscular biopsies. The chart in Figure 3-8compares the post-flight recovery
of leg volume for several missions.
Exercise is the most widely applied countermeasure to muscle loss. However, no means have been
identified to entirely prevent muscle loss or a decrease muscular endurance in microgravity. Exercise alone
will not be able to eliminate all the effects of prolonged spaceflight. Passive stretching, electrical
simulation, and anabolic drugs have all been used as additional countermeasures.
3.4.3. Present studies

The ISS has been actively used as an analog to study Osteoporosis, which is a disease that is similar to the
calcium loss experienced in microgravity. Further osteoporosis studies took place on STS-108, including a
biomedical experiment containing laboratory mice. This experiment investigated a potential treatment for
osteoporosis. NASA’s Flight Analogs Project has undertaken a series of bed rest studies to simulate the
effect of microgravity on the musculoskeletal system. They have compared the results obtained from postflight astronauts to the bed rest studies. The graph in Figure 3-9 displays the results of one their bed rest
studies. The figure displays bone mineral density (BMD) after 47, 60, or 90 days of bed rest. Significant
changes from pre-study measures are denoted by * P, 0.05 and ** P, 0.01. Abbreviations used are: Lspinelumbar spine; Troch- trochanter; Fneck- femoral neck; TotHip- total hip.
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Figure 3-9: Change in bone mineral density from bed rest studies (SPECTOR, E.R. et al., 2009)
3.4.4. Gap analysis

Though several studies have been carried out to address this issue there is no long-term option to simulate
microgravity and no analogs on Earth to study bone and muscle loss in greater detail. Bone loss is one of
the most challenging issues concerning human spaceflight; in the future a lunar analog study would be very
useful to simulate a Martian mission.
3.5. Space motion sickness
3.5.1. Introduction

The human neurovestibular system consists of a series of organs and nerves that sense and transmit the
sensation of acceleration, particularly gravitational acceleration, to the central nervous system. The central
nervous system interprets this information to determine position and orientation relative to the environment.
In microgravity the acceleration of gravity is absent and the information from the neurovestibular system is
distorted, causing Space Motion Sickness (SMS) (DARLING, D.).
The leading theory explaining SMS is the sensory conflict theory. This theory postulates that SMS occurs
when sensory inputs to the brain are rearranged and at variance with each other. Sensory conflict reveals
itself in microgravity in several ways. One of these conflicts is between the visual and vestibular systems
during motion in space, where the eyes detect movement but there is no corresponding impulse from the
otoliths. The others are differences in perceptual habits and expectations, and conflicts of information
transmitted by the otoliths and the semicircular canals, which detect linear acceleration and rotational
movements. SMS is the product of the conjunction of these conflicts (CLÉMENT, G., 2005).
3.5.2. Results from past analogs

SMS is common in spaceflight and it is reported that about two thirds of all crewmembers in Space Shuttle
and Soyuz flights have suffered from it (DAVID, J.R. et al., 1998). The symptoms of SMS were found to
range from depressed appetite, malaise, nausea, vomiting, drowsiness, and lethargy to reduced selfmotivation. These symptoms usually resolved between 30 and 48 hours, but could last from 12 to 72 hours.
However, recovery from SMS is generally quick (CLÉMENT, G., 2005). The severity of SMS varies
widely. Mild SMS does not have any effect on the operational effectiveness of the crew while moderate and
severe SMS can impact crew performance. It was observed that in the first 36 missions of the space shuttle
program, about 71% of the crew making their first flight reported suffering from SMS. Of this group, 33%
reported mild symptoms, 27% moderate and 11% severe. Most of them recovered in their first day in space.
It was also observed that symptoms of SMS are not reduced significantly on following flights (CLÉMENT,
G., 2005).
Another analog is parabolic flights, and the use of motion perception in determining the effect and means of
countering SMS (BUTLER, C.A. and Griffin, M.J., 2006). These analogs have indicated results similar to
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what is experienced by astronauts during their missions in microgravity environments. One of the
objectives of the motion perception experiment was to compare SMS experienced by astronauts and motion
sickness induced by centrifugation, in the hopes that they were similar SMS. The sickness induced by
exposing the astronaut to hypergravity in a centrifuge. The results obtained were similar but it was noted
that only environments where the effect of gravity could be minimized for long durations could provide
fully applicable data (DONOHEW, B.E. and Griffin, M.J., 2009). Such experiments therefore cannot be
effectively compared to what happens in space as a result of the absence of gravity.
3.5.3. Results of current analogs

Vestibular testing has been used as criteria for selection of individuals for astronaut programs in both
Russia and the U.S. This selection and training method is demanding and has not been effective at
screening for susceptibility to SMS. A preventive technique developed by NASA Ames Research Center,
the Autogenic Feedback System-2 (AFS-2), which uses a combination of biofeedback and learned selfregulation technique, is being tested and has been found to be effective in controlling the symptoms of
nausea and vomiting. More than 350 individuals have been trained at Ames using autogenic feedback to
reduce the effect of SMS. About 85 percent of this number has shown a significant improvement in motion
tolerance. It however does not work on all individuals. The ambulatory monitoring system developed in
support of this research can also be used in conjunction with a computer-based battery of human
performance tasks to document the effects of microgravity on crewmembers' operational efficiency. The
AFS-2 can also be used to measure the effectiveness of other countermeasures, such as exercise or
medication, on reducing the effect of SMS (NASA AMES RESEARCH CENTER). NASA Pre-flight
Adaptation Trainer (PAT) is another countermeasure, which has being rather effective. Crews who received
this training before flight showed a significant reduction in the severity of SMS symptoms (19%-54%)
when compared with those who have not have received this training (CLÉMENT, G., 2005).
3.5.3.1. Countermeasures

There are a variety of methods for the prevention and control of SMS. The main approach has been the
prediction of susceptibility. This entails questionnaires of history and experience or personal traits.
However these have been inconclusive because pre-flight questionnaire results did not correlate with
reported incidence.
Management of SMS using the autogenic feedback has shown to be effective because:
•

It produces relief with as little as six hours of training.

•

It is effective in a wide population of individuals.

•

It reduces the behavioral and physiological reactions to even the most provocative motion
sickness stimuli.

Drugs that diminish SMS symptoms such as promethazine are presently being used and have also being
found to be effective but recent researches have shown that it has dangerous side effects that degrade
human performance. Because crewmembers have reported that rapid head movements worsen the nausea
and spatial disorientation associated with SMS, head and neck restraints restrict such movements have
being used but with limited success (CLÉMENT, G., 2005).
3.5.4. Gaps and future directions

Although past research has yielded a substantial degree of information on SMS, a definitive solution is
urgently needed to solve this problem. The main focus and objective of SMS research should be directed
towards:
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•

More precise predictive indices and effective drugs.

•

More efficient pre-flight adaptation procedures.

•

Evaluating performance impairment induced by SMS and anti-motion sickness drugs.

•

Early detection of symptoms.

•

The use of mechanical restraints such as neck fixating devices.
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The primary objective for developing methods for the prevention and treatment of SMS are the health and
efficiency of crewmembers. The countermeasures, when used either singly or combined, should be fastacting, and not inhibit the capability of a crewmember.
3.6. Irritation
3.6.1. Overview

Irritation is a factor that must be considered for spaceflight and planetary missions. Misplaced items inside
the craft, dust, or other minute particles may irritate the eyes or nasal passages of astronauts. It is advised to
keep things in place and take care not to spread dust or other particles inside the spacecraft, as it is a
completely closed environment. As discussed in section 3.2.2, suspended particles in the spacecraft
atmosphere are excellent vectors for pathogens that may cause illness in flight. One major external irritant
in future lunar missions is lunar dust. Its composition, shape, and small size make lunar dust highly
adhesive and easy to inhale. It has been hypothesized that lunar dust can imbed itself into the alveoli sacs of
the lungs and cause serious health issues (PARK, J. et al., 2006)
3.6.2. Current

There are several techniques that scientists are investigating to mitigate these hazards, Project Dust was
funded by NASA headed by Masami Nakagawa, an associate professor in the mining engineering
department of the Colorado School of Mines. The team explained the properties of lunar dust, which was
more like ash with a diverse distribution. It is about 19 microns in size, has magnetic properties and is
highly porous. It was proposed that rubbing friction in a vacuum would help to get rid of this dust for which
tools should be made from materials that will minimize friction (NAKAGAWA, M. et al., 2005). However,
no definitive study or practical simulation in a terrestrial analog has yet been undertaken to attempt to
mitigate this problem.
3.6.3. Future goals and gaps

Lunar dust is a serious issue that needs to be addressed in the planning of any future lunar missions.
However, other missions, such as those to Mars, face a similar obstacle. Martian dust could be even more
dangerous than that of the Moon. It is a mechanical irritant and a chemical poison. Mars is considered the
red planet because its surface consists largely of iron oxide and other metallic oxides. It is suspected that the
dusty soil on Mars may be a strong enough oxidizer that it could burn any organic compound, such as
plastics, rubber, or human skin (FLINN, E.D., 2006). Practically speaking, there are no substances on Earth
that are exactly analogous to lunar dust or Martian soil. The only attempts to recreate these substances and
their effects occur at the laboratory level, so application in an analog situation is still some time away.
3.7. Circadian rhythm
One of the subtler environmental changes imposed upon astronauts is the disruption of the normal cycle of
sleep and wakefulness, known as the circadian rhythm. Circadian disruptions can increase stress and may
reduce the quality of sleep and cause drowsiness or depression, potentially reducing astronauts’ capabilities
and leaving them prone to error (MALLIS, M.M. and DeRoshia, C.W., 2005). Zeitgeibers are external cues
that drive the circadian rhythm. The foremost zeitgeiber is the day/night cycle (GARSHNEK, V. and
Brown, J.W., 1989). During spaceflight, this stimulus is lost. In low Earth orbit a day/night cycle occurs
every 90 minutes. The moon has a 28-day/night cycle and the Martian day is 24 hours and 38 minutes long.
Social activities and schedules can substantially supplement the stimulation of the circadian rhythm, but
given the demanding and unpredictable nature of work in space, these may not be sufficient to provide a
stable sleep cycle.
During short-duration missions, disruptions to sleep rhythms have been observed to be negligible
(GUNDEL, A. et al., 1997). However, these disruptions can become more severe over longer missions,
potentially to the point of a failure of the entire circadian rhythm. A complete failure could cause major
sleep problems for astronauts and increased fatigue (MONK, T.H. et al., 2001).
Pulses of bright light have been shown to be effective in delaying the circadian rhythm, and could
potentially be used to correct variations in these rhythms (GRONFIER, C. et al., 2004). Research into the
ideal nature of this light pulse is ongoing, with data suggesting that roughly 450nm may be the most
effective wavelength for these purposes (FUCCI, R.L. et al., 2005).
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3.7.1. Conclusion

A great deal of progress has been made in understanding the circadian rhythm, and its role in keeping the
human body healthy and productive. It might now be prudent to set up a long-term analog test where
scientist can attempt to practically apply these findings by correcting disrupted sleep cycles, or to force
those cycles to conform to erratic work schedules. This could most easily be accomplished on the ground.
However, an experiment in orbit, to evaluate the exact factors of spaceflight that affect the circadian
rhythm, would be ideal.
3.8. Radiation
3.8.1. Sources

A major obstacle posed by space to humans is presented by destructive ionizing radiation. The two major
varieties of dangerous radiation on interplanetary missions are the galactic cosmic rays (GCR) and protons
ejected by solar flares, known as solar particle events (SPE’s) (TOWNSEND, L.W. and Wilson, J.W.,
1996). While most of the GCRs are of protons, there are also components of heavier atoms (BUCKLEY
JR., J.C., 2006). These heavier particles, which have extremely high energies are known as HZE’s, and are
characterized by their greater linear energy transfer (LET), indicating a high relative biological
effectiveness (RBE). RBE is a factor, which expresses the potential for biological damage per dose of a
type of radiation (ROBBINS, D.E. et al., 1996).
The protons of SPE’s, by contrast, have substantially lower energies individually, but occur at vastly higher
fluxes (TOWNSEND, L.W. and Wilson, J.W., 1996). Major SPEs, which are most common during the
solar maximum, pose a significant danger to the crew of any mission leaving the protection of the Earth’s
magnetosphere. The radiation environment of solar maximum will influence the design of any mission
(SMART, D.F. et al., 2006). In contrast, solar minimum occurs when the solar magnetic field is weakest,
reducing the protection it provides from GCRs. (O'NEILL, P.M., 2006). Another source of radiation is the
Earth’s van Allen radiation belts, which contain substantial proton and electron fluxes. However, these are
localized such that they are negligible for all except low Earth orbit missions passing through the South
Atlantic Anomaly (ZHOU, D. et al., 2009). For long-term future manned missions, such as to the Moon or
Mars, the GCRs and SPEs are the sources that most need to be considered. The radiation environment is
further complicated by interactions between the radiation and the astronauts’ surroundings. High energy
particles, particularly the HZE components of GCRs, colliding with the spacecraft structure, planetary
surface, or atmosphere can cause any number of complex interactions, generating a wide variety of
secondary radiation and backscatter. (TRIPATHI, R.K. et al., 2006).

Figure 3-10: Cosmic Ray composition (left), and energy distribution (right). (Courtesy of: NSBRI)
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3.8.2. Effects on human physiology

Ionizing radiation striking human tissue causes damage in one of two ways: either by directly impacting
cells and causing ionization damage, or by ionizing molecules; in this case primarily water. Ionized water
can break down into hydroxyl, which is highly chemically reactive and can cause damage by reacting with
DNA (MCCORMACK, P.D. and Nachtwey, D.S., 1989). Analysis of blood samples from recently returned
astronauts has shown chromosomal damage consistent with substantial radiation exposure (GEORGE, K. et
al., 2007). A major risk of radiation exposure is that damaged cells might become cancerous.
In addition to the cancer risks associated with radiation exposure, the damage done directly to the organs of
the human body cannot be ignored. The systems that are most dramatically affected by radiation are those
that require rapid cellular reproduction for their function such as the intestinal lining and bone marrow
(MCCORMACK, P.D. and Nachtwey, D.S., 1989). The eyes are also prone to radiation damage. Cataracts
are an obvious but less serious concern. Astronauts have exhibited a higher incidence of cataracts than the
average population. However, more research is necessary particularly because of the limited population of
astronauts (BLAKELY, E.A. and Chang, P.Y., 2007).
Recent discoveries indicate that radiation exposure may also increase the likelihood for a variety of noncancer cardiovascular and immune disorders (BLAKELY, E.A. and Chang, P.Y., 2007) Laboratory studies
have also indicated that high-LET radiation may contribute to the weakening of bone structure in mice
(LLOYD, Shane A.J. et al., 2008). Longer-term effects such as reduced fertility have also been observed.
Neurological damage is particularly harmful since nerve cells cannot be replaced. Any damage incurred to
the neurological system is likely to be permanent (BUCKLEY JR., J.C., 2006). Radiation is not currently
known to have caused any neurological damage to astronauts; however effects have been observed in
irradiated animals (BLAKELY, E.A. and Chang, P.Y., 2007). This discrepancy requires further
investigation.

Figure 3-11: Recent data from Voyager-2’s cosmic ray subsystem, still functional after more than thirty years
(Courtesy of: JPL)
3.8.3. Past research

Given the ethical and legal implications of deliberately exposing human subjects to dangerous levels of
radiation, much of the research performed has focused upon people exposed deliberately or accidentally to
high doses of radiation for non-scientific reasons. A group of particular focus is the Japanese survivors of
the nuclear attacks of World War II (SCHNEIDER, U. and Walsh, L., 2009). This and other terrestrial
sources of radiation poisoning have been the result of X- or gamma rays with substantially lower LET than
cosmic or solar particle radiation, and may therefore not show directly analogous effects. Besides the
precise composition, the dose distribution is also different, as Earth-based radiation poisoning cases are
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typically characterized by larger doses delivered over much shorter durations than those of space missions
(NATIONAL RESEARCH COUNCIL, 1996). In order to better understand the differences between these
observations and the effects of the actual space environment, work has been done to analyze the space
radiation environment directly. A variety of measurements have been made of the space radiation
environment in an attempt to understand its composition. This is particularly true of LEO, which is far more
accessible than deep space or planetary environments. A number of the Soviet Cosmos missions were
equipped to measure the radiation environment in LEO, and several shuttle missions have done the same
(AKOPOVA, A.B. et al., 2007). While this data is certainly invaluable for designing LEO missions, the
usefulness of LEO as an analog for a deep space mission is limited by the differences between the radiation
environments of LEO and interplanetary space. LEO missions also tend to be of shorter duration than a
mission to Mars. Interplanetary measurements are more difficult to make, but deep space missions such as
the Voyagers have included instruments, which provided measurements of the interplanetary radiation
environment (NASA JET PROPULSION LABORATORY, 2009).
Examination of astronauts has provided biological samples, which have been directly exposed to the
radiation environment of LEO, either on biosatellites, in spacecraft, or on space stations. From this data
researchers have collected data of the effects of the space radiation on humans (DURANTE, M. and Manti,
L., 2008) (YANG, C. et al., 2008).
3.8.4. Current research

A means of testing the human response to long-term low-level radiation exposure is to investigate the
radiation effects on people living in regions with a particularly high background radiation level,
(DURANTE, M. and Manti, L., 2008). This provides the advantage of exposure timescales equal to or
greater than those for a mission to Mars, but at a much lower dosage. Higher doses can be easily achieved
in the laboratory. Limited laboratory work has been done with the high-LET radiation that is typical of
space environments. Unfortunately it is difficult to confidently compare the health effects of exposure to
radiation from terrestrial sources to those of the space environment (NATIONAL RESEARCH COUNCIL,
1996). This has been improving with work performed in recent years. Linear accelerators are used to
generate high-LET radiation on the ground (LI, Q., 2007). These particles can be used to irradiate mice or
other experimental subjects. By combining various particles and energies, an approximation of the space
radiation environment can be created (LLOYD, Shane A.J. et al., 2008). Before this can be done, however,
it is necessary to understand what is to be simulated. The ISS provides a convenient and effective platform
for instrumentation and dosimeters. Zhou et al. placed several instruments with ISS expedition 13 to
characterize the radiation environment (2009). However, simply understanding the space environment of
the ISS is insufficient to confidently design an interplanetary human mission. It is also important to
understand how the specific environment affects the radiation profile of the mission. The ACE, launched in
1997, carries an array of instruments, which allow it to analyze both solar ejecta and cosmic rays, and
continues to provide valuable data about the deep space environment (CHRISTIAN, E.R. and Davis, A.J.,
2008; COHEN, M.M., 2000).

Figure 3-12: ACE nearing readiness (CALTECH, 1997).
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The data from these and similar missions have allowed the creation and refinement of extensive radiation
models such as the Badhwar-O’Neill model of cosmic radiation (O'NEILL, P.M., 2006). Models of the
lunar radiation environment have also been created, although the complexity of these particle interactions
suggests that more data may be desirable and necessary (TRIPATHI, R.K. et al., 2006). Computer models
are also used to predict secondary radiation effects, and thereby to determine the best means of protecting
the crew of a spacecraft from harm (WILSON, J.W. et al., 2002).
3.8.5. Future research: prevention and mitigation

In the future, while new missions to collect data on the space radiation environment and its effects are of
course desirable, it will become necessary to begin applying such knowledge as is available in order to
provide direct information on the engineering of radiation protection systems for long-duration human
missions.
3.8.5.1. Shielding

Two methods of protecting the crew of a spacecraft from radiation exist. One is to use passive material to
physically block incident radiation, and the other is to use some sort of electric or magnetic field to deflect
or repel charged particles. Per gram, light, hydrogen-rich materials, such as polyethylene, provide the best
shielding. A spacecrafts’ geometry could also be arranged such that radiation is focused away from crewed
areas (TOWNSEND, L.W. and Wilson, J.W., 1996). Electrostatic shielding could provide excellent
protection as well, since it can deflect low energy particles entirely and slow higher energy particles. Slower
HZEs will have a reduced impact energy, effectively reducing the generation of secondary radiation
(TRIPATHI, R.K. et al., 2008). However, the technical realities of such a system render it infeasible with
current technology (BUCKLEY JR., J.C., 2006). For long-term missions such as a mission to Mars, it
becomes increasingly likely that astronauts will have to cope with a major SPE. They will be dependent
upon their spacecraft and supplies for survival (TOWNSEND, L.W. and Wilson, J.W., 1996). It is possible
that a smaller radiation shelter might provide a safe haven in the event of a major SPE. This strategy will
save the weight of shielding the entire craft (NRC, 1996). A mission to Mars would be exposed to the sun
from angles not observable from Earth. A solar observatory would be crucial so that SPEs could be directly
observed and warn the crew (SMART, D.F. et al., 2006).
3.8.5.2. Chemical protection

A number of chemicals, vitamins, and molecules have been identified and analyzed by Langell et al. as
providing some degree of protection from radiation damage. These substances either aid in the protection
and repair of cells or by eliminating free radicals such as oxygen from the body (2008). However, chemical
radioprotection remains untested for long-duration continuous use and can only be recommended in the
case of acute radiation exposure. Amifostine in particular was identified by Langell et al. as effective in
these cases, but has yet to be tested in conjunction with other compounds. Vitamin A, Vitamin E, and other
antioxidants have also been shown to improve survival rates and reduce cancer rates in medical trials.
Although these substances are not as effective as Amifostine and similar compounds, they are far less toxic,
and are more suitable for long-term use (WEISS, J.F., 1997).
3.8.6. Conclusion

The space radiation environment is extremely complex and dynamic. More research is needed to predict the
exact radiation environment astronauts are likely to encounter and its exact effects on the human body.
Radio-protective agents are a promising avenue of research, but are severely under-applied in spaceflight.
Data on the interaction of these agents with space radiation and how they function in microgravity are all
necessary prior to their routine use in spaceflight. While some of this can be tested on the ground in
laboratory conditions, ISS presents the best platform for testing these agents.
3.9. Space medicine
3.9.1. Introduction

Medical emergencies can happen during short- or long-duration space missions. However, the required
medical facilities, procedures, and expertise needed are different from the ones used on Earth due to the
conditions of the space environment. Only astronaut candidates deemed least likely to develop pathologies
are selected. All applicants must meet certain physical requirements and must pass physical examinations.
The astronauts are trained on Earth to expedite their adaption to spaceflight. Once in space the astronauts
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use a variety of countermeasures to avoid developing pathologies. However, trauma cannot be predicted
and will require the crew to render aid.

Figure 3-13: Space Medicine on Skylab (Courtesy of: NASA)
3.9.2. Effects of spaceflight on space medicine

The medical facilities in spacecraft cannot be as well equipped as a terrestrial hospital due to mass and
volume constraints. The onboard equipment must be selected carefully. The Crew Health Care System
onboard ISS consists of all the equipment used for the astronauts’ well-being, and is also used for research.
The Health Maintenance System contains a defibrillator in case of cardiac arrest, an ambulatory medical
pack (emergency life saving medications and medical equipment), a respiratory support pack, an advanced
support pack, a crew medical restraint system, and a crew containment protection kit (CLÉMENT, G.,
2005). The Environmental Health System assesses toxicology, water quality, microbiology, and radiation.
For medical emergencies, the crew medical officer (CMO) can render aid. If the medical emergency
requires surgery in space (stitches, and soon telemedicine) such surgeries are possible to some extent. And
finally if the emergency is too severe and cannot be treated in space, which is the case for most potential
emergencies occurring in space, the patient can still be evacuated. All these aspects are well detailed by Dr.
Gilles Clément, in Fundamentals of Space Medicine.
The driving factor of space medicine is the limited volume and mass in the spacecraft for all the necessary
medical equipment. Surgery in space is difficult because surgical debris disperse in microgravity instead of
remaining in the peritoneal cavity. This causes an increased of level of air contamination. Moreover, ISS
requires a seat in an evacuation vehicle for every astronaut onboard in case of an emergency. In the event a
rapid medical extraction is required, the injured astronaut must don a space suit and strap down inside the
evacuation vehicle. The internal architecture of the Soyuz capsule is not conducive to the administration of
medical care during reentry and landing. Furthermore, the reentry accelerations may adversely affect an
injured crewmember. Exacerbating these challenges, the time from departing the station to arrival at a
dedicated medical care facility is lengthy (CLÉMENT, G., 2005).
3.9.3. Past space medicine experiments conducted in analogs

Analogs such as nuclear submarine crews, underwater habitats, ship crews, Antarctic base missions and
polar missions are used to discover which medical problems might occur in orbit and at what frequency.
While these comparisons are valuable, the space environment is very much unique. The most frequent
medical problems encountered in space are: SMS, superficial injuries, arrhythmia, musculoskeletal
problems, headaches, and sleeplessness (RISIN, D., 2008). These analogs have also been used to
understand the challenges of rapid evacuation to definitive medical care and what must be done to mitigate
risk. During an Antarctic mission in the sixties, Soviet doctor Leonid Rogozov was forced to perform an
appendectomy on himself as he was the only doctor on his mission, and the poor weather and lack of
supporting aircraft precluded the possibility of any external intervention (JOHNSON, N., 2005). Also, on
Mir a cosmonaut had a urinary infection and had to go back to the Earth to get the appropriate care in the
hospital, but he was so weakened that he might not have survived re-entry due the stresses that the re-entry
vehicle placed on his body (BURROUGH, B., 1998).
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Figure 3-14: As there is no emergency vehicle, an injured astronaut with a broken leg will be forced into an
extremely painful position on the Soyuz for reentry (Courtesy of: NASA)
3.9.4. Current space medicine experiments conducted in analogs

Experiments are undertaken in microgravity simulations on parabolic flights to investigate minor medical
interventions in such an environment. Minor surgeries such as cardiac massages are conducted, but the
microgravity periods do not last long, making it hard to compare these experiments to the real microgravity
environment of long-duration space missions. When surgeries are done in microgravity they have to be
interrupted by periods of hypergravity due to the parabolas (CLÉMENT, G., 2005). ISS can also be used as
an analog for long-term space missions. Tests of telemedicine are also being performed on the ground for
future use in long-duration space missions, such as Raven, which has been tested in NEEMO, a NASA
underwater facility (SCHIRBER, M., 2004). Experiences from submarines, underwater habitats, and polar
stations are also used to study these aspects of space medicine.

Figure 3-15: Above: A two-armed remotely controlled surgical robot from the University of Washington known
as Raven is photographed inside the undersea habitat for the 12th NASA Extreme Environment Mission
Operations mission. (Courtesy of: NASA)
3.9.5. Planned future experiments in analogs on space medicine

In the near future, telemedicine for surgery will be extensively tested on Earth for both terrestrial uses and
space missions. Space medicine is a large hurdle for long-duration manned missions, but remains poorly
developed.
3.9.6. Space medicine analog gap analysis

Space medicine is absolutely mandatory for long-duration human spaceflights. However, it is still
extremely crude and needs substantial development. Telemedicine is still immature and needs to be tested
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extensively on analogs on Earth before being considered for use on long-duration space missions. Another
major failing is the lack of a suitable emergency return vehicle, which could dramatically improve the
likelihood of survival of a critically ill or injured astronaut. Another important issue is the sterilization of
the environment. The virulence of dangerous microbes in space would make any surgery significantly more
dangerous than on Earth.

Figure 3-16: Surgery in Zero-G flight. (Courtesy of: CNES)

3.10. Ethics, policy, and law
Regardless of whether experiments are conducted in space or on the ground, ethical and legal
considerations must be satisfied. The most direct means of understanding human physiology is human
experimentation, but this is an extremely delicate issue. The World Medical Association’s Declaration of
Helsinki, originally made in 1964, and repeatedly updated since, lays out a framework defining the
limitations of human experimentation. It stipulates, among other conditions, that the well-being of the
research subject is to be the primary concern. This prevents the testing of many aspects of the space
environment, as effects such as radiation exposure or viral infection cannot be tested without endangering
the subject. Animal testing can provide an alternative, but recent legislation and popular opinion make this
much more difficult than in the past, as steps must be taken to prevent the animals from suffering
unnecessarily, and many people are unequivocally opposed to experimentation on animals (FANO, A.,
1998).
3.11. Summary
Great strides have been made in understanding the physiological problems of spaceflight and preparing the
countermeasures and mitigations that will be critical for any future long-duration human space missions.
Analogs have been crucial to past scientific investigations in this field, and will continue to be so for the
foreseeable future. There are a number of ways in which analogs could be used to improve these
investigations. Long-duration microgravity simulation remains impossible on Earth, and while certain
specific effects can be investigated, the only comprehensive microgravity analogs in existence are missions
in LEO, such as the ISS. A more robust orbital investigation of these long-term exposures will be crucial in
preparation for a mission of similarly long-duration. Other major gaps in physiological preparation that
require expanded analog research are medical procedures and techniques for isolated missions, and longterm radiation protection. Despite the valuable research and volume of knowledge that already exists, the
severity of the challenges that remain demands greatly expanded research to prevent future missions from
facing intolerable medical risks and long-term health impacts on crewmembers. Aggressive analog
development and testing must be a key component of these investigations, as the consequences of neglect
could be catastrophic for the mission, and for the future viability of human spaceflight.
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Chapter 4
Space Robotics
4.1. Introduction
“Danger, Danger, Will Robinson!” yelled the Robot in the 1960’s television series Lost in Space. The
model B-9, Class M-3 General Utility Non-Theorizing Environmental Control Robot, or more commonly
referred simply as “Robot”, was not a mere assisting tool for the Robinson family, but was in fact an
integral part of the crew, and would often show signs of emotion and humanity. Today’s reality of robotic
spaceflight might not be as close to that depiction of the future, but it is now clear that humans and robots
will be working hand in hand, or rather hand in clamp in future space missions.
At the beginning of the Space Age, the majority of space missions involved human spaceflight. As the Cold
War came to an end, and major technological advancements were made, especially in electronics and
computation, a new era of “unmanned” space exploration missions came about. Countless satellites were
sent into orbit and interplanetary probes sent to nearly every planet in our solar system. Exploration of our
solar system seemed only to be accessible through the use of remote-controlled robots. To prepare for
future long-term human space missions to Mars and beyond, the use of robots will be an invaluable asset,
both for unmanned reconnaissance and for providing astronauts with assistance.
The development and manufacturing costs of these space robots are generally on the order of hundreds
millions of dollars. Considering the magnitude of such investments as well as being essential to the success
of the mission, these robots are fully tested in Earth analogs before they are deployed on their mission. The
subject of robotics is divided into two main categories; robot mechanisms, which includes the locomotion
systems and articulations; and robot control, including remote controlled robots, automated robots, and
human robot interaction.
4.2. Robotic mechanisms
Most modern planetary robots include a locomotion system, which greatly increases their scientific
versatility. These systems are tested extensively in Earth analogs prior to deployment on space missions.
Robots are mainly used in environments or for applications that would otherwise be difficult or impossible
for humans to perform. These environments may include extreme temperatures, radiation, vacuum, or
sandstorms. The robots must be able to withstand such extreme environments, and are therefore tested on
Earth analogs to assess this ability.

Figure 4-1: FIDO (left), Rocky-7 (center), and MER (right) (Courtesy of: JPL)
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4.2.1. Rovers

Traditional land locomotion systems include wheels, tracks, and legs. For space exploration, the multiwheel system remains popular, mainly due to their simplicity, low mass, and low power requirements.
Wheeled rovers include the Lunar Roving Vehicle (LRV) of the Apollo program, more commonly known
as the “moon buggy” (YOUNG, A., 2007), the Mars Exploration Rovers (MER), and Spirit and
Opportunity (GOLOMBEK, M.P. et al., 2003). Prototype rovers are functional vehicles and tools for the
development and testing of mobility platforms and various other features. The following rovers were
intensively tested in various analog operations.
The ROCKY-7, shown in Figure 4-1 is a mechanical model consisting of a chassis, a rocker–bogey
suspension system, a differential, and six wheels. The instruments and other parts are mounted on the main
body. It has high mobility for terrain traversing and is similar to rovers currently on Mars (VOLPE, R. et
al., 1995). Tests using Rocky-7 were significant for evaluating mobility, onboard software, and 3-D path
planning.
FIDO, shown in Figure 4-1, is an advanced technology rover for long-range planetary science. Though it is
not qualified for flight, it serves as a platform for a variety of technology demonstrations. Commands are
given to FIDO by a high-level “web” interface from the control station. FIDO rovers are capable to perform
geographically distributed and collaboratively planning, sequence science activities, and data analysis. Like
the ROCKY-7, FIDO also a six-wheeled rocker bogey mobility system and possesses an instrument arm
with four degrees of freedom. The physical size is 1.5 times smaller and 2.5 times lighter than the actual
Mars Exploration Rovers (TUNSTEL, E. et al., 2005).
FIDO has been extensively tested through a process that is repeated yearly. One field trial was conducted on
Silver Lake, California. It was able to demonstrate semi-autonomous operations. Another trial was
conducted in Nevada and used blind, fully remote operations. This test added more complexity and fidelity
to real operations (TUNSTEL, E. et al., 2005).
The latest experiments with rovers also include the development of the All-Terrain Hex-Legged ExtraTerrestrial Explorer (ATHLETE), a lunar rover meant for cargo transportation. ATHLETE, shown in Figure
4-2, possesses six independent wheels on legs in a hexagonal configuration. This permits it to roll over
smooth terrain as well as climb steps, highly increasing its agility compared to traditional rovers (WILCOX,
B.H., 2007). ATHLETE has been intensively tested in various locations including the Mojave Desert of
California and Meteor Crater in Arizona (VOLPE, R., 2009).

Figure 4-2: ATHLETE climbing a hill (Courtesy of: JPL)
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Figure 4-3: ARES, NASA's Martian UAV (Courtesy of: NASA)
4.2.2. Unmanned aerial vehicles (UAV)

The Mars Exploration Rovers have returned enormous amounts of data while on Mars. However, the area
that those rovers are exploring is highly limited by the terrain, the rover’s speed, and its decision-making
capabilities. Like Earth, Mars has an atmosphere, which makes aerial flight possible. Many UAV designs
have been created specifically for Mars exploration such as NASA’s ARES, shown in Figure 4-3. The
Martian air density is significantly lower and the air composition is quite different when compared to
Earth’s. It is therefore necessary to try and reproduce the Martian atmosphere on Earth to accurately test the
Martian UAV designs and validate them for Martian flight. Flying planetary vehicles including fixed wing
aircraft, balloons, and rotary aircraft are currently being developed for exploration of Mars and other
celestial bodies.
JPL is currently working on balloons that could explore Titan and Venus. They are testing designs in the
Aerobot laboratory, which has 140 square meters of floor space and is 7.6 meters high. A few Aerobots are
shown in Figure 4-4 below (VOLPE, R., 2009).
4.2.3. Robotic manipulators

The most notable space robotic manipulators are the Canadarm attached to the Space Shuttle and the
Canadarm 2 attached to the ISS. These tele-operated manipulators are mainly used to conduct routine
maintenance and repair tasks that would otherwise have to be performed by astronauts. NASA has made a
recommendation to develop advanced robotic manipulators so that EVAs and their associated risks can be
reduced to a minimum (NASA, 1995).

Figure 4-4: Various aerobots in JPL's aerobot laboratory (Courtesy of: JPL)
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4.2.4. Extreme environments

Materials can easily be designed to withstand extreme temperatures. However, the interaction between the
different mechanical components, as well as the on-board electronics can sometimes produce unexpected
results in such extreme temperatures. Thermal expansion, conductance, and lubrication are some of the
thermal issues that can cause mission failure. High temperatures can be easily simulated in environmental
chambers and ovens.
Some experiments have been done in high altitude balloons to test electronic equipment and scientific
payloads. The Earth’s stratosphere is similar to the Martian atmosphere in terms of air density. Even though
the air composition is not quite the same, the added value of having real flight conditions makes these types
of experiments pertinent (WIESER, M. et al., 2009).
4.3. Robot control
The subject of robotic control is as important as robot mechanisms. This is comprised of how and why the
robot sends the commands to its servo-motors and actuators and their performance. Robots generally have
two modes of operation; either directly controlled by a human operator via tele-operation or through
autonomous onboard software. They both present considerable challenges, and require intensive testing in
virtual simulations as well as analog sites. To plan for long-duration human space missions, where robots
are likely to be an integral component, human-robot interaction will have to be carefully studied to
maximize the effectiveness of this cooperation.
4.3.1. Remote controlled robots

Remote control is the simplest form of robotic control. An operator provides a command to the robot, which
it then performs. This method, however, has one major intricacy. The operator must have all the necessary
sensory inputs from the robot’s environment to be able to control it accurately. For reconnaissance robots,
such as rovers or UAVs, simple cameras and navigational systems are often enough to permit remote
controlled operations. However, for more advance operations, such as space manipulators for module
assembly or maintenance operations, very sophisticated sensory systems are required.
As robots are being sent further and further out into space, remote controlling becomes virtually impossible
due to the time-delay in the transmission of the sensory and command data between the robot and its
operator. The current Martian rovers work on the principle of receiving a large set of commands from
ground control. They then send back sensory data to the ground station, which the operator utilizes to
decide on the next set of commands to be performed. There is, on average, a delay of twenty minutes for
each one-way data transfer.
To validate the mission architecture of rover missions to Mars, mission simulations are often performed.
The FIDO rover was subject to one such simulation. The rover was placed at a site in the Arizona desert
with a task to explore and map the surrounding area. All the uplink and downlink data was sent via satellite
to a JPL laboratory, from which the rover was remotely operated (BACKES, P.G. et al., 2003; BARRATT,
M.R. and Pool, S. L., 2008; BARRATT, M.R. and Pool, S. L., 2008).
4.3.2. Robotic automation

Robot automation is becoming increasingly common in space exploration, not only because of the time
delay, but also to lessen the workload of the operators. For a long-duration mission, the number of
expedition crew will be limited, and the robots will be able to provide better assistance, especially if able to
act autonomously. However, even the currently most autonomous robots have problems making high level
decisions such as crew attention or task priority (PEDERSEN, L. et al., 2005). Ultimately, they are unable
to exceed their programming, and have not been found to interpret situations accurately.
Autonomous robots should, predominantly perform repetitive tasks or highly predictable procedures in the
case of human space mission with robotic assistance. This would alleviate the workload on crewmembers
and also reduce overall risks, especially for EVA procedures. In the case of constructing a habitat on the
Moon or Mars, robotic assistance will most certainly be invaluable for simple and easily pre-programmable
construction tasks. Various robots have already been tested for building different types of structures, and
have been proven to be quite efficient. Of course, human supervision will still be required. For instance in
the case of an unexpected situation that a robot cannot understand and requires additional input from his
operator. By doing so, a single operator could be in charge of multiple robotic systems, or even perform
other tasks, while the robots would interrupt only when it requires further direction. This would elevate the
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human operator to a supervisor of multiple robots, rendering large-scale task execution significantly more
efficient (SIMMONS, R. et al., 2007).
4.3.3. Human-robot interaction (HRI)

With the ever-increasing requirement for robotic assistance in manned missions, HRI becomes a prime
issue. In particular in situations where a robot redesign might not be feasible once the mission is launched.
It is therefore important to fully test and evaluate human-robot interaction so that cooperative tasks may be
carried out as correctly and efficiently as possible.
HRI is an issue that has been long prevalent in the robotics community. In fact, the HRI community has
already indicated several challenges to its development, which will be become incrementally important as
robotic assistance becomes more widespread. Some of the proposed areas of research include the use of
inter-disciplinary teams for robotic design to improve adaptability of the robots to diverse situations.
Adaptability is currently the biggest problem with automated robots, because it is inherently impossible for
a program to have a coded solution for all possible problems. The adaptability of a human-robot team
therefore becomes an important factor if effective cooperation is required to perform their given task
(BURKE, J.L. et al., 2004).
The Robonaut is a robotic system designed by NASA in collaboration with the Defense Advanced Research
Projects Agency (DARPA), to replicate human capabilities and provide assistance to the crew, especially
for EVAs. It remains mostly tele-operated, but could potentially do work for longer periods of time, or in
potentially dangerous environments, while still being able to perform most of the actions a human during
EVA could perform. This robotic system will be extensively tested in various field exercises, such as the
one shown in Figure 4-5, where the effectiveness of the HRI will be evaluated.

Figure 4-5: Field operations tests of Robonaut and other robotic assistance (Courtesy of: NASA/JSC)

4.4. Analogs used to test robotics
Unlike manned analog experiments, the testing of rovers and robots in lunar- or Martian-like environments
can easily be accomplished to some extent. Robotic analog sites can be divided into natural sites and
artificial sites. Examples of natural sites include Earth craters, deserts, volcanic regions and polar regions.
Artificial sites are laboratory facilities made to simulate some aspects of a planetary surface. Smaller scale
experiments are also performed in the laboratory to emulate certain specific conditions such as radiation,
temperature or soil composition. A selection of example analogs will be presented in each category.
4.4.1. Natural analog sites

Various locations that have similar characteristics with Martian or lunar terrain can be found on Earth and
have been utilized as a test-bed for the testing of robotics. The geological similarity with other celestial
bodies would also permit actual in-situ scientific research, which would improve the analog’s fidelity
compared to artificial sites where only certain mechanisms are tested. Major analog site are located in the
desert, deep oceans, craters, mountains, and potentially lava-tubes.
The main advantages of these natural analog sites are that they are relatively large and readily available for
testing, with little infrastructure required. They are especially useful for integrated mission architecture
validation, where a full mission could be tested, including isolation, extreme environment, EVA procedures
and robotic assistance.

53

4

TP ANALOGS

Testing in a physical environment is a good analog for rover operations and allows for validation of their
main functions. The primary purpose of these analog tests is associated with navigation, command,
telemetry, and mobility in a rough, unknown terrain. The FIDO field test is a good example of such tests
(TUNSTEL, E. et al., 2005).
4.4.1.1. Haughton-Mars Project (HMP)

The Haughton-Mars Project is a Mars analog program based on Devon Island in the Northern Arctic of
Canada. NASA researcher Pascal Lee leads HMP and its purpose is to study the 20km Haughton impact
crater. From a geological and biological perspective this site is a close analog to Mars, and hence is an
excellent location for Martian analog tests (BRAHAM, S. and Anderson, P., 1999). The HMP also supports
space exploration programs and is collaborating with CSA, NASA, and the SETI institute. Part of the
project is also dedicated to studying the integration of future settlement missions on the Moon and on Mars.
Studies include pressurized rover testing and EVA procedure testing, which will be relevant to a human
settlement on another celestial body (MARS INSTITUTE, MARS ON EARTH, 2009).
The robotic space exploration systems studied at the HMP are primarily assessed for their potential
usability in future planetary missions. The settlement and the team of scientists and engineers present is the
perfect scenario in which to test the effectiveness of the robotic assistance for a long-term human settlement
on another celestial body. Examples of the robotic experiments done at HMP include a robotic survey
system tested in 2007, using 3D scanning for topographic mapping as well as penetrating radar to map the
subsurface structure (FONG, T. et al., 2008). The Mars Science Laboratory (MSL) had its instrumentation
suite tested out at the HMP (NEWSOM, H.E. et al., 2009).
4.4.1.2. Mars Desert Research Station (MDRS)

The MDRS has been the location for many robotic analog simulations, including several rover experiments.
Again, these simulations were studying the fidelity of a multi-day rover expedition, the interior rover
design, as well as EVA procedures during the expedition (PERSAUD, R. and Robles, S.R., 2004).
4.4.1.3. Antarctica

Antarctica is mainly used as an analog site due to its extreme environment and potential isolation. Rover
autonomy and pathfinding simulations and studies are done for planetary exploration rover design. Such
studies include the Nomad, a planetary rover design to search the Antarctic for meteorites.
(APOSTOLOPOULOS, D. et al., 1999).
Other robotic trials include the testing of cryobots, which are penetrator devices meant to bury deep into
ice-shelves through melting of the ice. Cryobots are currently being developed for future exploration
mission to Mars and Europa, and to search for life signs either in the ice itself, or in the sub-ice oceans
(ZIMMERMAN, W. et al., 2001).

Figure 4-6: Demonstration of the Mars Science Laboratory mobility system at JPL's Mars Yard (Courtesy of:
JPL)
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4.4.2. Artificial analog sites

Artificial analog sites are man-made sites, location or facilities used to simulate Martian or the lunar terrain.
These artificial sites are used to test the autonomy of rovers working in conjunction with a mobility system.
4.4.2.1. Mars Yard

The Mars Yard of JPL, shown in Figure 4-6, is an area with specific soil and rock composition to simulate
the Martian environment (VOLPE, R., 2009). Obstacles can also be added and moved to this site to test
autonomous rover mobility, obstacle avoidance and more advance maneuvers such as climbing slopes and
rocks.
4.4.2.2. Free Spirit

Analogs are not only used in design phase, but also during the operational phase of a mission. NASA is
known to build several prototypes of their robots, rovers, and spacecraft for training purposes and ground
testing. MER’s Surface System Testbed is currently being used to solve a problem it is having on its
exploration mission of Mars. On 6 May 2009, the Spirit rover was disabled when its wheels sunk deep into
the soft Martian sand (MALIK, T., 2009). JPL engineers are working with its replica in a test facility,
dubbed “The Sandbox”, where they have recreated the scenario, as shown in Figure 4-7.

Figure 4-7: JPL engineers working on a solution to free Spirit (Courtesy of: JPL)
4.4.3. Laboratory scale analogs

Laboratory scale environments are similar to artificial analog sites, but differ in scale. Only individual
components of the robot are usually tested in laboratory-scale analogs. Most robotics will be first tested in
laboratory scaled analogs due to their smaller size and lower cost. This scale of testing also permits the
study of specific parameters of the robotic system instead of fully integrated prototypes. It is usually done in
the early design phases to optimize and iterate the design of the robotic systems.
These laboratory scaled analogs include ovens, vacuum chambers, wind tunnels, sand boxes and other
environment simulation installations.
4.4.3.1. Environmental chambers

Environmental chambers are widely used in the industry to simulate pressure, temperature and humidity.
These chambers are used mainly for validation of mechanical or electronic devices. They can also perform
cycling, which can simulate the thermal cycling of a satellite passing from being exposed to the sun to
being in the shadow of the Earth 16 times per day.
4.4.3.2. Soil simulation

Many lunar laboratory scaled analogs for rover mobility system testing make use of specifically designed
artificial soil to replicate the soil of the Moon. One of the lunar soil simulants include the JSC-1, developed
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by NASA, and matches very closely the chemical composition including the main oxides present in lunar
soil and the small size of under 177µm. This simulant is especially useful for testing of robot mechanism to
ensure that the lunar dust will not cause problems to the servomotors used on the rovers, as well as for EVA
suit design (MCKAY, D.S. et al., 1994).
Other soil simulation environments include sandboxes where rover mobility systems are tested. Those
sandboxes simulate the loose soil of Lunar or Martian surfaces, and are specifically aimed at testing wheel
slippage and maneuverability. Tohoku University has also done some sandbox testing to validate their
computer model of rover motion dynamics, including detailed wheel-soil interaction and accurate steering
and maneuvering (ISHIGAMI, G. et al., 2007).
4.4.3.3. Martian wind tunnel

Tohoku University in Japan is developing a Martian wind tunnel for UAV testing. It can currently simulate
low Reynolds numbers at high velocity subsonic flow for pressures as low as the 1kPa characteristic of
Martian atmosphere. The wind tunnel is planned to be able to reproduce the gas composition of the Martian
atmosphere as well. This wind tunnel could be used for aerodynamic tests to validate aircraft wing designs
for Martian exploration (ANYOJI, M. et al., 2009).
Re-entry into the Martian atmosphere can also be simulated in specially designed wind tunnels such as the
DLR facility in Göttingen. This 62-meter long wind tunnel can simulate airflow up to 4.4 kilometers per
second at temperatures of 6000 degrees Celsius. It is currently being used to design the landing capsule of
ESA’s ExoMars (HANNEMANN, K. and Wucherpfennig, J., 2009).
4.4.3.4. Air cushion test beds

Microgravity is simulated on these air-cushion type test beds for planar motion. It essentially creates a
cushion of air between the table and the prototype, negating friction for planar translational motion. Such
test beds have been used to validate the mechanical design of space manipulators such as the Shuttle
Remote Manipulator System (SRMS). Several institutions possess these air cushion test beds, including
Stanford University and the Tokyo Institute of Technology (YOSHIDA, K., 2003).
4.4.4. Analog simulation and virtual environment

It is necessary to simulate robots on a virtual platform to model various subsystems both during operations
and as a part of hardware prototyping. Some of the essential factors for rover simulations are terrain
modeling and determination of rover kinematics. A commonly used mobility modeling tools ROAM
(Rovers Analysis and Modeling). This software is based on JPL’s DART/DSHELL multi-mission
spacecraft simulation software. ESA has also recently developed a software 3DROV planetary rover
simulation environment (POULAKIS, P. et al., 2008). It allows early-stage virtual modeling and
'shakedown' testing of mobile surface missions for both Mars and the moon. The simulation framework
relies on ESA’s SIMSAT 4.0.
Other planetary surfaces are difficult to replicate, such as the Moon, which is covered in a fine layer of dust.
It is becoming increasingly common to simulate the mobility of rover designs through computer models
such as the Rover Mobility Performance Evaluation Tool (RMPET) developed at DLR. The RMPET
applies the Bekker Theory of rolling resistance, skid, and the deep sinking of wheels (PATEL, N. et al.,
2004).
4.5. Legal and ethical aspects
Robots are legally considered as property and therefore, there is essentially no legal or ethical issue on
experimenting with robots in any sort of analogous sites. The consequences of the actions of the robot are
hence blamed on the owner of the robot.
However, special cases do exist. For example the use of Antarctica as an analog site can be ambiguous due
to its status as a nature preserve, with no recognized ownership claim by any nation. The cryobots tested in
Antarctica could be considered as contamination of the ice shelf through their deep drilling operations
(ZIMMERMAN, W. et al., 2001). The Antarctic treaty of 1959 does not cover the potential contamination
of the ice shelf.
The situation can become more complex when human-robot interaction is involved. For the moment, only
broad recommendations about safety standards are applicable to robots used for human assistance. These
concepts were studied in depth in an ISU Team Project Report relating to the Analysis of Lunar Exploratory
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Robotic Tasks for Safety (ALERTS) (ISU, Masters08, 2008). Potential damage to astronauts through the
use of the robotic arms on the ISS, Canada Arm 2 and the Japanese arm on Kibo, is covered under Article
17 of the ISS Intergovernmental Agreement. This cross-waiver clause, detailed in 5.14 (EVA chapter) does
not allow either Canada or Japan to be found liable if an accident occurs. Laws concerning liability for
future international missions involving both robot and human cooperation need to be expanded upon.
In the near future, as robotic assistance and automation becomes more and more common for long-duration
space missions, ethical considerations arise due to the fact that the lives of humans are in the hands of
artificial intelligence. Those ethical dilemmas are already predicted in many science fiction works, such as
in Isaac Asimov’s “I, Robot” novel, as well as in Stanley Kubric’s “Space Odyssey 2001”, where the
station’s computer AI, HAL, attempts to eliminate the main character to follow its logical programming for
the safeguard of its mission. Current artificial intelligence technology is not at this level yet, but many
human lives are already in the hands of automated systems such as autopilots or automatic regulation
systems of power plants. An ethical framework is still not in place, or an implemented universal standard
for artificial intelligence programming.
4.6. Summary
It is likely that any plans for a long-duration space exploration missions will include robotic assistance.
Rovers are already used for reconnaissance, and once a human base is established, rovers could provide
transportation for astronauts, cargo, and habitation modules. Robots will also be used for mundane tasks
and maintenance activities in order to minimize hazardous EVAs.
As presented in this section, the use of analogs to test and validate robotic design is an invaluable tool. The
robots are tested in analogs varying in scale from virtual simulations to small laboratories and large-scale
natural analogs.
Many analog simulations with full crews are already using robotic assistance, but one element that seems to
be lacking is a long-duration analog mission design that includes robotic assistance as an integral part of the
mission. So far, most robotic analog testing at full-scale natural sites with crew interaction included only
short-duration use of the robotic system, such as the 5-day pressurized rover expedition (PERSAUD, R. and
Robles, S.R., 2004). A long-duration simulation with constant robotic assistance would not only validate
the design concept of the robot throughout its full operational life but also discover potential use for the
robotic system other than the ones it was designed for initially.
Most analog sites only simulate the terrain, specifically the soil composition and topology. Other
environmental parameters that the robot would see in reality, such as extreme temperatures, intense winds
and sandstorms, radiation, atmospheric density, different gravity, and varying sun time exposure are not
simulated. These elements can greatly affect the rover performance. Having an artificial analog site that
could simulate all these elements simultaneously would greatly improve our understanding and prediction
of the actual performance of the rover during its mission life-time.
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Chapter 5
EVA
5.1. EVA overview
EVA (Extra Vehicular Activity) spacesuit systems allow an astronaut to conduct activities outside the
vehicle in space or on a planetary body. The EVA suit system must provide protection from radiation,
temperatures as high as 120°C or as low as -150°C, blinding sunlight, and microscopic particles potentially
traveling faster than7500m/s. EVA suits keep crewmembers alive and permit them to perform exploration,
construction, and scientific tasks on a routine basis outside of their craft (THOMAS, K.S. and McMann,
H.J., 2006). To ensure that the EVA is completed successfully, a variety of aspects are tested in analog
environments such as hardware, operations, and astronaut safety (ECKART, P., 2006). These tests develop
a strong knowledge base and can be viewed as a risk mitigation technique. A series of analog tests may be
appropriate to build up mission-related experience in a systematic way to achieve early milestones during
the development process (HARRIS, G.L., 2001) (ROSS, A.J., et al., 2006).
5.2. Testing of EVA suit hardware
EVA suits are designed for use in specific environments such as lunar, Martian, and microgravity. The
hardware components integrated into the suit design undergo substantial testing and verification. Analog
environments are a key element in the testing and development of EVA systems. The design of the
spacesuit also influences secondary decisions including spacecraft/station cabin pressure, medical hardware
inventory, and power and consumables requirements (HILLS, B, 1985).
5.2.1. Lunar analogs

The Desert Research and Technology Study (RATS) field test provides a demonstration of EVA technology
and operations in a representative planetary surface terrain. The two-week remote field test has previously
occurred in the desert located in the southwest United States. Its purpose is to evaluate preliminary
operational concepts and EVA system requirements by providing actual experience with a simulated
planetary surface, EVA hardware, and procedures (Figure 5-1).

Figure 5-1: Testing LER-2 and suit design at NASA's DesertRATS-2009 (Courtesy of: NASA)

Lunar dust poses a health risk to astronauts, as discussed in Section 3.6. Foremost is the interaction of lunar
dust particles with suit components. An example is the abrasion of Apollo spacesuits while astronauts were
taking part in lunar EVAs (ECKART, P., 2006). This compromised pressure retention and impaired
visibility. Additional exposure to fine-grained particles of lunar dust has indicated to be the cause of
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numerous health matters for astronauts. These factors must be taken into account during the design process
of future lunar EVA suits (GAIER, J.R., 2009). An example of a future suit is shown in Figure 5-2.

Figure 5-2: A suited astronaut testing both an EVA suit and a soil sampling device in a lunar analog
environment at Desert RATS 2005 (Courtesy of: ILC Dover)
5.2.2. Martian analogs

The future exploration of the Martian surface requires new solutions to old problems. These include heat
rejection, thermal regulation, CO2 removal, oxygen supply, humidity control, and dust and abrasion
protection, all while providing a habitable platform to explore a new world. Desert RATS 2005 provided a
test bed for new EVA technologies that had been developed for use in a Martian environment. This was the
first year since the Apollo program that two pressurized suited test subjects have worked together
simultaneously (ROSS, A.J., et al., 2006).

Figure 5-3: EVA suit testing at Desert RATS 2005 (Courtesy of: NASA)

5.3. Testing of EVA procedures
The understanding of EVA astronauts’ capabilities and limitations has progressed through in-flight
experience, use of neutral buoyancy facilities, parabolic flights, and engineering tests of spacesuits and
EVA tools. Every EVA scenario involves astronauts physically manipulating objects to accomplish tasks.
The microgravity environment requires an astronaut to restrain his or her body in order to exert forces and
torques on another object. Spacesuits additionally constrain astronauts’ body motions in significant and
complicated ways. Clearly, for planetary exploration applications, limited agility and dexterity is the
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overriding concern. EVA procedures carried out in such environments must be tested at analog sites with an
emphasis on the interactions shown in Figure 5-4 (CLÉMENT, G., 2005).

Figure 5-4: EVA system interactions (BOUCHER, M.F., 2002)
5.3.1. Use of neutral buoyancy facilities

Neutral buoyancy facilities are an invaluable tool for EVA training and will be discussed in detail in
Chapter 6, which is dedicated to analogs that simulate hypergravity and microgravity effects.

Figure 5-5: Crew entering the pressurized rover compartment on ATHLETE
(DIFTLER, M.A. et al., 2007)
5.3.2. Testing in lunar analog sites

EVA procedures for use on lunar missions are being developed with the help of field tests at various analog
sites. Along with Desert RATS, NASA is currently utilizing the Meteor Crater area to test advanced
planetary prototype EVA suits as seen in Figure 5-5. The terrain and soil composition of the area are similar
to the lunar surface. Dust mitigation techniques can also be demonstrated since the area is covered with fine
dust (DIFTLER, M.A. et al., 2007).
5.3.3. Testing on parabolic flights and One-G simulators

Parabolic flights have been an essential testing opportunity for EVA suits and procedures. Eight hours are
included in astronaut basic ability training (JAXA). It is used for a variety of simulations including donning
(putting on) and doffing (removing) a spacesuit in a simulated microgravity environment. NASA aircraft
weightless training is carried out in a modified KC-135 four-engine jet transport. Flying a parabolic course,
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the aircraft is able to create up to 30 seconds of weightlessness when flying a parabolic maneuver. During
these periods, astronauts can practice eating and drinking as well as practicing using hardware in a close-tomicrogravity environment. Training sessions in the KC-135 normally last from 1 to 2 hours
(WCSCHOOLS). One-G simulators are used for testing procedures and techniques (HALL, et al, 2005).
These include a crew cabin trainer and a full fuselage trainer. Other methods of EVA simulations that the
astronauts use are a Suit Caution and Warning System Trainer, an EVA communications trainer, vacuum
chambers, and NASA JSC’s Precision Air Bearing Facility (CLÉMENT, G., 2009).
5.4. Effects of EVA on human physiology
EVA has a significant impact upon the human body. It is both an extremely complicated and highly
intensive activity. The suit itself can be uncomfortable to work in even with extensive training and practice.
The effect of long-term space missions on human physiology can be detrimental and requires monitoring at
each phase of the mission. This includes EVA in vacuum and those carried out on planetary surfaces
(CLÉMENT, G., 2005).
5.4.1. Effect of lunar dust on human physiology

Lunar dust, apart from the physical effects detailed previously, can be a potential hazard to astronauts
taking part in lunar EVAs. Nano-phase iron particles in the dust can cause effects similar to carbon
monoxide poisoning due to their ability to pass directly from the lungs into the bloodstream. Silica, also
present in high proportions, can be toxic if inhaled. The particles can deeply imbed themselves into the
lungs and are unable to be removed by mucous. The particles can cause scarring and inflammation due to
silicosis and bronchitis, resulting in reduced lung capacity. These are long-term effects, as the silica does
not dissolve from the lungs. The exposure of the dust to intense UV and radiation causes them to be highly
chemically reactive, increasing their effect upon biological systems (JAMES, J.T., 2009). This is detailed in
section 3.6.
5.4.2. Testing the effects of microgravity on human kinematics

The effects on human physiology of microgravity are being studied in detail. Certain movements made by
astronauts require significant work to deform or bend the suit away from the neutral position. This is due to
NASA’s suit, the EMU, being pressurized with 100% oxygen at approximately 29.6kPa. This adds to
astronaut fatigue and reduces productivity of EVAs (REDDIG, M. et al., 2003). The higher pressure of the
Russian Orlan suit at 39.3kPa, further restricts mobility (CLÉMENT, G., 2005). There is additionally
anecdotal evidence of post-EVA ankle fatigue (NEWMAN, D.J. et al., 2000). Benefits of an increased suit
pressure include a reduced or eliminated pre-breathe time. This is required to denitrogenate the blood to
preclude nitrogen narcosis. The higher pressure also gives a larger margin between the operating pressure
and minimum emergency pressure. A decreased suit pressure on the other hand, such as NASA’s EMU, has
a demonstrated benefit of reducing spacesuit operating forces, pressure loads, and structural bulk. Mobility
is also increased in a soft spacesuit design at lower pressure (NASA, 1995).
In relation to the whole body pressurization, fluctuations in atmospheric pressure as astronauts enter and
exit a spacecraft also add to astronaut fatigue. EVA activities are also responsible for strain on muscles,
bones, and other decompression-related disorders (CLÉMENT, G., 2005).
Astronauts can also become disorientated when performing EVAs. They can feel uncomfortable when
working upside down in the Shuttle payload bay, which routinely faces the Earth. The absence of
gravitational reference points and familiar clues such as the horizon can contribute to this. Episodes of
visual disorientation have been reported after many shuttle missions. To combat this, training for EVA
includes the introduction of visual experiences of working in unfamiliar orientations. This takes place
during neutral buoyancy training and in virtual reality, helping to maintain spatial orientation while on orbit
(CLÉMENT, G., 2005).
EVA also has an effect on the cardiovascular system. They may last longer than 6 hours in which the
astronaut is continuously working. Mean metabolic rates during this period are 800 kcal/hr with 5-10
minute peaks of over 1500 kcal/hr. Russian cosmonauts have been found to lose 0.7-2.2kg of mostly fluid,
during EVAs. EVA suits enclose a straw-accessed container of liquid to prevent dehydration. During the
Apollo program serious heart rhythm disturbances were reported while a lunar EVA was underway.
Possible causes could be electrolyte imbalance, dehydration, or psychological stress. The Apollo astronauts
also had excessive workloads during flight and low potassium levels were measured at their return to Earth.
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A persistent dysrhythmia, that occurred during a past EVA lead to the shortening of a mission on Mir
(CLÉMENT, G., 2005).
Relating to the muscle loss described in the previous section; this is also a problem during EVA for which
hand strength is essential. Handgrip equipment that stimulates particular muscle groups are used as a
countermeasure. A cycle ergometer is also used for arm exercise training and as a 2-hour pre-breathe
exercise (CLÉMENT, G., 2005). Astronauts have suggested that EVA tasks are designed such that they
require only one hand. This is derived from considerations of working in the spacesuit and the frequent
requirement to stabilize oneself with the other hand. The maximum force required to perform a task should
be less than 11N. It should also be designed to use larger muscle groups whenever possible to reduce crew
fatigue (ECKART, P, 1996).
The crew of the vehicle and controllers on the ground monitor both the spacesuit and the astronaut’s
physiologic parameters during an EVA. Data points include suit temperature, pressure, oxygen
consumption, carbon dioxide partial pressure, electrocardiogram, heart rate, and radiation exposure
(CLÉMENT, G., 2005). During an emergency situation, the astronaut must be transported to the airlock and
reenter the spacecraft. They must also undergo a re-pressurization cycle before the suit is removed
(BARRATT, M., 1992). A failure in this cycle, or a malfunction in the spacesuit, can severely endanger the
astronaut. A slow leak or partial depressurization of the suit can cause hypoxia. Symptoms include loss of
color vision, confusion, and eventual loss of consciousness (CLÉMENT, G., 2005).
The medical injuries most common to EVA are mostly localized aches and pains, such as finger bruises.
These result from the rigidity of the suit and the physical work. Some of these symptoms may be related to
decompression sickness. Crush injuries and ankle or knee ligament injuries can also occur (CLÉMENT, G.,
2005).
Astronauts undergoing EVAs face great hazards but are protected by technology analogous to some Earthbased activities, such as a deep-sea diver or an Antarctic field researcher. Astronauts have to additionally
undergo adaptive changes to the weightless environment that can change their physical condition
(CLÉMENT, G., 2005).
EVAs are simulated physically in neutral buoyancy and at analog sites such as Desert RATS. These are
good for both training and EVA choreography but gravity-bound experiments have inherent limitations.
Computer simulations of EVA activities show how suit effects influence EVA performance. Dynamic suit
models track astronaut movement during simulated EVA tasks and apply appropriate inertial and suitgenerated loads to limbs onto the model. Profiles for energy expenditure and work performed over the
course of the task are created from time histories of position, velocity, and acceleration of various body
segments. Predictions are made for possible complications and the choreography is refined to account for
this. Quantitative analysis of EVA activities in computer simulations can help to disclose the subtle
differences in tasks in space compared to a terrestrial analog test (NEWMAN, D.J. et al., 2000).
Human physiological responses during EVA have also been modeled mathematically (CLÉMENT, et al,
1993). This model used four types of experimental conditions. These were the training of cosmonauts on
Earth in a vacuum chamber, tests of space-suit using volunteers on Earth in a vacuum chamber, tests of
space-suit using volunteers on Earth in a thermal chamber, and actual EVAs of cosmonauts in space.
Spacesuits similar to those used by the cosmonauts on actual EVAs were worn by the volunteers. Activities
were conducted by the subjects to mimic those of true EVA. A test schedule analogous to the timeframe of
a nominal spacewalk was utilized. Subjects on Earth mainly exercised their upper body part, trunk, and
ankle resulting in metabolic expenditure comparable to those of actual EVA. Four main conditions were
evaluated. These were firstly the cosmonauts training at various metabolic rates whilst wearing a spacesuit
and LCG (Liquid Cooling Garment). The volunteers then had to adjust the cooling of the spacesuit and
LCG for their thermal comfort whilst exercising at various metabolic rates. Tests were then carried out in a
thermal chamber to simulate failures of the water-cooling system (LCG). The temperature inside the
thermal vacuum chamber could reach 75°C. The last condition involved results obtained during EVAs
performed in the space environment (CLÉMENT, et al, 1993)
Measurements relating to physiological parameters including heart rate, respiration rate, O2 consumption,
and CO2 generation were taken. These were plotted as a function of metabolic expenditures for all data
collected on either the volunteers or cosmonauts, depending on the data set, during tests in the
thermal/vacuum chambers on Earth or during actual EVAs respectively. The majority of the data was found
to be consistent between the volunteers and the cosmonauts apart from that compared using the thermal
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chamber on Earth and during EVA. Using this data, a Human Physiological Model (HPM) was created to
predict the heart rate, the respiratory rate, the volume rate of oxygen consumption and CO2 production, and
the temperature of various body segments of an individual on Earth or in outer space as a function of
metabolic expenditures when performing an activity with a spacesuit (CLÉMENT, et al, 1993).
5.5. Policy, law and ethics in relation to EVA
The Code of Conduct for the International Space Station primarily would still apply to astronauts
undertaking a long-term mission on the ISS. This could provide the basis for a similar code of conduct for a
long-duration manned mission (FARAND, A, 2009). Similar reasoning can be applied to the Disciplinary
Policy for International Space Station Crew (FARAND, A, 2009).
The issue of liability also occurs in the case of injury incurred to an astronaut during an EVA. Article 16 of
the IGA (Intergovernmental Agreement) indicates the establishment of a cross-waiver of liability, which
prohibits a Partner or its related entities to claim against another Partner (or its related entities) for damage
sustained as a result of ISS activity (FARAND, A, 2009). If an astronaut is injured during an EVA on the
ISS then the partners (Canada (CSA), European governments (ESA), Japan (JAXA), Russia (RSA), USA
(NASA)) involved in the project would not be found liable (FARAND, A, 1997). This is due to the high
degree of risk involved in maintaining and constructing the station. Insurance relating to the injury will
most likely be dealt with internally within the relevant State’s agency that the astronaut belongs to.
But Article III of the 1972 Liability Convention states that the launching State of the object that caused the
injury would be liable if the damage is due to its fault or the fault of persons for whom it is responsible. In a
case where injury is potentially caused to an astronaut during an EVA on a planetary body by a space object
of another State, where both States had ratified the Liability Convention, then the ISS IGA cross-waiver
clause may not apply. This is related to Article 17 of the ISS Intergovernmental Agreement where “Except
as otherwise provided in Article 16, the Partner States, as well as ESA, shall remain liable in accordance
with the Liability Convention” (FARAND, A, 2009). It is likely that if such an international project were to
occur then a similar cross-waiver clause would be developed and an agreement or convention related to
liability would be written. But Article VII of the Liability Convention states that the convention does not
apply to damage caused by a space object of a launching State to “foreign nationals during such time as
they are participating in the operation of that space object from the time of its launching or at any stage
thereafter until its descent, or during such time as they are in the immediate vicinity of a planned launching
or recovery area as the result of an invitation by that launching State” (UNOOSA). This could be a means
by which the Liability Convention could not be applied in the case of injury caused to an astronaut during
EVA by a space object of another State where a valid cross-waiver does not exist.
Article V of the OST (Outer Space Treaty) conveys “States Parties to the Treaty shall regard astronauts as
envoys of mankind in outer space and shall render to them all possible assistance in the event of accident,
distress or emergency landing on the territory of another State Party or on the high seas.” (FARAND, A,
2009). This would mean that all States would be required to offer assistance to an astronaut if difficulties
occur during an EVA.
Space Station astronaut flight assignments are carried out in accordance with the Principles of Utilization
(FARAND, A, 1997). This corresponds to 76.6% for the USA, 12.8% for Japan, 8.3% for Europe and 2.3%
for Canada (FARAND, A, 2009). This is also detailed in the MOUs (Memorandum of Understanding)
(FARAND, A, 1997). The choice of astronauts to conduct EVAs is likely to be based on these percentages.
Possible future long-duration missions of an international nature would be likely to have similar principles
for utilization.
5.6. Gaps analysis and conclusion
Many analogs currently exist, enabling the testing and evaluation of EVA activities. New analog sites are
being developed for possible future long-duration missions to the Moon and Mars. These include analog
sites to develop a method to mitigate the effect of lunar dust on EVA suits. Gaps have also been found
concerning the laws to find a State liable if damage is incurred to an astronaut during an EVA. A crosswaiver clause currently applies to the ISS; a similar clause may be written in the event of a future mission
with a number of international partners. EVA computer simulations may also provide an essential addition
to results gained through physical analog site testing.
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Chapter 6
Gravity Simulation
6.1. Introduction
Since the dawn of human spaceflight, one of the most prominent effects of spaceflight has been the
increased acceleration experienced during launch and microgravity as observed in orbital and certain types
of sub-orbital flight. This experience has spurred many to dream of becoming astronauts as well as much
curiosity within the scientific community. Everything that is resident on surface of the Earth is greatly
affected by the Earth’s 1-g environment, from the bone density of our bodies, to the basis of our ecological
system, including the apple that fell on Newton’s head when he defined the law of universal gravitation.
The feeling of weightlessness experienced by Yuri Gagarin during his first spaceflight was like opening a
new chapter in our evolutionary storyline. The microgravity environment has an effect even on familiar
phenomenona, such as a burning candle or a falling water droplet as shown in Figure 6-1.

Figure 6-1: Flame in 1-g (left), Flame in 0-g (center), bubble of water in 0-g (right) (Courtesy of: NASA)

6.2. Microgravity analogs
6.2.1. Parabolic flights

The most notable method to simulate microgravity on Earth is through parabolic flight. In fact, Ron Howard
used that technique in his movie Apollo 13, to show weightlessness on camera, with the actors and objects
floating around a mockup Apollo module. Parabolic flight provides a real microgravity environment, but it
is limited both in volume and in time. The short sensation of weightlessness is given by the flight pattern of
the aircraft (shown in Figure 6-2), which puts its occupants in a state of freefall for about 20 seconds.
During that period, the aircraft is essentially in a highly elliptical orbit around the Earth, but it has to pull
out of that fall or it would eventually impact the ground.

Figure 6-2: Flight pattern of a parabolic flight showing the different phases of the parabola with the
gravitational acceleration perceived during each portion (Courtesy of: NovaSpace)
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Figure 6-3: The AstEx experiment payload. (Courtesy of: Planetary and Space Sciences Research Institute, Open
University)

Parabolic flight presents many advantages as compared to other microgravity analogs. It is relatively
inexpensive compared to the cost of delivering an experiment into orbit, has a relatively short lead time of
only several months, and provides the opportunity for scientists and researchers to fly and perform the
experiments themselves.
NASA has used several types of airplanes for parabolic flights since the training of Mercury mission
astronauts (NASA, 2009). ESA uses a specially modified Airbus A300 for parabolic flights (ESA). The
Ecuadorian Space Agency also has a microgravity flight program using a modified T-39 Sabreliner (EXA,
2008).
Parabolic flights are widely used in physiological testing of astronauts, as well as for human-technological
interface, such as validation of procedures, equipment, and other scientific experiments. Some of these
experiments include studies of spatial orientation by the human brain in a microgravity environment
(GLASAUER, S. and Mittelstaedt, H., 1992).
Both ESA and NASA organize educational outreach programs that permit students and members of
academia to perform their own experiments on parabolic flights (shown in Figure 6-4). Examples of such
experiments include student designed centrifugal pump-jet propulsion for a free-flying camera robot (TAI,
E. et al., 2004) or physiological studies on the influence of gravity on the percept reversal of ambiguous
figures (CLÉMENT, G. et al., 2009).
Parabolic flights may also be used for solar system science, as illustrated by the AstEx student team at the
Open University, United Kingdom. As part of a recent ESA call for proposals for parabolic flight
experiments, the AstEx team performed research on asteroid regolith simulants and their response to
rotational shear forces in microgravity (AstEx, 2009).
In 2004, the feeling of weightlessness through parabolic flight became accessible to the general public by
the Zero-G Corporation. For a fee of $4,950 per passenger, one can experience weightlessness for 12-15
parabolas (Zero Gravity Corporation, 2008).

Figure 6-4: Inside the Zero-G’s cabin during the 49th ESA Parabolic Flight Campaign (Courtesy of: ESA)
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6.2.2. Drop towers

Like parabolic flight, drop towers simulate microgravity by means of freefall. They are essentially tall
towers under vacuum, in which a capsule or compartment, housing a scientific experiment, is dropped from
the top of the tower, yielding several seconds of freefall, during which microgravity is present. Once
installed, the drop tower set-up is relatively inexpensive to operate, permitting experiments to be repeated
multiple times. The drop-tower set up poses however many disadvantages. The microgravity environment
can only be simulated for a short amount of time, on the order of several seconds. The volume available for
the experimental equipment is very limited to the size of the drop compartment. The experiment will also be
subject to very high g-loads during deceleration of the compartment once it reaches the ground, which can
influence the experimental results.
NASA’s Zero Gravity Research Facility in Cleveland, Ohio, is a 143-meter vertical shaft under vacuum,
which provides microgravity environment for duration of 5.18 seconds during its 132-meter freefall. The
payload can be up to 1-meter in diameter and up to 455 kilograms in mass (NEUMANN, E., 2006). ESA
uses a drop tower at Bremen that is 110 meters high and can provide a microgravity environment for 4.7
seconds (ZARM, 2000).
Because of the short-duration of microgravity and the high g-forces related to deceleration, experiments
being performed in these test facilities are primarily studies of physical phenomenon such as combustion in
microgravity (Nomura & Ujiie, 1996). Fluid mechanics in microgravity is also an important area of
research with many experiments being done in drop tower facilities. Physiological testing on humans and
animals is impossible in these facilities, due to high g-loads at deceleration.
6.2.3. Sounding rockets

Short periods of microgravity may also be attained through the use of a rocket on a ballistic parabolic
trajectory. The duration of microgravity is determined by the apogee of the rocket, commonly ranging from
minutes to tens of minutes (Sounding Rockets, 2006).
ESA has an extensive history of sounding rocket campaigns for the purpose of microgravity research.
Notable among these are the Texus, Maser, and Maxus series of sounding rockets, developed jointly
between DLR and the Swedish Space Corporation (Sounding Rockets, 2006).
Both NASA and JAXA have made extensive use of sounding rockets for microgravity research, with most
prominent being the Black Brant (Black Brant Sounding Rockets, 2008) and the S-series of rockets (Sseries, 2009), respectively.

Figure 6-5: The Atea-2 sounding rocket (Courtesy of: Rocketlab Ltd.)
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Several commercial alternatives are also available from companies such as EADS, Astrotech, Remarkable
Technologies, and Rocketlab Ltd (Atea-2 shown in Figure 6-5), to name a few. These companies generally
offer sub-orbital flight of payloads on the order of 5-100kg.
Sounding rocket flights are used to test microgravity effects on a variety of systems, both biological and
technological. Examples include studies of Lymphoid cells (SCIOLA, L. et al., 1999), tests of educational
picosatellite technology (Spaceloft XL Vehicle, 2009), and plant physiology (Limbach, Hauslage, & Braun,
2005).
6.2.4. Neutral buoyancy

Neutral buoyancy chambers are commonly used to provide a microgravity-like experience for the purpose
of astronaut training and simulation of spacecraft operations. A floating effect is reproduced by submerging
an object in water such that its net upward force due to buoyancy perfectly balances the downward force
due to gravitational acceleration (LEE, R., 2007).

Figure 6-6: Repair operations being practiced on a replica of the Skylab module in the Neutral Buoyancy
Simulator (NBS) (Courtesy of: The United States National Park Service)

Although somewhat similar to the microgravity environment of space there are several key factors that
limits the fidelity of neutral buoyancy chambers as space analogs. Due to the fact that objects are suspended
in a liquid medium of a certain density and viscosity, there is a degree of fluid resistance to any given
movement. Furthermore, in the case of astronaut training, although astronauts are neutrally buoyant they are
still aware of their body weight within their training suits (LEE, R., 2007). Even taking these limitations
into account, neutral buoyancy is currently the best available method for EVA training (CLÉMENT, G.,
2005).
In the early days of human spaceflight neutral buoyancy facilities were used to train to prepare astronauts
and cosmonauts for the Gemini (TROUTH, O.F. and Beasely, G.P., 1969) and Salyut (ABRAMOV, I.P.
and Skoog, Å.I., 2003) EVAs performed by the United States and the Soviet Union, respectively.
The U.S. Army constructed the first neutral buoyancy lab facility dedicated to space simulation in 1955
named the Neutral Buoyancy Space Simulator. The Neutral Buoyancy Space Simulator (shown in Figure
6-6) consisted of a circular tank with a capacity of 4921m3 measuring 22.9m in diameter and 12.2m in
depth. This facility was used to prepare American astronauts for the extravehicular activities of the Gemini
and Apollo programs and later for the on-orbit servicing of the Skylab space station (Neutral Boyancy
Space Simulator, 2003).
The Cosmonaut Training Center in Star City, Russia was constructed in 1960 and included neutral
buoyancy facility; it was later named after Yuri Gagarin in 1969. This facility was used to prepare
cosmonauts for spacewalks and for subsequent manned missions carried out by the Soviet Union. The
training center is currently equipped with a neutral buoyancy facility (shown in Figure 6-7) capable of
holding a full-scale replica of a 20-ton space station module (The Mars Society UK, 2009).
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Figure 6-7: Cosmonauts training with the Zarya module. (Courtesy of: Wikimedia commons)

In addition to the above mentioned facilities there are currently several neutral buoyancy facilities in
operation around the world, most notably the Space Systems Laboratory at the University of Maryland
(Space Systems Laboratory, 2007), the NASA Neutral Buoyancy Lab at NASA’s JSC and the Neutral
Buoyancy Facility at the ESA astronaut training center in Cologne, Germany (Neutral Buoyancy EVA
training, 2008). These facilities are used extensively to prepare both astronauts and equipment for
microgravity missions, such as on-orbit servicing of the ISS and repair missions to artificial satellites.
It is common practice for all aspects of missions with planned EVA activities to go through numerous
practice-runs using a neutral buoyancy facility. During such simulations the astronauts are provided with
spacesuit analogs that are adapted for underwater operation and it is a common practice to use submerged
full-scale mockups of relevant space modules and spacecraft as part of the training sessions. The mockups
are made to closely resemble complete modules or only sections that are of interest to the mission, such as
airlocks and payload bays.
In 1973, when the Skylab module was launched, a panel that protected the module from solar radiation was
lost. As a result of this the temperature inside Skylab rose to unacceptably high levels, preventing any
possibility of human occupation and placing the space station hardware under great thermal stress. The
engineers at the Marshall Space Flight Center tested possible EVA repair strategies using Neutral Buoyancy
Space Simulator and a Skylab mockup; eventually identifying a method that would later be used to return
Skylab to operational status after the repair had been rigorously rehearsed in the facility (Neutral Boyancy
Space Simulator, 2003).
Recently, astronauts have used the NASA Neutral Buoyancy Laboratory to practice for the final on-orbit
assembly operations required to complete the International Space Station (ESA Media Relations Office,
2006).

Figure 6-8: Astronauts Barbara R. Morgan (red stripes) and Janice E. Voss (solid white suit), wearing training
versions of the Extravehicular Mobility Unit (EMU) spacesuit, participate in an underwater EVA simulation at
the Neutral Buoyancy Laboratory (NBL) (Courtesy of: NASA)
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Figure 6-9: SCAMP free flying camera prototype. (Courtesy of: University of Maryland, Space Systems
Laboratory)

Although literature on Neutral Buoyancy facilities is often focused on training aspects of human spaceflight
missions, such facilities are also used for the testing and operational simulation of robotic space vehicles.
The Space Systems Laboratory at the University of Maryland is currently engaged in several research
projects in space robotics that make extensive use of the on-site Neutral Buoyancy Facility.
The Secondary Camera And Maneuvering Platform (SCAMP) (shown in Figure 6-9) is a free flying camera
that is designed to aid mission controllers and astronauts in on-orbit servicing tasks. The prototype for this
robotic spacecraft has been designed to be compatible with neutral buoyancy conditions, and these facilities
have been used extensively for both development and testing (SCAMP, 2006).
6.3. Hypergravity simulation
Astronauts will be subject to hypergravity conditions during their space missions, especially during launch
phase and re-entry phases. Study of the effect of hypergravity on human physiology is therefore essential.
High-g maneuvers can be simulated in aircrafts and rockets propelled carts, but the most common method is
a centrifuge.
By using centripetal acceleration when a body is being rotated around an axis, varying levels of gravity can
be simulated depending on the rotational speed of the body. During these experiments, several parameters
differ from the conditions of a real hypergravity environment. Even though the centrifuge generates an
outwardly directed acceleration, the Earth’s 1-g acceleration is still under effect in the downward direction.
There is also a noticeable gravity gradient present in the subject’s body, depending on it radial distance
from the axis of rotation.
NASA’s Ames Research Center contains a 20-g centrifuge, which is shown in Figure 6-10. This facility is
used for testing flight hardware as well as effects of hypergravity on human and non-human subjects. By
using a medical monitoring system and additional safety features, human studies of up to 12.5-g is possible.

Figure 6-10: NASA’s 20-G Centrifuge at Ames (Courtesy of: NASA)

ESA has recently developed a Large Diameter Centrifuge (LDC), which allows the acquisition of
measurement points in the range from 1 to 20-g. It provides hypergravity environment for cells, plants, and
small animals, as well as physical science and technological experiments.
A centrifuge was also installed aboard the ISS, where low-g environments can be simulated without the
constant Earth’s 1-g acceleration being in effect. Experiments aboard the ISS with the centrifuge
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concentrate on mainly biological experiments, studying microgravitational effect on cells, plants, and
animals (Mains Associates, 2003).
6.4. Summary
Microgravity and hypergravity experiments have shown to provide important scientific results that have
been instrumental in the development of future technologies and have improved our understanding of the
effect of gravity on human physiology. Currently, the best location at which to perform microgravity
experiments is the International Space Station. The costs involved in sending anything to the ISS are
enormous, but it remains the only location where the exposure to a microgravity environment exceeds a
timeframe of minutes. The following table (Table 6-1) shows a summary of the advantages and
disadvantages previously discussed for each different gravity simulation method. The simplified analog
fidelity matrix indicates the level of microgravity experienced during the experimentation with the lowest gforce attainable has being the highest fidelity. The flexibility of a given method relates to the possibility of
changing or modifying the experiment once it has started, or repeating the experiment.
Future commercialization of the ISS to reduce the cost of microgravity experimentation could result in great
advances in microgravity research. An experiment sent to ISS could basically be run for years, decreasing
the overall cost per hour of microgravity, making it an excellent candidate for commercialization
(PEETERS, W, 2002).
Table 6-1: Summary of various gravity simulation methods

ISS
Analog
Fidelity
Cost
Duration
Volume
Flexibility
Human
Experiments
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Sounding
Rockets
High

Drop
Tower
High

Centrifuge

Medium

Parabolic
Flight
Medium

(Hyper-g)

Neutral
Buoyancy
Low

High
High
Medium
Low
Yes

Medium
Low
Medium
Med
Yes

Medium
Med
Low
Med
No

Low
Low
Low
High
No

Low
High
Low
High
Yes

Medium
High
High
Medium
Yes
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Chapter 7
Regenerative Life Support Systems
7.1. Introduction
Long-duration human space missions, where crews are far removed from Earth, will require spacecraft
systems to be self-sufficient and ideally regenerative. Closed biological life support system (LSS) would be
appropriate for missions longer than 1.5–2 years (BERKOVICH, Y.A. et al., 2009). The following sections
of this report will describe the subsystems of regenerative life support systems and analogs relevant to their
development and testing. This chapter concludes with a discussion of where further RLSS studies could
potentially be focused.
7.2. Subsystems of RLSS
7.2.1. Food production

The production of food on a long-duration human space mission may be essential. There comes a point
when it becomes more mass and cost efficient to grow food within a spacecraft with recycled waste, then it
would be to carry everything required for the mission from launch. Food production not only provides the
crew with fresh food, but also helps close the nutrient and water cycles in a regenerative life support system
(RLSS).
The use of plants in a regenerative life support system (RLSS) for space missions has numerous benefits.
The photosynthetic process utilizes carbon dioxide, a human waste product, and releases oxygen. Moreover
as part of this process, plants take up water to transport and store nutrients. Later, this water is purified by
the plant and is transpired into the air, where it can be collected and used by astronauts. Most importantly,
plants provide a renewable food supply for astronauts, which are also healthier and more efficient at
delivering nutrients to astronauts than stored food and vitamin supplements (BERKOVICH, Y.A. et al.,
2009).
When considering the types of plants that should be grown in a RLSS, the following primary factors must
be taken into consideration: nutritional value, energy requirements, take-off mass, area and volume required
per edible mass produced per unit time, ratio of edible to inedible biomass (harvest index), culinary value,
and the moles of CO2 consumed per moles of O2 evolved. Secondary factors that should also be considered
include disease tolerance and crew time required for maintenance.
The main parameters to consider in a higher plant compartment design are the cultivable
surface, the volume required (from roots to canopy), the light (irradiance, photosynthetic
efficiency, photoperiod), the atmosphere control (temperature, multiplication, fecundating,
fruiting, flowering, soil culture, hydroponics culture, aeroponics culture, humidity, pressure,
air composition) and the cultivation modes (seeding, vegetative culture) (TIBBITS, T.W. and
Alford, D.K., 1982).
Many types of cyanobacteria (microalgae) have been studied as multipurpose elements within RLSS
systems. These bacteria could be utilized to provide nutrients for humans, animals, and edible higher order
plants. Furthermore they have high CO2 consumption to O2 release ratios. Some cyanobacteria are a great
source of nutrition, specifically proteins, fatty acids, and vitamin B12 which plants do not make. Their role
as a secondary and/or emergency food source and oxygen supplier has been thoroughly investigated and
proven.
While other animals, like humans, consume O2 and release CO2, they too could be a valuable part of RLSS.
Animals, including fish, insects, mollusks, amphibians, reptiles and mammals, can eat plant matter or food
waste that humans cannot, which means more of the grown plant mass eventually becomes food.
Additionally, these animals can provide humans with necessary nutrients that might not be available from
plants well suited for a RLSS. Furthermore people accustomed to an omnivorous diet on Earth, might
remain more physiologically fit by maintaining that diet in space (MACELROY, R.D. et al., 1985).
7.2.2. Waste management

Analysis of literature and peer-reviewed publications shows that an ideal life support system should be well
maintained and hygienic so as not to spread disease. Life support systems are categorized by the ability to
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recycle waste products. The more waste that is recycled into a usable consumable, the more “closed” the
system is considered. Life support systems that are more open are suitable for manned missions of shortduration while more closed systems are better suited for long-duration missions, such as Mars exploration
(ECKART, P., 2006).
Waste management involves collecting, treating, and storing waste. Several terrestrial RLSS experiments
have stored their waste for the duration of the experiment and simulated waste processing upon the
completion of the experiment. An ideal waste management system should reduce the mass and volume of
stored waste by using waste processing methods.
7.2.2.1. Waste collection

Solid waste, such as trash, feces, and food preparation waste, must be collected and stored for future
processing (ECKART, P., 2006). Numerous waste collection methods have been used in various RLSS
experiments. Useful constituents, such as compounds of carbon, carbon dioxide, water, hydrogen, and
nitrogen need to be recycled back into the biosphere while useless by-products need to be renderer
chemically and biologically stable at a minimum storage volume (SERIO, M.A. et al., 2001).
7.2.2.2. Waste treatment

Waste processing in a closed biosphere has historically been performed with three methods:
physical/chemical, biological, and hybrid (combination of physical/chemical and biological). There are
additional approaches that are grouped into the aforementioned categories, such as incineration, aerobic and
anaerobic, bio digestion, steam reforming, and electro-chemical. However, some of these approaches have
disadvantages, which have prevented their adoption (SERIO, M.A. et al., 2001).
The physical/chemical method involves a series of physical bombardments of waste with oxygen at high
temperature. Water, nitrogen, carbon dioxide, and other organic material are the end products of this waste
treatment technique. There is no edible material produced using this method, thus, it is not suitable for longduration missions and is constrained to missions in low-Earth orbit (ECKART, P., 2006).
Processing waste with a biological process can produce a variety of useful by-products including nitrogen,
carbon dioxide, and a substantial amount of fodders for food production. The process also is effective at
reducing the mass and volume of waste (ECKART, P., 2006). Biological waste processing uses bacteria
that either consume oxygen (aerobic) or do not consume oxygen (anaerobic).
Aerobic processes have the ability to quickly decompose metabolites. More readily useable products are
obtained from the process. However, the energy and power requirements are high and oxygen is required.
Anaerobic degradation is more universal as biodegrading substances often oxidize. Anaerobic
biodegradation is useful for space and terrestrial applications due to its low energy consumption and low
oxygen requirement. However, anaerobic processes are complex and difficult to model. Users of this
technique must closely monitor and control the reaction to prevent the formation of methane during waste
processing (STRAYER, R.F. et al., 1997).
The hybrid method combines the physical/chemical and biological waste processing techniques. This
method has proven itself to be the most effective solution for waste processing. It minimizes power
consumption, oxygen consumption, and produces more useful by-products per unit mass of waste.
Computer simulations of this method continue to be carried out at various laboratories and further research
is still on-going (JACQUEZ, R.B. and Smernoff, D., 1988).
7.2.3. Water recycling

Water systems in space missions began as non-critical components for human spaceflight. Short-duration
missions, like Apollo, required little more than clean water for drinking and moist towels for personal
hygiene. Water was a consumable resource that was carried into space and disposed of once used. With ISS
and planned long-duration missions, high-efficiency, closed-loop water recovery systems are of extreme
importance. Most space and planetary missions are planned assuming that little or no water resources will
be available to crews. This means that extremely efficient water and waste management systems are
required to maintain the constant water cycle required for human and biological systems on long-duration
missions.
For physiological purposes humans generally consume 2.2-2.5 liters of drinking water per day depending
on their size and physical and psychological stress levels. However, sanitation and hygiene water usage
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may be anywhere from 4 to 25 L/day/person (CHIZHOV, S.V. and Sinyak, Y.Y., 1973). Although the
design will vary based on mission requirements, one study predicts a long-duration mission to the Moon
could be successful with a minimum of 90% water recovery from waste (BARTA, D.J. and Ewer, M.K.,
2009). It is likely that deep space missions will have even more strict requirements.
A more detailed breakdown of water inputs and outputs to be considered in a RLSS is given below in Table
7-1. This is from a top-level review of European ground laboratories for space exploration.
Table 7-1: Water input/output breakdown (DUSSAP, C.G., 2003)

Parameter
WATER INPUTS
oral hygiene water
dish wash water
hand/face wash water
shower water
clothes wash water
urinal flush water
Total
WATER OUTPUTS
oral hygiene water
dish wash water, liquid
dish wash water, latent
hygiene waste water, liquid
hygiene waste water, latent
clothes wash water, liquid
clothes wash water, latent
urinal flush water
Total

Nominal rate (kg/person-day)
0.36
5.44
4.08
2.72
12.47
0.49
25.56
0.36
5.41
0.03
6.50
0.30
11.87
0.60
0.49
25.56

Current water recovery systems in space use a physicochemical process. These systems work well but have
a high consumption of power and consumables. Ground tested systems include biological reactors in the
physicochemical processing to increase energy needs and consumables in a water recovery system. Other
research investigates the full integration of water recovery into waste management, food and air production
systems. While a significant amount of research has been done on this topic, there are still many challenges
to producing a reliable RLSS that is truly closed and sustainable for a long-duration mission.
The implications of developing an automated and fully regenerative RLSS reach beyond long-duration
space missions. While these systems are essential for multi-year space missions, the technology transfer is
significant. The Canadian Space Agency has conducted research in conjunction with industry to bring the
benefits of closed environmental systems outside the realm of space. Some of these are listed below
(BAMSEY, M. et al., 2009).
•

Greenhouse automation has allowed reduced greenhouse operations cost

•

Closed system development has allowed various industries to reduce emissions and pollutants

•

Closed systems in harsh environments have created techniques for plant growth in arctic regions

•

Implementation of subsystems have led to green building technology (air/water treatment)

7.2.4. Atmosphere management

Like water, oxygen is critical for human survival. Low levels of oxygen cause hypoxia, leading to nausea,
disorientation, and even death. The primary need for research in this area arose out of the need to send
pilots on high-altitude flights where air has much lower density. Initial studies focused on how air can be
stored, used, and recycled efficiently for such missions. This primarily requires efficient oxygen creation,
carbon dioxide recycling, and trace-gas management to create a suitable atmosphere.
Factors that influence the design of an Air Revitalization System (ARS) include the crew size, duration of
the flight, and the volume of the closed-loop environment. Technological tradeoffs include technologies
used for carbon dioxide capture, reuse and removal of air contaminants. Several research projects currently
aim to understand how manned interplanetary missions can be made possible through the use of analog
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studies and laboratories in which environmental complexity can be tested and understood. Key areas of
current and future research include: air mixing to meet the specific composition, sealing against leakages,
reduction of trace gas buildup, and the integration of an air revitalization subsystem with other key
subsystems.
Key issues in ARS pertain to carbon dioxide removal, trace contaminant control, and subsystem analytical
modeling. An ARS must also interface with the water reclamation and waste management systems. In the
context of space, the ARS is necessary from launch to landing and during extra vehicular activity (EVAs).
ARS must also ensure that the atmosphere in the craft maintains a constant and healthy temperature,
pressure, composition, and ambient humidity so that the crew can continue to function as normally as
possible. (LAWLES, J.G., 1988).
7.2.5. Thermal regulation

Thermal control has proven to be an important design constraint for any space mission. Any manned
mission will be required to create and maintain a constant thermal environment that is capable of supporting
human habitation (ECKART, P., 2006). The system is also required to maintain the atmospheric humidity
within a specified range that is conducive to the equipment on-board. A thermal control system needs to
acquire heat, transport it and either re-circulate it or reject it (LANE, H.W. et al., 2002). Any thermal
control system should aim to minimize construction cost, power consumption, and mass.
Passive thermal control is the simplest thermal regulation technique. It simply requires insulating the
structure with specific materials. Various coatings are also used to control the emissivity and absorptivity.
Note that these materials degrade overtime (ECKART, P., 2006).
If passive control systems are not powerful enough, active systems must be implemented. Radiators are
considered to be major elements in this system. Heat is conducted from the interior of the craft through a
fluid to the radiator. The radiator then radiates the heat to space. By controlling the temperature, spacecraft
operators can control the water condensation and relative humidity in the cabin. Humidity is controlled by
decreasing the air temperature and possibly by separating condensed water from the airflow (STOKER,
C.R. and Emmart, C., 1996).
7.2.6. In-situ resource utilization

Long-duration space missions, such as those to Mars and beyond, require spacecraft systems to be selfsufficient and ideally closed-loop (i.e. regenerative). Relying on Earth-based interventions is impractical
due to the cost of delivery, and the vast distance of separation between, for example, a Mars-bound
spacecraft and Earth resources. With assistance from Earth unavailable, the success of long-term planetary
exploration missions greatly hinge upon the spacecraft systems’ ability to utilize in-situ resources for
replenishing life-support systems. Also, until RLSS is proven to be completely reliable, In Situ Resource
Utilization (ISRU) is advocated in the literature as an indispensable back-up solution (RAPP, D., 2006).
Therefore, robust ISRU systems are a critical factor in long-term space missions to celestial bodies. Analog
testing and verification of ISRU solutions will play an invaluable role in preparing for space missions of
this nature.
Critical elements of ISRU subsystems and components that will require extensive analog testing include:
•

Acquisition of atmospheric gases

•

Chemical reactors

•

Gas and water separation

•

Water electrolysis

•

CO2 electrolysis

•

Phase separation

•

Product storage

•

Environmental (dust) effects

•

Advanced health monitoring (DRAKE, B.G., 2007)

Potential analog sites that can be used to test ISRU systems include Earth-based, near-Earth, lunar, and
robotic precursors to Martian missions. Earth-based analogs include microgravity parabolic fights (for
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testing systems that are sensitive to gravity), vacuum chambers, and dusty Mars-like deserts. The near-Earth
analog environment of the ISS can be used to test microgravity phenomena associated with ISRU
equipment (for example in fluid and thermal systems). Lunar sites may be useful in demonstrating the
reliability of ISRU systems in preparation for missions to Mars. Robotic precursor missions to Mars can test
the functionality of many ISRU systems in preparation for the arrival of humans (e.g. thermal control and
gas venting) (DRAKE, B.G., 2007).
7.2.6.1. Applying terrestrial mining technologies to ISRU for space missions

There are research papers discussing the adaptation of terrestrial mining equipment to ISRU on planetary
bodies. This includes the acquisition of raw materials for use with life support systems. Since most
terrestrial hard-rock mining equipment is not exactly suitable for extra-terrestrial mining, technological
adaptation is required (BOUCHER, D.S. and Dupuis, E., 2001).
Studies involving a drill for planetary core sampling and a regolith mining machine suggest the following
areas of focus for adapting terrestrial mining equipment to ISRU-intensive space missions (BOUCHER,
D.S. and Dupuis, E., 2001).
•

Fluid elimination strategies

•

Equipment anchoring and stabilization

•

Algorithm and procedure modification

•

Miniaturization

•

Autonomy (BOUCHER, D.S. and Dupuis, E., 2001)

7.2.6.2. Terraforming and geo-engineering

If a "closed loop system" is defined to include an entire planetary body, then terraforming and geoengineering are applicable.
There are several proposals describing various methods of manipulating the Earth's (or other planetary
body's) climate to counteract greenhouse effects. Two such methods are discussed. The first method is to
block solar radiation using space-based shades and mirrors (but launch mass requirements make this
approach an expensive and environmentally polluting undertaking, unless space elevators are realized)
(SURESH, R. and Meulenberg, A., 2009). Another method is to inject sulfur compounds into the
atmosphere in order to increase the atmospheric albedo, which decreases the amount of sunlight transmitted
through the atmosphere, thereby decreasing global warming over time (SURESH, R. and Meulenberg, A.,
2009).
7.3. Past RLSS analogs
7.3.1. BIOS-1 & 2

The Soviet BIOS-1 experiment showed that 17 liters of Chlorella with a surface area of 8m2, was able to
support the gas exchange for a 70kg human being (GITELSON, J.I. et al., 2003). Studies of Chlorella began
in the 1960’s, making it one of the most studied microalgaes for use in RLSS. Chlorella produces a biomass
that contains sufficient amounts of most human macro- and micronutrients, except carbohydrates. However,
further research has shown that direct ingestion of Chlorella is deleterious to the health of humans and other
animals. Some preliminary research performed on rats shows extracts of specific nutrients from Chlorella
are of normal nutritional value. However space-based technology to do such extraction does not currently
exist (GITELSON, J.I. et al., 2003).
7.3.2. BIOS-3

Most of the early experiments on closed biospheres in the 1960’s were conducted on algae based
communities. BIOS-3 was developed in Russia by the Institute of Biophysics at Krasnoyarsk and became
operational in 1972. It included two six-month crewed missions of two and three participants, with nearcomplete air and water regeneration and with 30-50% of vegetarian food produced inside the biosphere
(GITELSON, J.I. et al., 2003). The BIOS-3 project and its predecessors in Krasnoyarsk, Russia, were the
first to attempt a fully closed ecological system that supported human life. BIOS-3 had a crop planted area
of 63 m2 including both plants and algae.
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The atmosphere of BIOS-3 reached near-closure. The plant and algae growth rooms, called phytotrons,
produced 1800-2000 liters of oxygen every day, more than enough to support the crew. Excess oxygen was
used in catalytic burners to oxidize noxious trace gases that were produced from the presence of people and
plants, through the burning of wheat straw. Carbon dioxide varied in the living compartments between 3001400 ppm, while reaching 2000 ppm for short periods (NELSON, M. et al., 2008). The cinder from burnt
waste was stored and later removed from the system.
In the BIOS-3, the Russians were capable of 93% food regeneration (GITELSON, J.I. et al., 2003).
However, these experiments were only supplying 50% of the crew’s food needs. The remaining required
food was provided and stored at the start of the experiment. Yet this still shows that an almost closed
system is currently possible and a closed system is not far away. In BIOS-3, carrots, beets, radishes,
tomatoes, cucumbers, sedge-nuts, potatoes, onions, dill, kohlrabi were grown (GITELSON, J.I. and
MacElroy, R., 1999).
In the BIOS-3 experiment, crops were grown using a method where the timing of crop planting was
staggered so that the biomass of the entire crop at any given point would be relatively constant
(GITELSON, J.I. and MacElroy, R., 1999). This was dubbed the ‘‘conveyor belt” method, and has been
used in other such experiments that followed. This procedure helps ensure that respiration and transpiration
of the crops remains constant and does not get too low or too high.
About 20 percent of crew time within BIOS-3 was spent managing the plant and algae growth facilities.
Significant amounts of time were also spent in food preparation, water purification, and other life supportrelated maintenance tasks (GITELSON, J.I. et al., 2003).
The Russians demonstrated 95% water recovery using purely biological systems in BIOS-3. Wastewater
was used as nutrients for plant growth and all recovered water came from condensates in the phytotrons.
Inside the phytotrons, vegetables were grown for food and chlorella algae cultivators were used for water
and atmospheric processing (VLASOV, S., 1974). This water was redirected to the plants; however a
portion was siphoned off and boiled for cleaning. Water for drinking was further processed with ionexchange filters and had minerals added for nutrition and taste.
Table 7-2: Detail of all original BIOS tests (TIKHOMIROV, A., 2009)

7.3.3. Biosphere 2

Biosphere 2, (1991-93) a privately funded project in the United States, was a 12700m2 sealed greenhouse
meant to support a crew of 8 for 2 years. It operated from 1991 – 1993. While Biosphere 2 was relatively
successful in creating a closed biological life support system, it was of a scale that is impossible for current
and near term space missions. However many details from its operation are still of value.
In Biosphere 2, 86 crops were grown for human food production, which provided about 80% percent of the
nutritional needs of the eight crewmembers. Five crops including rice, sweet potato (Ipomoea batatasL.),
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beets (Beta vulgaris L.), banana (Musa supientumL.) and papaya (Carica papaya L.) were the most
successful in the system (SILVERSTONE, S.E. and Nelson, M., 1996). Because of their size, trees (such as
banana and papaya) are not being considered by many for use in space life support systems.
Biosphere 2 Test Module was a glass structure with ambient light provided by the sun. Its volume varied
from 360-480m3 through a variable volume “lung”. It had a working area 6.1m x 6.1m, with a height of 6m.
Its primary goal was to observe and test material outgassing, space configurations, and material sealing
techniques. Lessons from this four-year experiment were used to develop Biosphere 2. Its highlight, the
variable volume chamber, was the first of its kind and responsive to changes in internal and external
temperature and pressure, minimizing the leakages. The leak-rate still remained at approx. 2% per month
(24% for the year). One of the key challenges of the Biosphere 2 Test Module was to achieve a stable
conversion of carbon dioxide into oxygen and to provide water through evapotranspiration. It was also one
of the first major studies undertaken to collect data on the carbon dioxide fluctuations (typically in the range
of 1000 ppm) resulting from transpiration, respiration, and photosynthesis in a closed-environment. Another
big challenge posed during this initiative was the competing interests of tight air sealing (to avoid leaks
from the biosphere) and the resulting stringent requirement to purify the air of trace noxious gases. Soil
based reactors that flow air through soil for microbial removal of trace gases was used to accelerate the air
purification process (NELSON, M. et al., 2008).
Biosphere 2 contained approximately 6×106 L of water in its massive closed system. Water recycling
occurred through processing in the marsh climate. While these high-volume strategies in closed loop
systems do not provide simulations for conditions in space environments, important data was gathered on
trace compound concentration, humidity dependence on local environment, and water cycling time
(NELSON, M. et al., 2009). The water cycle data is summarized in Table 7-3 below.
Table 7-3: Water circulation time adapted from (NELSON, M. et al., 2009)

Closed System Name
Laboratory Biosphere
Biosphere-2
Earth

Volume of water
contained
500 L
6×106 L
1.386×1021L

Water circulation
time
5-20 minutes
1-4 hours
9 days

The waste processing systems in Biosphere 2 utilize aquatic plants and their associated microbes to purify
water streams containing human and animal waste. These constructed "marsh" systems utilized the wastes
to produce an abundance of plant growth valuable for animal fodder and compost material. The marsh
systems had a low maintainability and energy rate with valuable by-product. The water was added to the
irrigation supply of the agricultural crops, which then benefited from any remaining nutrients. There was a
high rate of growth and transpiration for the aquatic plants. Biosphere 2 was not a strict scientific
experiment and it failed to find a dynamic steady state (DEMPSTER, M. and Nelson, W. F., 1993).
7.3.4. KSC Breadboard project & follow-ups

The KSC Breadboard Project created a closed chamber to provide food, water, and atmospheric
regeneration needs for one person. NASA’s Breadboard project began in 1986 at the Kennedy Space
Center. Its primary mission was to demonstrate food, water, and air production in a closed-loop
environment and observe the responses of plants to different concentrations of carbon dioxide. The Biomass
Production Chamber (BPC) incubated a 20m2 hydroponic plant array separated over two floors within the
chamber. It was lit by 96 400-W high-pressure sodium lamps with remote-dimmable ballasts, but
occasionally metal halide lamps were used to test plant sensitivities to various spectral scenarios. The
chamber was ventilated by ducts, which connect to an air handling system with filters. Chilled water and
atomized water injections were used to control temperature and humidity. The daily atmospheric leak-rate
approximated 5% of the consumption. Key results from the Breadboard project include understanding
which food crops are most conducive to stability during space exploration and the impact of light and
darkness on carbon dioxide uptake. More recently, NASA’s Johnson Space Center has created the
Advanced Life Support System Test Bed (ALS-STB) series of experiments. The ALS-STB experiments
include humans and use both bioregenerative and physiochemical methods within ambient- and variablepressure growth chambers (WHEELER, R.M. et al., 2003).
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Throughout the 80’s and 90’s, NASA space centers and NASA funded research at several U.S. universities
heavily investigated several crops deemed essential to effective bioregenerative life support. By 1999,
NASA considered the knowledge and experience of growing wheat, soybean, potato, sweet potato, lettuce,
tomato, spinach, and radish for use in space life support systems, to be well advanced (BARTA, D.J. et al.,
1999). Peanuts and rice were also studied extensively, but were at that time not yet fully understood. A
NASA Technical Memorandum entitled “Crop Production for Advanced Life Support System”
(WHEELER, R.M. et al., 2003), summarizes the procedures and findings from NASA’s Breadboard project
at KSC. This memorandum also integrated the knowledge from the NASA funded university studies of the
same topic. In response to these results, further testing was carried out at KSC from 2001-2006 on radish,
lettuce, and onion under several different environmental conditions (GOINS, G.D. et al., 2003)
(RICHARDS, J.T. et al., 2004) (RICHARDS, J.T. et al., 2005) (EDNEY, S.L. et al., 2005).
It is important for NASA, one of the most likely candidate nations to undertake a long-duration spaceflight
mission, to understand what readiness level of each component of the life support system. The table below
shows NASA’s readiness levels for crop use in closed environment life support systems (CELSS) in 1997,
which is still relevant today, since they have only limited research has been performed since then. Only
their levels for radish and onion may have increased. Much research at other agencies, organizations, and
universities has taken place and continues, but sharing and consolidation of that knowledge would need to
occur before it could be useful to a possible mission.
Table 7-4: NASA 1997 readiness levels for crop use in CELSS scaled from 0 to 3. (BARTA, D.J. et al., 1999)

Staple
Wheat
Soybean
Potato
Sweet potato
Peanut
Rice
Dry bean/pea
Cowpea
Sugar beet

3.0
2.5
2.5
2.0
1.5
1.0
1.0
1.0
0.5

Vegetables and fruits
Lettuce
3.0
Kale
Tomato
2.0 Quinoa
Spinach
2.0
Onion
Radish
2.0
Carrot
Strawberry 1.5 Broccoli
Chard/Beet 1.0 Cabbage
Chufa
1.0
Melon

1.0
1.0
1.0
0.5
0.5
0.5
0.5

NASA studies of hydroponic plants grown in controlled environments have shown that these plants produce
edible mass with roughly the same nutritional content of traditional field-grown crops. In some studies
small differences of nutritional content, both higher and lower values did occur, but these differences were
most likely due to differences in photoperiod, CO2 concentration, and nutrient availability within the
controlled environment. These differences could in fact be useful if they were predictable because they
could allow for more careful control of astronauts’ diet (WHEELER, R.M. et al., 2003).
In the late 90’s NASA did extensive testing of a planned diet for long-duration spaceflight mission that
included either 50% or 90% of the calories from crops grown in the mission (LANE, H.W. et al., 2002).
The studies investigated the nutritional value of the menu, ease of preparation, and enjoyment of the menu.
The longest study lasted a continuous 81days. The test results were for the most, positive, with almost full
nutritional requirements being met and decent likability (7.3 out of 10). Furthermore, suggestions for the
future were made by the test subjects.
7.3.5. Lunar-Mars Life Support Test Project

The Lunar-Mars Life Support Test (LMLST) was conducted at NASA’s Johnson Space Center between
1994 and 1998. It was one of the earlier tested closed loop systems to implement air and water recovery and
to provide food for the crew albeit less than 5% of caloric intake. The water recovery system was able to
process over 110L of wastewater per day using physical-chemical processes. It was determined the food
growing method was inadequate for significant contribution to the crew’s diet (JONES, J.A. et al., 2004).
At the same time, Phase I of the tests demonstrated successfully that 11.5m 2 of wheat could continuously
provide the air revitalization needs of one human test subject for 15 days (GITELSON, J.I. et al., 2003).
The Variable Pressure Growth Chamber utilized eight banks of 400 W high-pressure sodium lamps to grow
its wheat. Furthermore they found they were able to actively control the respiration of the wheat by
changing its environmental conditions.
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Phase III of the LMLST experiment consisted of a crew of four confined in a test chamber for 91-days.
Solid human waste was treated in a multistep process consisting of an immobilized cell bioreactor for
organic carbon removal, a trickling filter bioreactor for ammonia removal, and a physical-chemical
treatment at the end. This was to maximize the reclaimed wastewater and recycle it (SAKANO, Y. et al.,
2002). This biologically based water recycling system continuously recovered 100% of the water used by
the crew. Additionally the solid carbon material generated from the system was incinerated so that the CO 2
produced could reenter the biosphere (EDEEN, M.A. and Pickering, K., 1998).
The ARS used a combination of physicochemical systems and biological systems. The physicochemical
systems consisted of a four-bed molecular sieve carbon dioxide removal subsystem, a carbon dioxide
reduction subsystem, an oxygen generation subsystem, and a trace contaminant control subsystem. A solid
amine water-save carbon dioxide removal subsystem was also used during the test. The quantity of air
revitalization provided by this system provided 75% of the test subjects’ needs. The other 25% was
provided by the crop of wheat being grown for food in the Variable Pressure Growth Chamber
(BRASSEAUX, S.F. et al., 1998). In addition to the ARS value of the wheat, it also provided over 34 kg of
grain during the 91-day test (BARTA, D.J. and Henderson, K, 1998).
7.3.6. CELSS Antarctic Analog Project

The CELSS Antarctic Analog Project (CAAP) produced a prototype crop production chamber, which
operated at NASA’s Ames Research Center. The chamber was used for single crop, batch production and
continuous cultivation of mixed crops studies. The chamber was capable of quantifying energy used by
each sub-system (e.g. lighting, thermal control, nutrient system, etc.).In a 90-day experiment of a
continuous production of 27 different crops (shown in Table 7-5 below) growing in 17m2, 515 grams of
edible biomass were produced per day (85% of the approximate 620g required for one person)
(BUBENHEIM, D.L. et al., 2003). CAAP is a joint NASA and NSF project to utilize the U.S. South Pole
Station as an analog for understanding the operations of a planetary base. Energy is limited at the South
Pole Station, which at the start of CAAP, operated with less than 70% of the power resource the U.S. had
planned for a long-duration Mars mission. Additionally the costs of habitat volume, and resupply mass are
high, so minimizing them is a valued goal. The total energy required to grow the plants was 20.5 kW per
person.
Table 7-5: Crop and cultivar list for the CAAP 90-day, multiple crops, continuous production trial
(BUBENHEIM, D.L. et al., 2003)

Lettuce
•
•
•
•
•
Peas
•
Wheat
•

Waldmans Green
Jericho Boston
Lollo Rosa Red
Ostinata
Red Oak Leaf
Sugar Snap

YecoraRojo

Shungiku
Bell Peppers

Brassicas
•
Jade Pagoda
•
S. Stem Mustard
•
Tah Tsai
•
Mizuna

Tomatoes
•
Micro
•
Beefsteak

Chicory
•
Endive
•
Catalonia
Cucumber
•
Picobello
•
Long type
Perilla
Cilantro

Basil
•
•
Spinach
•
•
Beans
Oregano

Lemon
Purple
Tyee
Melody

7.3.7. University and space agency research

Waters found that optimizing a bioregenerative life support system for crop productivity, nutritional
content, food item acceptability and menu variety, required a crop production area of 453 m2 for a crew of
six. The system proposed included 27 different crops (WATERS, G.C. et al., 2002).
The C.E.B.A.S.-Minimodule, a closed aquatic ecosystem, flew on STS-89. The setup contained vertebrates
(fish), invertebrates (snails), higher plants, and microorganisms. The ecosystem preformed similarly to the
ground control system. The plants doubled in mass, the adult fish all survived, a third of the juvenile fish
survived, and almost all the snails survived and some reproduced (BLUEM, V. et al., 2000). It was flown
twice more, also with positive results. A similar closed aquatic module, the Autonomous Biological System,
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was flown on several missions both on the space shuttle and to Mir for a total time in space of 9-months.
These modules were also able to sustain themselves for the mission lifetime of up to 4-months and they
successfully proved that invertebrates could complete their life cycle in space (MACCALLUM, T.K. et al.,
2000).
The following are some of the aquatic animals which were studied in space Oryziaslatipes,
Xiphophorushelleri, tilapia, Xiphophorushelleri, CrenopharyngodonIdellus, urchin larvae, rainbow trout,
the snail Iomphalaria Glabrata, and Cynopspyrrhogaster (BLÜM, V. et al., 1995) (GITELSON, J.I. et al.,
2003) (BLUEM, V. and Paris, F., 2003) (SHIMURA, R. et al., 2002) (UCHIDA, D. et al., 2002).
Although light emitting diodes (LEDs) are a relatively new technology, many experiments have been
conducted on their use to grow crops in closed systems. Furthermore these experiments have shown that
different species can be grown successfully under LEDs, including spinach, lettuce, radish, wheat, and
potato. The yields from these experiments have been comparable to growth under white light. LED
technology is constantly being improved in terms of efficiency and spectrum generation and control
(MASSA, G.D. et al., 2006).
Anthrospira sp. (commonly called Spirulina) species has been studied extensively as a candidate to
determine optimum growing conditions, O2 production rate, biomass production rate, and nutritional value
(HOSHINO, K. et al., 1991). It is extremely high in protein (60-70% of its biomass), and it contains all 20
essential amino acids in a close to the optimum human distribution profile (MATA, A.M., 2007). It also has
favorable fatty acids and vitamin content. Furthermore, it is an extremophile bacteria, meaning it can
survive in harsh conditions. For these reasons it has been of particular interest to researchers in this field.
However, it has yet to be studied as a nutrient for humans in large quantities. On the other hand, it has been
used as a nutrient source by several ancient cultures, and is consumed as a nutritional supplement by people
today. Regardless of its current use, controlled experimental results are lacking and are required.
Additionally dozens of studies also show that it may have several health benefits (antitoxin, anti-cancer, and
improved immune strength) (BELAY, A., 2002).
Gitelson and MacElroy concluded that, based on reviewed results, the following could be concluded about
algae:
•

The BIOS experiments proved the use of algae (chlorella) as an element for gas regeneration,
water treatment, and food production.

•

Throughout 30 years of experimentation in Russia the stain of chlorella did not alternate.

•

It is possible and simple to have photobioreactors with automated and reliable control systems.

•

A gas exchange coefficient of 1 between algae and humans is achievable and sustainable when
algae growth is stable and controlled.

•

The algae Spirulina can be used as a food complement, and is quite nutritious (GITELSON, J.I.
and MacElroy, R., 1999).

7.4. Current Analogs Exploring RLSS
Early attempts at a fully closed-loop life support system were pioneering and generated useful information
for future system design, but they were not fully successful and new methods are now being tested.
7.4.1. Micro-Ecological Life Support System Alternative (MELiSSA)

The MELiSSA project, currently in its first phase, is developing a modern CELSS that includes 5
subsystems, which together aim to create a sustainable ecosystem. This system is being designed to feed the
crew, recycle all organic waste, remove CO2, regenerate O2, and recover wastewater. To date, the
MELiSSA concept employs only biological methods to complete these processes, but physical treatment is
also being investigated as a supplement to waste processing. The integrated MELiSSA system is currently
set to begin operations in 2015. MELiSSA plans to have the ability to achieve a closed liquid and gas loop
fulfilling 100% of oxygen requirements and at least 20% of food requirements for one person.
The FOOD project (a sub-project of MELiSSA) studied various strains of Pleurotus and Lentinus
mushrooms (white-rot fungi). They found that Pleurotus strains were able to grow on a mixture of waste
from the third compartment of the MELiSSA cycle (see Figure 7-1), and fibrous plant material. The best
strain, P. pulmonarius, was able to reduce 38 % of the fat content, 40 % of the soluble lignin (fibers), and 10
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% of the insoluble lignin in 30 days of incubation. It also produced edible fruiting bodies. While the
breakdown of the fibers was not as high as would be desired, these results merit further investigation
(RIVAS, C.S. et al., 2000).
As part of MELiSSA, Athrospira sp. has been studied to determine the productivity of this alga. The highest
productivity attained in the pilot photobioreactor was 27 mg/L/h at a dilution rate of 0.044 per hour and a
light intensity of 194 W/m-2. The effects of light intensity and ammonium on the growth of beets and lettuce
were also studied as part of this project (MATA, A.M., 2007). Beets had an average productivity of 15.31
grams dry weight per m2 per day, and a harvest index of 89%. Lettuce had an average productivity of 13.85
grams dry weight per m2 per day, and a harvest index of 72%.
ESA’s Study on the Survivability and Adaptation of Humans to Long-Duration Exploratory
Missions(HUMEX) study is geared toward developing capabilities for longer duration human missions with
an emphasis on interplanetary travel and harsh planetary environments. Its ARS design currently comprises
regenerative carbon dioxide scrubbers using solid amines that are attached to Sabatier reactors. Oxygen is
generated using algae and fixed alkyl electrolyte, and contaminants are controlled using charcoal absorbers
and catalytic oxidizers. Air circulation is assisted by the use of centrifugal fans and temperature and heat
controls are managed by plate/fin heat exchangers and rotary water separators. HUMEX is another step
towards development of an integrated environment that puts human health as an arbiter of the success of the
integrated CELSS (HORNECK, G. et al., 1999).
Additionally, starting in 2006, ESA has accelerated research in ARS and is developing model hardware to
evaluate its performance. ESA is using parabolic flights to gather data on the impact of microgravity on the
electrolyzer operations and has conducted a comprehensive closed-chamber test. ESA is also focused on
developing methane pyrolisis technology, aimed at capturing the vented methane molecules produced in the
Sabatier reactors (ESA, 2006).

Figure 7-1: Details of MELiSSA regenerative life support cycle (ESA, 2006)

Anaerobic degradation is used to breakdown waste before further processing in MELiSSA. There are four
main steps to this process where specific bacteria are used:
•

Hydrolysis- macromolecules fermented into water-soluble polymers

•

Acidogenesis- polymers are further broken down into fatty acids, ammonia, acetic acid, CO2, etc.

•

Acetogenesis- complex compounds broken down into acetic acid, CO2, and H2

•

Methanogenesis- products are converted into methane

In this study, methane was not used as a resource; however this could possibly become another source of
increased efficiency in further studies (MATA, A.M., 2007).
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MELiSSA employs three compartments for the biological processing of all organic waste. Figure 7-1 shows
the design of the complete MELiSSA system. Compartments I-III are used for waste management. The first
compartment is used to degrade waste into useful fatty acid through an anaerobic bacteria process. The
second compartment turns the fatty acid into ammonium by using photoheterotrophic bacteria.
Compartment III has nitrifying bacteria, which turn the ammonium into nitrate. The nitrate can then be used
by higher plants and algae, and the cycle repeats (JOHANSON, M., 2006).
7.4.2. Closed Ecological Experiment Facility

The Closed Ecological Experiment Facility (CEEF) is a Japanese facility on the northern island of Honshu,
Japan created in mid-90’s, which is still operational. It integrated four different habitats – a human habitat
of 50 m2, an animal habitat, a plantation experiment facility of 150 m2, and a geo-hydrosphere facility. To
grow their plants, high-pressure sodium lamps are used in all four plantation chambers and as a supplement
to sunlight in one chamber (MASUDA, T. et al., 2005). CEEF is a materially closed environment, whose
goal is to provide 90% of the food and create all the oxygen needed for 2 people. However, early
experimental results indicated that, without increased productivity, they would need almost 255m2 crop
growth area per person for a balanced diet (NITTA, K., 2005).
Table 7-6: Average biomass production rate (grams per day) of each crop cultivated in the Plant Module of the
CEEF over 72 days in 2005 (TAKO, Y. et al., 2008)

Edible
Biomass

Inedible
Biomass

Rice (a)

369

2585

Turnip

47

16

Rice (b)

378

2618

Tomato

65

66

Soybean

744

1599

Cucumber

135

20

Peanut

226

2253

Sweet pepper

30

17

Sugar beet

568

49

Shiso

7

20

95

38

Spinach

25

1

Crop

White radish
Chinese cabbage

Crop

42

23

Green onion

122

65

Shungiku

Pea

28

23

French bean

48

Onion
Carrot

24
59

Cabbage

Edible
Biomass

Inedible
Biomass

33

1

199

7

Komatsuna

54

1

37

Lettuce

53

1

63
32

Mitsuba
Leek

41
34

3
3

‘‘Edible biomass’’ refers to biomass consumed by humans. ‘‘Inedible biomass’’ includes biomass ingested by goats.

Three times in 2005, two humans, called eco-nauts, and two goats inhabited the CEEF, living and working
in the Plant Module and the Animal and Habitation Module, for one week. In the second and third
experiments 82% of the eco-nauts’ food (by fresh weight) was supplied from the 23 crops grown in the
Plant Module. For the goats, all of their feed, consisting of rice straw, soybean plant leaves, peanut shells
and peanut plant leaves, was produced in the Plant Module. The goats were not eaten. Since the different
modules of CEEF are atmospherically isolated, the O2 produced in the Plant Module by the photosynthesis
of the crops was separated by an oxygen separator using molecular sheaves, and then transferred to the
Animal Habitation Module atmosphere. The CO2 produced in the Animal Habitation Module by human and
animal respiration was separated by a carbon dioxide separator using solid amine, and then transferred to
the Plant Module atmosphere for use in photosynthesis. In the Animal Habitation Module, 46–51% of the
O2 produced in the Plant Module was consumed, and the quantity of CO2 produced in the Animal
Habitation Module was 43–56% of that consumed in the Plant Module. The waste of the goats and the
crops and a portion of the human waste were not recycled in these trials. Condensate in the amount of 818–
938 liters per day was transpired, and was recycled into the plant nutrient system. The waste nutrient
solutions from the crops were processed through micro filters. The filtrated solutions were then processed
with a reverse osmosis membrane filter and divided into filtrated water and concentrated waste nutrient
solution. The concentrated waste nutrient solution from the crops (other than rice) was processed through an
ultra-micro filter and reused. Wastewater from the Animal Habitation Module was processed by a reverse
osmosis purification system and recycled for toilet flushing and cleaning of the animal pens (TAKO, Y. et
al., 2008).
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The CEEF system did not initially begin with a closed waste and water system. However some water
recovery has been implemented recently. This system used mostly passive filtration and did not provide
potable water. One unique feature of this system was exposure of water to ultraviolet light to purify
biological contaminants. Current and future studies are planned to implement wastewater treatment and to
further close the water system, but results have not yet been shared (TAKO, Y. et al., 2007).
7.4.3. Controlled Environment Systems Research Facility (CESRF)

CESRF was built with public and private funding in Canada at the University of Guelph Ontario
Agricultural College and opened in 2001. CESRF consists of 20 sealed chambers used to study plant
growth and development, photosynthetic gas exchange, air quality and nutrient solution control
technologies under variable pressure conditions. The complex has necessary support laboratories for
analysis and also houses two large walk-in plant growth chambers, used for full-scale studies determining
mass balances and biomass production for various cropping systems and conditions. These chambers can
monitor and control light, temperature, humidity and atmospheric concentrations of CO2 and O2
(BAMSEY, M. et al., 2009). Researchers at the facility lead the development of the Higher Plant Chamber
for the MELiSSA project, which is the food production unit for that system.
7.4.4. ControlloAmbientaleBiorigenerativo

The Bioregenerative Life Support program, CAB (Controllo Ambientale Biorigenerativo), is a project of
the Italian Space Agency (ASI) Medicine & Biotechnology scientific program in partnership with Thales
Alenia Space Italia. It began in 2006 with a feasibility study of a controlled biological system, allowing the
regeneration of resources and the production of food for life support in long-duration missions. The
components of the CAB program are:
(a) Higher plants as basic elements for food and oxygen production, CO2 regeneration and
water purification via the photosynthetic and leaf transpiration processes, and (b)
biological &physico-chemical systems for environmental control, monitoring, power & data
distribution, etc. The sectors of technological and scientific concern are practically all the
ones typical for life support systems in the frame of long-duration human missions, i.e.: food
production, in particular via the cultivation of higher plants, and food management; Air
regeneration (production of O2, removal of CO2, trace gas control); water regeneration
(urine processing, gray water processing, potable water management); solid waste
processing; resources allocation and storage; and control of environmental conditions
(thermalhygrometric, light, pressure, radiation, etc). (LOBASCIO, C. et al., 2007).
7.4.5. BIOS-3

In Russia, a modernized BIOS-3 facility is now in operation. The new facility utilizes a higher PAR
intensity, and a new thermal regulation system and is able to achieve 115% of a human’s daily caloric
intake (840g dry mass). That is within the same 19.7m2 plant growth area of the old BIOS-3 facility
(TIKHOMIROV, A., 2009). The new facility also adds an organic waste (human and plant) recycler using
physicochemical treatment (Quartz reactor system), which produces metabolite water, CO2, and a mineral
residue. They are also studying the use of worms and fungi to break down organic waste and produce a soillike substance (SLS). This is in contrast to all previous BIOS projects, which relied solely of hydroponics
and aeroponics. Additionally they are studying the use of the plant, Salicorniaeuropaea, as a way of
returning NaCl to humans in BLSS.
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Table 7-7: NASA ARS systems for Shuttle and ISS

MISSION HABITABLE
3
DURATION VOLUME (m ) CREW SIZE

PROJECT

14 days

74 days

2 to 8

Space Shuttle

180 days

> 600 days

International
Space Station

2 to 6

TECHNOLOGICAL APPROACH
Atmosphere: 21.7% O2/78.3% N2 at 101 kPa
Atmosphere supply: Gas at 22.8 MPa , CO2
removal: LiOH
Trace contaminants: Activated carbon and
ambient temperature CO oxidation
Atmosphere: 21.7% O2/78.3% N2 at 101 kPa
Atmosphere supply: Gas at 20.7 MPa/water
electrolysis
CO2 removal: Silica gel with type 13X and 5A
molecular
CO2 reduction: Sabatier reactor (scar for
future addition) sieves regenerated by
vacuum/temperature swing
Trace contaminants: Activated carbon and
thermal catalytic oxidation

7.4.6. International Space Station (ISS)

Most of the thermal input to the ISS cabin comes from the Sun, Earth, and internal sources. In the ISS
cabin, forced convection is used to prevent stagnant pockets of air. Air is circulated through the heat
exchanger using a fan for thermal control through the aspirators in order to create convection. ISS cabin
thermal control is achieved by using a fan heat exchanger installation and was used in early spacecraft. The
temperature for the humidity removal exchanger must be 8°C, which implies that a large radiator area is
used. It is important to reduce the amount of heat rejected at lower temperatures. Heat can leave a craft
through enthalpy processes, but these losses are very small in quantity (WOODCOCK, G.R., 1986).
At approximately 300K, the ISS radiator is a good thermal control surface for absorbing solar radiation,
while also emitting thermal radiation at a lower temperature. This has been tested on the spacecraft thermal
control surface. Applied coatings often have an emissivity of 0.8 for thermal radiation and a solar
absorptivity of less than 0.1. However, coatings degrade over time. Space station thermal control has a
radiator for each pressurized module and is used to reject excess heat that cannot be handled by the internal
thermal control system (WOODCOCK, G.R., 1986).
7.4.7. Advanced Water Recovery System

The current design for water recovery on the ISS is a physio-chemical system and requires an annual
resupply of 1361 kg of consumable equipment such as membranes and filters. The Advanced Water
Recovery System (AWRS) being researched at JSC uses biological processing and will require only 113 kg
of consumables per year while consuming 50% less power than the original design (BONASSO, P. et al.,
2003).
The AWRS developed at JSC has several goals:
•

Remove organic compounds and ammonia (biological water processor)

•

Remove inorganic compounds from biological effluent (inorganic removal system)

•

Brine recovery system after IRS (brine recovery system)

•

Final processing to make water potable (post processing system)

The inputs to the system are: urine, shower water, sink water, laundry water, and humidity condensate. The
system must handle 11.5 L of input per person per day. The output of the system is considered potable by
the following requirements:
Table 7-8: Requirements for potable water as designated in the AWRS (BONASSO, P., 2001)

Ammonium <0.5 mg/L
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Total carbons <0.5 mg/L
Inorganics <0.01mS*
pH
7
HCO3
3 mg/L
*mS=millisemens, measure of conductivity
7.4.8. Laboratory Biosphere

Laboratory Biosphere (LB) is a follow-up project from researchers involved in Biosphere 2, but at a much
smaller scale. It consists of a 34m3 growth chamber with a soil bed crop area of 5.3m2, with environmental
controls and HPS lights (NELSON, M. et al., 2008). The facility has been used so far to grow soybeans,
Apogee ultra-dwarf wheat, sweet potato, cowpea, pinto beans and mir wheat. They are also experimenting
with the use of LEDs to grow Apogee wheat. In their tests, sweet potato variety TU-82-155 was 50% more
productive using the LB soils system than trials using hydroponic methods with the same variety of sweet
potato at NASA JSC (NELSON, M. et al., 2008). In tests at LB, candidate space agriculture crops
demonstrated higher possible productivity than previous Mars base projections, using elevated light levels
and improved environmental controls. For example, sweet potatoes exceeded projections by an average of
46% (53% for the best crop), Apogee wheat by 9% (23% for the best crop), and pinto bean by 13% (31%
for the best crop). They suggest that soil also offers distinct advantages over hydroponics, including the use
of in-situ resources (Mars or moon rock), ease of recycling organic waste, and the ability to create a
complex microbial ecosystem to prevent the buildup of toxins (NELSON, M. et al., 2008).
7.4.9. The South Pole Food Growth Chamber (SPFGC)

The South Pole Food Growth Chamber’s (SPFGC) production room, covering a 250m2, was designed and
built by the University of Arizona in cooperation with the Sadler Machine Company. The South Pole
“greenhouse” is climate controlled and has automated atmospheric CO2 enrichment, hydroponic nutrient
delivery, and acid injection systems. It records, controls, and displays key environmental conditions, and is
illuminated by twelve 1000-watt water-jacketed high-pressure sodium lamps capable of capturing waste
heat given off by the lights to supplement the heat used in warming the station’s fresh air supply. A study
done of the facility found that it produced 2.8kg/day of edible biomass operating under a 17-hour
photoperiod. The data generated from the remote and isolated location of the SPFGC is applicable for
future BLSS applications (PATTERSON, R.L. et al., 2008). The SPFGC currently grows cucumbers,
sprouts, kale, snow peas, broccoli, zucchini, eggplant, yellow squash, Asian greens, tomatoes, peppers,
cucumbers, lettuce, strawberries, and many different herbs.
7.4.10. Beijing University of Aeronautics and Astronautics

They are conducting experiments on several technologies with the hope of creating a bioregenerative life
support system that includes 6 modules: human, higher plants, microalgae, resource supply, food
processing, waste treatment, and waste storage. Currently their research has focused on the growth of
silkworms in BLSS for use as an animal protein source, SLS as a medium for growing plants, and methods
for creating it, microalgal growth chamber optimization, urine treatment by Spirulinaplatensis, and
microbial fuel cells e.g.: (YU, X.H. et al., 2008), (YU, C. et al., 2008), (HU, D. et al., 2008), (YANG, C. et
al., 2008), (LI, Z. et al., 2008).
7.4.11. Plant-based Unit for Life Support

Plant-based Unit for Life Support (PULSA) is facility funded by the Italian National Agency for New
Technologies, Energy and Sustainable Economic Development (ENEA) at the Italian bases of Terra Nova
Bay and Dome C (Concordia base). The facility is a 40m2 closed hydroponic greenhouse. PULSA contains
its own climate conditioning system that controls temperature, airflow, humidity and CO2 concentration. It
also treats and recycles some of its waste and is fully automated during germination and production phases.
The facility has been in operation since 2000 growing lettuce and tomatoes, and generates results analogous
for a space mission. (CAMPIOTTI, C.A., 2003) (CAMPIOTTI, C.A., 2006).
7.4.12. University and Space Agency Research

A new closed aquatic habitat called AquaHab has recently been developed. AquaHAB includes amphipods,
which eat growing plant matter (SLENZKA, K. et al., 2008). This project is just becoming operation and
should be producing new data soon.
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Since 2006 CSA has operated the Arthur Clarke Mars Greenhouse (ACMG) in the Canadian High Arctic on
Devon Island as part of the Haughton-Mars Project Research Station. The ACMG is a BLSS test-bed
developed to further the operational understanding of solar driven plant production in an extreme
environment (GIROUX, R. et al., 2006). The greenhouse operates semi-autonomously with the only nonremote human intervention occurring when the crops are harvested and reseeded. Telemetry for the system
is monitored via a geostationary telecommunications satellite in real time (BAMSEY, M. et al., 2009).
Early results are slowly being generated by the facility, but much more will be learned in the coming years.
An SLS `was studied as a possible growth medium for higher plants in a bioregenerative life support
system. The SLS studied was obtained from wheat and rye straw that was first fermented, then broken
down by oyster mushrooms (Pleurotusostreatus), then broken down further by Eiseniafoetida worms. The
yields from the four crops grown on the substrate (wheat, bean, cucumber, and radish) were comparable to
yields from the same crops grown in an expanded clay aggregate hydroponic system. The substrate
remained viable through 8 cycles of wheat and 13 cycles of radishes, with biomass production having a
direct correlation to the nitrogen content of the substrate, which varied slightly due to micro-flora activity
within (GROS, J.B. et al., 2005).
A similar experiment using fermentation, oyster mushrooms, and worms to break down rice straw into an
SLS found that total content of lignocelluloses (inedible fibrous material) in the straw was removed by
37.74%. Furthermore, 46.68g (fresh mass) of mushrooms was produced from 100g (dry mass) of rice straw.
Lettuce planted in the SLS yielded 8.77g/m2/day, which was comparable to the yield obtained on a standard
nutrient solution. (YU, C. et al., 2008). Another study found that 1m2 of SLS can yield 19.35g/day of edible
plant biomass and that by using an SLS system, the 66.2% coefficient of closure achieved in the BIOS-3
facility experiments could be increased up to up to 72% (MANUKOVSKY, N.S. et al., 2005).

Figure 7-2: Bioregenerative life support technology development plan for the crop systems element; NASA
Exploration Life Support Project (WHEELER, R.M., 2009)

Chinese researchers performed a literature review of the possibility of using silkworms to provide edible
animal protein to astronauts during long-term spaceflights and lunar-based missions. The investigation
included a grand scope of the question including; the nutrition structure of silkworms, feeding method,
processing methods, feeding equipment, growing conditions, and the influences on the space environment
on silkworms (YANG, Y. et al., 2009). The researchers found that silk worms are an excellent source of
food (high levels of all 8 essential amino acids, unsaturated fatty acids, and vitamins A, D, B1, B2, and B5).
They also found that the silkworms could live off lettuce or cabbage leaves, that they would have a small
affect on the overall life support system, and that 2m3 of volume could optimally produce enough
silkworms to feed a crew of 7. They also point out that silkworms are a normal part of diet in many parts of
China and have been for over 3000 years. Their study cites 23 other reports directly about consumption or
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production of silkworms. The 10th Russian biosatellite sent a module of Chinese silkworms into space and
found that processes of spinning, cocooning, mating, ovi position, larval hatching, pupation and moth
emergence all functioned well in space (SHI, Z. et al., 1998).
7.5. Planned Future Analogs which include RLSS
7.5.1. NASA

The Exploration Life Support Project includes four technical elements: Atmosphere Revitalization Systems,
Water Recovery Systems, Waste Management Systems and Habitation Engineering. The project was
commissioned in 2005 but has yet to make much progress. Their future plans for higher plant production on
long-duration missions are shown below in Figure 7-2.

Figure 7-3: NASA Exploration Life Support Roadmap(KLISS, M. et al., 2009)
7.5.2. CSA

In 2009 the CSA Advanced Life Support group created a roadmap of Canada’s long-term goals for closed
life support systems (BAMSEY, M. et al., 2009). They propose to have a plant production system operating
on the lunar surface, which is capable of supporting 5–10% of lunar crew life support requirements by
2030. This is followed by a goal of having 50% of lunar base food produced in a closed system by 2050.
The progression to the 2050 goal is hoped to be achieved based on the operational experience obtained from
the original system. Additionally the first system is planned to be modular in nature, so that expansion of
the system can lead to an increasing contribution to life support requirements.
7.5.3. ESA

ESAs plans for the future regarding RLSS focus for now on continuing the development and improvement
of the MELiSSA system. Envihab will be a research facility in the 2010 time frame in Cologne, Germany.
It will be used to conduct research on diverse aspects of space missions including life support systems to
mission operations and telepresence. The purpose is to support ISS utilization in the short-term and develop
techniques for exploration of the Moon and Mars (KOCH, B. and Gerzer, R., 2008). Bioregenerative life
support is one of their stated missions.
7.5.4. Roscosmos

The Russian Institute of Biophysics in Krasnoyarsk continues to pursue their BIOS program, and they hope
to have a BIOS-4 facility up and running in the near future (TIKHOMIROV, A., 2009).
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Figure 7-4: Proposed Russian BIOS-4 facility cycle (TIKHOMIROV, A., 2009)

The Current goals of the Russian space program in the future with regards to regenerative life support
systems include:
•

Finishing the modernization of technical systems according to modern requirements

•

Testing new technologies aimed at increased edible biomass production due to more effective use
of phototrophic, heterotrophic and physicochemical systems

•

Testing of different scenarios and to better understand equivalent system mass for space RLSS
(TIKHOMIROV, A., 2009).

7.5.5. University and space agency research

Sequential Batch Anaerobic Composting (SEBAC) is a university research project on processing solid
waste using a bioregenerative solid waste management system. An odorless anaerobic biogas digestion
technique will be employed in this work. A number of reactors were used with gases and liquids that are
designed to work in a microgravity environment. The system has an anaerobic compost and post treatment
aerobic stabilization and filtering process. SEBAC systems will be useful for space missions after having
been tested on the ground (TEIXEIRA, A.A. et al., 2004).
7.6. Policy, law, and ethics related to RLSS
Proper functioning of these systems is required for keeping astronauts alive. Engineers determine the target
reliability of a system. Since these systems are complicated they cannot be designed with 100% reliability.
Comparing accepted risk against cost is an important issue before deploying systems that are required for
astronaut well-being. Furthermore potential situations of partial failure, where some crew may be able to
survive should be accounted for in advance. There must be a protocol for decision making in situations
where life support systems are partially disabled and can no longer support a full crew.
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Figure 7-5: SEBAC space prototype (Teixeira, Chynoweth, Owens, Rich, Dedrick, & Haley, 2004)
7.6.1. Planetary protection and the ethics of genetic engineering

If synthetic biology techniques are employed in the future design of RLSS as well as in ISRU strategies,
then the ethical issues related to synthetic biology and genetic engineering will need to be addressed. For
example, the ethical issues pertaining to the difference between "life" versus "non-life", and instrumental
versus intrinsic value of these organisms would need to be examined (BHUTKAR, A., 2005).
Furthermore, the inclusion of microbes (synthetic or naturally occurring) in RLSS and ISRU solutions for
space missions to other celestial bodies introduces the risk of forward-contamination. Forwardcontamination refers to the unintentional contamination of the celestial body's environment by the terrestrial
microbes delivered by the spacecraft. Forward-contamination can run the risk of seeding microbial life on a
previously sterile celestial body, or potentially damaging a pre-existing alien microbial ecosystem
(RUMMEL, J.D., 2001). Mars analog studies have been done to examine the survivability of bacteria under
conditions simulating the Martian atmosphere and UV radiation (OSMAN, S. et al., 2008). Reversecontamination issues must also be addressed. Reverse-contamination refers to the contamination of the
spacecraft's systems (and ultimately the Earth's biosphere) by extra-terrestrial microbes. This form of
contamination could adversely affect spacecraft biosystems used for life support or the health of the crew.
Reverse-contamination is also a risk for sample-return missions (RUMMEL, J.D., 2001).
These contamination issues would likely be addressed by policies pertaining to human space missions to
celestial bodies, for example, in the areas of equipment sterilization and planetary protection. NASA's
planetary protection policy focuses on protecting science and Earth (RUMMEL, J.D., 2001).Planetary
protection issues are particularly important to human space exploration missions, since human activities
will unavoidably introduce foreign matter and disturb the alien environment. Some examples of human
environmental contamination include: organic material shed from the human body (human waste, skin, and
hair), rocket exhaust, life support system leakage, and airborne pollution. Furthermore, the human body
inevitably carries with it an ecosystem of microorganisms, including for example, enteric E. coli bacteria
(MCKAY, C.P. and Davis, W.L., 1989). Current COSPAR (Committee on Space Research) planetary
protection guidelines concerning astrobiology would need to be addressed for missions to extra-terrestrial
environments with conditions potentially suitable for microbial life (COSPAR, 2005).
7.6.2. Policy and Law

The United Nations has treaties and policies governing activities in space, but none of these policies or
treaties has a direct application to waste management and processing or thermal control for any analog site
either on Earth or in space. However, Article IX of the Outer Space Treaty of 1967 mentions that “States
Parties to the Treaty shall pursue studies of outer space…so as to avoid their harmful contamination and
also adverse changes in the environment of the Earth resulting from the introduction of extraterrestrial
matter and, where necessary, shall adopt appropriate measures for this purpose.” (UN). This refers to
planetary protection, which is described in more detail above.
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A world summit on sustainable development discussed plans for waste management, however, the summit
failed to provide a policy that would govern future waste processing and management strategies
(GREENHORIZON).
7.7. Summary
Long-durations of continuous plant production in a closed environment have not been sufficiently studied.
With the exception of Biosphere 2, and one 416-day potato study done in the KSC Breadboard Project,
there have been no long-term studies of continuous plant production in a closed system. The risks of
mechanical failure, nutrient imbalance, and pathogen incursion all increase with time, thus, necessitating
long-term studies.
If different plants are grown using a shared nutrient system, allelopathic considerations need to be taken
into account when choosing neighboring plants. Also if the plants are grown in the same room, the ability to
optimize CO2 concentration, photoperiod, humidity, temperature, and photosynthetic photon flux, decrease
greatly. This further complicates the choice of which plants to include in a mission. Therefore a more
complete data set is required for modeling crop growth and responding to a wide range of environmental
conditions.
Researchers need to explore more options for the use of algae in human diet, including new algae strains,
culinary preparation, and long-term effects of algae consumption. Other questions that still require
investigation include:
•

Repeatability of propagation methods for long-duration

•

Durability and longevity of growth media

•

Operational lifespan of mechanical components

•

Contingency plans for failures

•

Mass and volume requirements of complete systems

•

Time requirements of crew

•

Reproduction techniques of non self pollinating plants

•

Viability of crops grown with LEDs, which consume very low amounts of power, compared to
traditional sources (florescent, high-pressure sodium, and metal halide).

Much more study is needed on the use of yeast and fungi to break down fibrous organic matter. There is
substantial proof of their capability and their use as a food source is well known. Space-based systems that
are safe and reliable are much less understood (ESA, 2001).
More research is needed on the equivalent system mass of growing animal protein in CELSS. There has
been significant research on fish, but other categories of animals have not been studied in-depth and are
unready for use in space-based systems.
Things that need to be developed further include:
•

Developing deployable plant growth systems.

•

Study further on desired crops, which have not been tested under a full range of environmental
conditions.

•

Continue improving and refining cultivars.

•

Continue improving the efficiency of plant growth lighting systems.

•

Quantify the capacity for specific plants to aid in water purification.

•

Conduct long-duration production tests for reliability assessments.

•

Study the psychological value of plants in confined environments for humans (such as the plant
production chamber at the U.S. South Pole Station) (PATTERSON, R.L. et al., 2008).

•

Quantifying the water purification capacity of crop systems.
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There is significant potential for studying water recovery systems via Earth analogs. These systems, along
with food, air, and waste management must be reliable, efficient, and highly automated. Most of the
challenges with designing these systems are independent of microgravity or radiation, making it possible to
have high-fidelity simulations on Earth. Most research is heading towards highly integrated water, waste,
air, and food systems that are reliant on growing crops. Current physicochemical systems are able to
recover approximately 95% of water. Research continues in this area to achieve the same targets while
using less power, fewer consumables, and reducing overall system mass. For extremely long-duration
missions, 100% recovery of water will be a mandatory requirement.
One area that has had almost no research is the separation of liquids and gases in a microgravity
environment. The water condensers, water/waste delivery systems, and other aspects of RLSS analogs are
often reliant on processes such as evaporation and condensation that may behave inherently differently in
microgravity (DUSSAP, C.G., 2003).
One water system component that lacks research is full body showers for astronauts. Showers were not used
until Skylab due to the short-duration of flights and conservation of water. The Skylab unit dispensed water
and had a privacy curtain. The whole unit was collapsible. Astronauts rarely used it because cleaning had to
be done immediately after use with an inadequate vacuum. Maintaining clean dry conditions makes a
shower a difficult achievement. Original guidelines for Space Station Freedom called for a full-body
shower with temperature control that would allow an astronaut to shower every three days with traditional
soap and shampoo (LINTERN, L.A., 1989). This comfort was never included in ISS. With the ability to
recover wastewater, this common part of living on Earth may be an important addition to long-duration
habitation in space.
Examination of various analog experiments shows that there are gaps in the processes used in most
experiments. None of the waste processing units has been able to process 100% of the waste. However, a
method of complete utilization of waste may reduce the thermal energy produced during waste processing,
in turn, reducing the load on the thermal regulation system.
7.7.1. Synthetic biology for life support systems

Synthetic biology involves the design and fabrication of biological or microbial systems to provide new
functionality and benefits (EUROPEAN COMMISSION - DIRECTORATE-GENERAL FOR
RESEARCH, 2005). Groundbreaking advances in this new field could prove very useful to RLSS for longduration space missions. Further synthetic biology research is required and the potential benefits of this
technology make it a strong contender for inclusion in future space analog studies and tests.
7.7.1.1. The utilization of microbes in life support systems

Bioreactor microbial cultures in bioregenerative life support systems such as MELiSSA are being
developed for long-duration human space exploration missions (HENDRICKX, L. et al., 2006). Since the
ISS and other life support systems for space missions are not fully closed-loop, further improvements are
required to allow for long-duration space missions, where external human intervention is not possible.
Regenerative technologies, which rely heavily on microbial cultures, are argued to be necessary for the
implementation of a truly closed-loop life support system (SCHWARTZKOPF, S.H., 1992). The ability to
genetically engineer microbes specifically designed for this purpose would be extremely useful.
Since the human genome was sequenced, genetic engineering and bioinformatic technology has been
improving rapidly. Currently research by scientists such as Craig Venter, in synthetic genomics and the
microbial engineering of algae biofuels (FRAZIER, M. and Venter, J.C., 2005)could have important
implications in the design of closed-loop life support systems for long-duration space missions. Further
research and analog space missions utilizing this new technology are required and recommended.
7.7.1.2. Designing synthetic microbes that produce fuel for space missions

There is also ongoing research towards developing microbial fuel cells (LOVLEY, D.R., 2006). Synthetic
biology techniques for designing microbes are being researched, which could produce useful fuel as a byproduct of their metabolism (SERRANO, L., 2007). It is conceivable that these microbes could then be
integrated into a propulsion, power, or life support system to help actualize long-duration human space
missions.
7.7.1.3. Engineering microbes to assist in ISRU

As an area of further investigation, synthetic biology techniques could conceivably be applied to improve
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the effectiveness of ISRU endeavors for space missions. Further research is required and extensive analog
testing would be needed.
7.7.1.4. Drawbacks and risks to crew and equipment from microbe utilization

It should also be noted that if microbial solutions are being implemented for life support systems, there is
the possibility of biodegradation and the formation of microbial biofilms on materials in the closed-loop
system. Materials to be used in space missions need to be evaluated carefully with respect to their
susceptibility to biodegradation and biofilm formation (GU, J. et al., 1998).
There is also the need for a more comprehensive analysis of the microbial environment on spacecrafts and
the associated risk to crew and equipment. Significant microbial populations have been observed on the Mir
space station (ILYIN, V.K., 2005). Furthermore, if living microbial systems are utilized for RLSS, then it is
imperative that they remain alive. A robust and possibly redundant RLSS would be desirable.
7.7.1.5. RLSS Conclusion

Regenerative Life Support Systems are vitally important and complex technologies required for longduration space missions. Since they are critical to the survival of a human crew, analog testing is
imperative. Further research and development, including the evaluation of emerging technologies such as
synthetic biology, is needed to help realize a sustainable and effective RLSS solution for long-duration
human space missions.
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Chapter 8
Space Architecture
8.1. Overview
As the earlier chapters described the scientific and engineering knowledge from previous and current analog
simulations, this chapter will focus on the human interaction with artificial environments (i.e. habitats) and
artifacts (i.e. tools) in the context of space exploration. In the early days of spaceflight, the focus was on
providing basic life support capabilities to ensure that the crew survived the mission. As the mission
duration is extended and the crew composition becomes more varied, human factors become increasingly
important in spacecraft design. In a confined and isolated habitat, the influence of the interior on crew
interaction and social behavior becomes especially evident, and can be used as a tool to maintain crew wellbeing.
By addressing the abovementioned aspects, analog simulations can provide valuable insights in
architecture, ergonomics and industrial design such that human interaction with the living space and objects
are improved. Space architecture is an emerging field of study where design, engineering, psychology,
anthropology and physiology are integrated to produce habitats in outer space and on extraterrestrial
surfaces.
There are several types of analogs that are relevant for testing and development of design. The two main
categories are orbital and terrestrial analogs. These analogs, which have multiple focuses of research,
usually do not treat environmental psychology and ergonomics as priorities. Testing of habitat layout and
rough ergonomics tests are mainly done in mock-ups, which are of lower fidelity than analogs for mission
simulation. In addition to actual analogs, real space missions can be used as a test bed for future missions.
In the following sections, the main aspects of habitat construction and habitability requirements will be
briefly described and relevant findings from past and present analog simulations will be provided.
Specifically, the sections are organized by an encapsulated approach: first, main methods of construction
will be presented; second, a global view on issues in human factor design will be summarized along with
details in living space design; third, the human-artifact interactions during intra-vehicular activities will be
presented; and lastly, policy and regulations for space architecture will be discussed.
8.2. Structural design
This section will discuss aspects of habitat construction on extraterrestrial surfaces and in space. The
purpose of habitats is to be a shelter from the hostile environments of open space and planetary surfaces.
This implies that, depending on the location, these structures are required to withstand conditions such as
vacuum, micrometeoroids impacts and radiation. Although past space stations such as the Russian Salyut
series and the current ISS provide a wealth of knowledge for microgravity habitats, much of the research for
terrestrial habitat design still relies on Earth-based analogs and mockups.
As illustrated in Figure 8-1, the Apollo Landing Modules were examples of the most primitive habitats for
short-term exploration while the ISS is a current example of an augmentable habitat suitable for long-term
human presence in Low Earth Orbit (LEO). Ultimately, the goal is to establish habitats using in-situ
resources without constant resupply from Earth (HOWE, S.A. and Sherwood, B., 2009).
There are different structural concepts for space habitats: modular, deployable (including inflatable) and insitu resource utilization (ISRU), all of which are relevant for both terrestrial and orbital habitats. Currently
the modular kind is being used, with research in the field of deployable structures. Due to the fact that insitu resource utilization is the final step in space habitat evolution, no analogs have tested the construction
of habitats by means of ISRU, also known as class III habitats.
The least complex kind is the modular approach with one or more ready-made modules put on the planetary
surface or in orbit. Several modules provide flexibility in the design as well as being advantageous for
safety. Deployable structures minimize transport mass and size while maximizing habitable volume. A
problem, and a possible gap, is the construction of inflatable analog structures on Earth, due to differences
in gravity levels and other environmental aspects. This implies that if one wants to construct a habitat on
Mars and first make an analog of it on Earth, it will have to be constructed in a different way to get the
same result.
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Figure 8-1: Classification of habitat adapted from (HOWE, S.A. and Sherwood, B., 2009)
8.2.1. Inflatable habitats

In the beginning of an extraterrestrial settlement, the immediate challenge for habitat design is the
optimization of minimal mass and maximum space. Protection from radiation and micrometeorites are
critical issues that complicate the design of inflatable habitats. Deployable structures have been considered
as viable space habitats since as early as 1946 when Werner von Braun introduced his Inflatable Space
Station concept. His idea had significant influence on the development in deployable structures in NASA
Langley Research Center and Goodyear Aerospace in the 1960s. The first functional and human-rated
inflatable structure in space was the Voskhod 2 expandable airlock, which allowed Alexei Leonov to
perform the first spacewalk. The recent but cancelled NASA TransHab program is a hybrid concept that
includes both an inflatable shell and a solid core (KENNEDY, K.J., 2002). The U.S. military has also
developed such structures (i.e. M28, M51 and SBX Radome) for protection against weather, chemical and
biological warfare (HOWE, S.A. and Sherwood, B., 2009).

Figure 8-2: Inflatable Habitat at McMurdo Station (HOWE, S.A. and Sherwood, B., 2009)

In 2007, NASA, NSF and ILC Dover developed the Antarctic analog project at McMurdo Station. The
objective is to demonstrate field functionality of an inflatable structure for lunar settlement (see Figure 8-2)
and the proposed Integrated Health Monitoring (IHM) system for the habitat. The habitat’s main features
include a multi-layered shell that provides thermal insulation, debris shielding and provisions for radiation
protection using lunar regolith. This analog project demonstrated to NASA that significant packing
efficiency could be achieved with lightweight expandable material. The usefulness of the IHM system was
also demonstrated, as sensors (i.e. pressure, temperature, CO2, and power etc) and internal/external cameras
were capable of continuous data relay from McMurdo Station to the NASA JSC control center via the
Internet.
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Figure 8-3: TRIGON Panels in deployed and stowed configurations (HOWE, S.A. and Gibson, I., 2006)
8.2.2. Deployable Habitats

Another method by which transport mass and living space may be optimized is by deploying basic shapes
that can be further assembled into a habitat. There has not been prominent analog research on this subject;
however, the state-of-the-art design on deployable and self-assembly structures is worth mentioning. The
Transformable Robotic Infrastructure-Generating Object Network (TRIGON) system is a “kit-of-parts”
concept of utilizing simple but automated elements (i.e. panels) to deploy into habitats or rovers (see Figure
8-3
The concept fuses habitat and robot into a “habot,” which can be launched, transported, and deployed into
useful structures on an extraterrestrial surface waiting for humans to arrive. Subsequently, this concept
evolved into Mobitat (“Mobile” and “Habitat”), which combines an inflatable interior for cabin pressure
and deployable TRIGON exterior for radiation shielding (see Figure 8-4). Although panel optimization
schemes and robotics functionality studies have been completed, habitability issues such as the performance
of the inflatable membrane, radiation shielding between the panel gaps, etc., remain as future work for field
testing at an analog site (HOWE, S.A. and Gibson, I., 2006).

Figure 8-4: Walking Mode and Interior View of Mobitat2 (HOWE, S.A. and Gibson, I., 2006)
8.2.3. Modular habitats

Modularity in habitat design is essential in the initial phase of the new settlements and it provides many
practical benefits. As early habitats will be pre-fabricated capsules transported to the destination surface,
each one will be constrained in size and functionality. The integration of these modules will provide
flexibility in the settlement layout and the possibility of isolation in case of an emergency. The British
Antarctic Survey is currently operating the Halley research station in Antarctica. Since 1956, when the first
Halley station was commissioned, it has served as an analog site for interplanetary habitat design, in
addition to being a scientific base for atmospheric research. Halley V, completed in 1992, is the current
incarnation of the station, but with the threat of shifting ice shelves, the succeeding Halley VI station will
undergo significant design changes. From the lessons learned from previous Halley stations, Halley V
currently employs stilts that elevate the habitat above the rising snow levels. Nonetheless, Halley V remains
a single structure that would be infeasible for relocation and vulnerable in the event of a fire spreading
through the habitat (see Figure 8-5).
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Figure 8-5: Halley V Antarctic Research Station (HOWE, S.A. and Sherwood, B., 2009)

As part of the new generation of Antarctic research stations, the design of Halley VI will be optimized for
living in extreme cold environments and for modular construction. All sections will keep the stilts because
mobility and elevation are mitigations for the heavy snowfall. In addition, these features allow adequate
sunlight and a view of the landscape, which offset the psychological stresses of living in confined habitats
in remote and isolated environments. As Figure 8-6 illustrates, the new design of Halley VI captures the
modular design concept by separating sections of the research station to dedicated functions of the habitat
(HOWE, S.A. and Sherwood, B., 2009).

Figure 8-6: Proposed Design of Halley VI (HOWE, S.A. and Sherwood, B., 2009)

Modular design was also evident in the 1986 cave analog site called Underlab, where the effect of time on
human behavior (i.e. human chronobiology) was the experimental focus. Sociologist Maurizio Montalbini
lived alone in the Frasassi caves of Italy for nearly a year, breaking the world record for complete isolation.
The habitat, designed by Italian architect Daniele Bedini, was intended for 4 occupants but only Montalbini
volunteered for the study. As Figure 8-7 illustrates, one large dome was dedicated for common living, the
greenhouse (on the left) used artificial lighting to provide a source of food and entertainment; the two other
smaller domes were used for private living spaces. Details of the Underlab experiment were not well
documented and only fragmented information was obtained through an interview with architect Bedini
(BEDINI, D., 2009).

Figure 8-7: Underlab habitat modules designed by architect Daniele Bedini (BEDINI, D., 2009)
8.2.4. Airlocks and Hatches

Airlocks are the physical interfaces between the habitat and its surrounding environment. There are three
types of airlocks:
•

Rover Airlock: interface between the rover and the extraterrestrial surface where the crew egress
and ingress

•

Sample Airlock: interface between the extraterrestrial surface and the astrobiology glove box
where samples are stored for analysis

•

Habitat Airlock: interface between the habitat and the extraterrestrial surface
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After collecting sufficient data, Virtual Reality can help simulate missions in advance in order to gain
experience in space environments. Virtual tools are substitutes for physical analogs, since they facilitate the
quick visualization of concepts and the elimination of both operational and financial risks (Virtual Worlds
and Virtual Exploration Working Group Report, 2006). For example, Kerstin Thompson Architects used a
VR “walk through” to communicate the interior configuration of the Mars-Oz habitat (see Figure 8-11).
Since this analog project is awaiting further development, VR tools can assist in public outreach and
fundraising campaigns (Mars-Oz, 2007).

Figure 8-8: Hazmat Vehicle and Portable Life Support System (PLSS) (COHEN, M.M., 2000)

From an engineering perspective, airlocks are critical to the structural and atmospheric integrity of the
habitat and rover. In addition, from an architectural perspective, airlocks provide more constraints on living
space. The available knowledge base for airlocks comes from the lessons learned from space transportation
systems (i.e. Space Shuttle), space stations (i.e. Salyut, Skylab, MIR, and ISS) and lunar missions (i.e.
Apollo).
The EVA Systems Branch at NASA Ames tested and applied a novel airlock concept in the context of
hazardous material cleanup (see Figure 8-8). The Suitport and the Suitport hatch are initially connected. In
the event of an egress, the crewmember can enter the Suitport from the vehicle interior and close the hatch,
thereby separating from the vehicle. When the crewmember is ready for ingress, one can reattach the
Suitport to its matching hatch and return to the vehicle without a dedicated volume for donning the EVA
suit. This saves significant space and can potentially resolve lunar dust contamination problems (COHEN,
M.M., 2000).
8.3. Human factors
8.3.1. Environmental psychology

On long-duration spaceflights the interior environment has a great influence on crew well-being.
Environmental psychology deals with how the environment influences humans and how they perceive
interior environments. An appropriately designed interior can function as a psychological countermeasure.
The design of the habitat should be human centered, which assumes that the starting point is the human
being rather than merely a response to technical requirements.
8.3.2. Ergonomics

In general, ergonomics addresses interaction between humans and systems, machines and products in order
to increase the overall performance and human well-being. The main methods of ergonomic design are
‘designing-in’ better interfaces or ‘designing-out’ factors that degrade performance (BRIDGER, R.S.,
2003). The importance of ergonomics research is increasing within the context of exploration missions. As
opposed to the former man-in-a-can engineering approach, the habitability and working performance needs
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to be carefully optimized for long stays in space. It also helps improve safety and prevent error, making the
interface more compatible with performed tasks. Evaluations help generate requirements and concepts and
predict the performance before the production of the hardware (NASA Habitability Design Center, 2009).
Aspects of ergonomics and human factors are currently simulated and evaluated mainly by means of
prototypes, mock-ups, computer models and virtual reality.
A current analog that assesses habitability and human factors is the NASA Extreme Environment Mission
Operations project (NEEMO). The mission takes place in the National Oceanic and Atmospheric
Administration’s (NOAA) underwater habitat Aquarius, located at a depth of 20 m on the continental shelf,
5.6 kilometers off the coast of Key Largo in the Florida Keys National Marine Sanctuary. The design is
analogous to ISS modules, with a comparable size of 14 m in length and 4 m in diameter, operating at
ambient pressure (NEEMO, 2007). The goal of the study is to define requirements and potential areas of
improvement in the confined interior architecture for future habitats. The crew of six studies coral reefs
around Aquarius and performs various IVA experiments related to space architecture and interface design,
including Habitability Assessment and the so-called Magic Windows. The latter project involves
experiments with Virtual Reality displays and tests of head-mounted displays for performing medical and
maintenance tasks (JSC, NASA, 2003). Results were obtained through usability matrix surveys, where
evaluations of criteria (i.e. interface usability, technical issues and wearability) were quantified. With
respect to the wearability of the head-mounted displays, the Aquanauts identified ease of donning/doffing,
adjustability and comfort as areas for further improvement (NEEMO-MWS, 2004).

Figure 8-9: NEEMO (Photographed by Brian Skerry, NASA)

8.4. Living space design
When designing for longer missions, the living environment becomes a greater influencing factor on crew
well-being. Several of the relevant topics, like windows and color, have been studied both in real space
environments and in analogs. However, most studies have been centered on isolated topics or in analogs
where the focus is other than the interior design. In the latter case, the interior design parameters often
cannot be changed, which limits the types of living environment that researchers can study. The information
is to a large extent anecdotal, rather than a result of quantifiable scientific studies. NASA’s Man-Systems
Integration Standard (NASA MSIS, 1995) provides comprehensive set of requirements for design of any
space system with a crew interface.
8.4.1. Habitat layout

Once the structure of the habitat is defined, the design of the interior layout follows an iterative and
progressive process. First, the architect uses preliminary sketches to explore all possible layouts that address
issues such as dimensional constraints, ergonomics and sociokinetics (i.e. the movement of inhabitants in
living spaces, see Section 8.4.2 for details). Then, the architect constructs scaled mock-ups for better
visualization. Finally, when the design phase has matured to the implementation phase, a full-scale mockup can be used for evaluating design details and the effectiveness of the interior space configuration.
(BEDINI, D., 2009).
Synthetic Digital Environment (SDE) is a new and powerful tool for architects to better visualize layout
designs with less investment in time, capital or effort as compared to traditional scaled mock-ups. Within
SDE, two branches have emerged to enhance the design process. Virtual Reality (VR) enables architects to
create a visual “walk through” where the effects of the layout can be better realized. Similarly, Augmented
Reality (AR) adds visual data to real environments, which can assist architects in enhancing existing
designs. The maturity of the interface greatly influences the level of fidelity and immersiveness of the
experience. Advanced VR facilities include head-mounted displays or projections, motion tracking, force
feedback devices and locomotion platforms such as Virtusphere (VIRTUSPHERE, 2009). At the NASA
Graphics Research and Analysis Facility, VR simulations are used for testing the ergonomics of designs
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(Figure 8-10A), human-machine interfaces (Figure 8-10B) and the architecture of habitats (Figure 8-10C/D)
(NASA GRAF, 2008).

Figure 8-10: Virtual Environments from GRAF (Image courtesy: NASA JSC)

Lessons from touristic habitat designs (i.e. airline cabin space and yacht interiors) are applicable to the
interior layout design and planning of space habitats. For instance, the interior architecture of yachts
effectively utilizes small volumes in a multi-functional and comfortable manner. In spite of the confined
spaces, interiors are considered rather cozy and pleasant and allow for longer stays. In general, this is due to
the multi-functional design of fixed furnishings (MARTINEZ, V., 2009).

Figure 8-11: Mar-Oz Interior Configuration (Courtesy of Kerstin Thompson Architects Pty Ltd)
8.4.2. Sociokinetic analysis

Sociokinetic analysis is the study of how individuals in a group make use of habitat space, which provides
insight into social interactions. It can be used to study how the artificial environment influences interactions
between group members, and it quantifies the utility of a living space. One of the objectives of layout
design is to promote a balance between public and private interactions. As a reference, the NASA ManSystems Integration Standard (NASA MSIS, 1995) provides a qualitative classification for most of the
activities in orbit (see Figure 8-12).
When mission duration increases, the crewmembers tend to need more privacy and exhibit territorial
behavior. The habitat size may be limited by technological constraints. No studies on how much space each
crewmember requires have been undertaken since the 1960’s. With respect to privacy, the size of the
private crew quarters is more important than the overall habitable volume. The need for privacy varies
significantly between cultures and individuals, but it is seen as healthy and the possibility should be
supported by the layout of the habitat. Personal quarters should provide visual and acoustic privacy,
personal stowage and the possibility to adjust the surrounding to a certain degree (ESA, 2003). It is
important for the crew to have a space for common activities that are not work-related. It is particularly
important that crewmembers are able to eat together, since this has shown to improve healthy interaction
among crewmembers (ESA, 2003).
Sociokinetic analysis was used in a study at the Lunar Mars Life Support Test Project (LMLSTP) at NASA,
JSC, in a 91-day, four-person crew isolation test. The crew movement was tracked by cameras and then
analyzed by statistical analysis software. The result showed that the crew automatically established and
respected private boundaries. The study demonstrated that 35-40% of the habitable volume was not used by
the crew (MOHANTY, S., 2006).

101

9

TP ANALOGS

Figure 8-12: Social Classification of Activities in Space (Adapted from NASA MSIS, 1995)

Tektite I and II were missions involving underwater habitats used to study the effectiveness of working on
remote space stations. These missions provided useful data for sociokinetic analysis. These projects were
run in parallel with the Skylab program and became the first underwater habitats dedicated to scientists
rather than professional divers. The habitat was funded by NASA, produced by General Electric Space
Division and placed in Great Lameshur Bay in the U. S. Virgin Islands. The design was inspired by space
architecture and consisted of two “tuna can” modules connected by a tunnel. This enabled the record in
length of saturation dive to be set (58 days followed by 19 hours of decompression). The mission was
evaluated with the help of cameras and data cards to discover behavior patterns in conditions similar to a
spaceflight (CLIFTON, 1970).

Figure 8-13: National Undersea Research Program (Photo courtesy of OAR)
8.4.3. Effects of Colors

The issue of color choice became an important consideration when long-term habitability was considered
during the Skylab and Salyut missions. In the 1970’s, the Russians studied the effects of colors in
weightlessness on parabolic flights (KITAYEK-SMYK, L.A., 1971). Color intensity was noted to vary
while both contrast and brightness decreased during weightlessness. In subsequent experiments, yellow and
brown were noted to have increased the sensation of nausea while blue had the opposite effect.
Recommendations for interior colors are available from ESA (PSS-03-70) and NASA (STD 3000). In
addition, color ranges for different work areas on spacecraft are tabulated (MESSERSCHMID, E. and
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Reinhold, B., 1999), but the effects of colors on human performance and psychology have not been
investigated scientifically.
A study to improve human well-being and work efficiency in the U.S. Destiny Laboratory Module on the
ISS evaluated color schemes (see Figure 8-14) based on the criteria of consistent orientation, visual
orientation cue and separation (DURÃO, M.J. and Favatà, P., 2003). According to the ISS Interior Color
Scheme (NASA, 2001), there are two purposes of color in crew modules: first, provide orientation and
directional cues; second, provide an efficient designation for on-board inventory management. The
following summarizes the important findings of the study:
•

The low chromatic strength of the color blue has been confirmed by researchers to impart calming
effects.

•

Violet, blue and green are perceived as cool hues while yellow, orange and red are perceived as
warm hues.

•

Green casts an undesirable reflection on the skin.

•

The off-white backgrounds are less distracting and allow for attention to be focused on tasks.

•

Perception of spaciousness is also affected by the wavelengths (i.e. red objects appear closer than
blue objects).

•

Decreased color intensity (i.e. light yellow, cream, neutral off-white) produces the perception of a
larger environment than in reality.

Figure 8-14: Color schemes proposed for the U.S. Destiny Laboratory Module

It has been shown that the color red in confined spaces produced negative effects such as confusion, tension
and less vigor (KWALLEK, N. et al., 2000). In general, astronauts and cosmonauts have requested module
interiors to have the facility of dynamic lighting in order to identify small objects flying inside the
spacecraft. All three members of the Skylab 4 crew, which had the longest stay in the Skylab program said
that they grew bored with the neutral gray and white shades that were used extensively for interior surfaces
and requested more variation in colors (PERNER, C. and Langdoc, W., 1994).
8.4.4. Interior décor

The strategy of using interior décor inside spacecrafts to offset boredom during long-duration missions has
been investigated by Soviet habitability researchers. Studies of similar concerns on boredom and depression
have been conducted in the context of Antarctic research stations, nuclear submarines and underwater
habitats (CLEARWATER, Y.A. and Coss, R.G., 1991).
A NASA study on “functional esthetics” recommends photographs of Earth landscapes to lessen
psychological stress in confined spaces. In Dr. Yvonne Clearwater’s Functional Esthetics in Enhancing
Well-Being the influence of simulated windows is measured. The paper puts figures on the value of
“looking out to familiar nature” for psychological and physiological well-being in an environment with no
or few windows. The subjects were exposed to photographs depicting different Earth landscapes for
different periods of time of up to one year. The subjects evaluated their own reaction to the pictures, and
physiological measurements were taken. It was found that views of water, especially those with apparent
depth scored higher, and a range of landscape pictures can mitigate a sense of deprivation in confined and
harsh interior environments (MOHANTY, S., 2006).
8.4.5. Windows

Windows are a controversial aspect of spacecraft architecture because although they are necessary for
observation and recreation, they are the weakest part of the spacecraft structure. From an engineering
perspective, windows also allow for undesirable radiation and they are vulnerable to space debris and other
kinetic particles. For architects and psychologists, windows are the “sensory organs” of a habitat that allow
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the crew to self-reflect and maintain their connection to Earth (VOGLER, A. and Jorgensen, J., 2004). From
the Skylab program, it was deemed essential to crew well-being, since looking out windows was a major
recreational activity. On the ISS, astronauts spend about 80% of their leisure time in front of the window,
looking into space or gazing at Earth (VOLGER, A., 2004). In his diary, Cosmonaut Leedey described
positive sentiments about the importance of windows on-board the space station Salyut 7 in 1982
(LEBEDEV, V.V., 1988). Shape of windows is also a controversial topic: structural engineers prefer round
windows (see Figure 8-15); but straight window edges are useful when the crew needs to determine the
attitude of a target during docking operations and provide internal orientation cues (PERNER, C. and
Langdoc, W., 1994).

Figure 8-15: Window on ISS Columbus Module (A) and NASA Astronaut Susan Helms (B) (VOGLER, A. and
Jorgensen, J., 2004)
8.4.6. Lighting conditions

The intensity and color of light plays an important role in stimulating mental acuity and it is a key factor in
affecting human performance. As a prime temporal determinant on Earth, all Earth-born organisms have the
innate perception that the passing of time and the shifts in light (i.e. sunlight) are closely related. From this
basis, one design issue of creating analogous space habitats is to preserve the Earth-like sense of time using
lighting systems. Specifically, variation in lighting conditions could manipulate the perception of time such
that the crew’s circadian rhythm is not desynchronized by space environmental factors such as the absence
of sunrise and sunset (ADAMS, C. and Putcha, L., 2000). To address this issue, experimental studies were
proposed to be included in the NASA/JSC BIO-PLEX facility, the ISS and the ISS-TransHab. Both BIOPLEX and TransHab were cancelled due to limited budget but nonetheless, the following were to be key
factors for future analog studies:
1.
2.
3.
4.

Sleep induction and waking strategies
Determination of the correct variable combination of color, intensity and light cycle length
Varied spectrum vs. continuous spectrum lighting
Phase-shift vs. Balanced environment
a. Phase-shift environment: intense changes in lighting conditions that force rapid adaptation to a
“new time” setting
b. Balanced environment: using temporal and chromatic controls to maintain alertness in a
confined and remote environment

8.5. Intra-vehicular activity
Besides the structure and the living space, analogous space habitats must also provide artifacts that enhance
the living and working experiences in space. These artifacts may include daily objects such as personal
hygiene devices, clothing and beds. Most of the knowledge in intra-vehicular activity (IVA) is derived from
actual space missions and, to a large extent, in anecdotal form. Testing of the different functions is usually
done in independent studies rather than in a holistic approach. Despite the standardizations available on
human factor design (NASA MSIS, 1995), devices and systems still need extensive in-situ testing by many
different users for validation.
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8.5.1. Personal hygiene

Having showers in microgravity is extremely challenging and risky. The main problems identified in the
existing space shower systems on-board the ISS are the preparation time, and the danger of a leak. There
are strong arguments in favor of a breakaway from the “Earth Paradigm.” For example, many astronauts
and cosmonauts prefer wiping the body with wet clothes or sponges. During the 1980’s, experiments have
been carried out on board the KC-135 parabolic flights in order to create an improved Whole Body
Cleansing System for the ISS (MOHANTY, S., 1997).
Architecture students from the University of Technology Munich developed a new solution for in-orbit
personal hygiene called the Personal Hygiene Assistant (PHA). The idea is a hybrid of showers and sponge
baths (see Figure 8-16). The device has an ergonomically shaped handle (Figure 8-16B) attached by two
water hoses and polyurethane foam. During operation, low pressure clean water is applied to the sponge and
negative pressure by the water vacuum draws back the soiled water. PHA was tested on a parabolic flight
with satisfactory results:
•

Water can be contained by the vacuum if water flow is kept below a critical level.

•

The device provided general feelings of refreshment in microgravity.

•

The ergonomic handle was easy to use and provided reachability to most body regions.

The study does not evaluate the power consumption of the water vacuum nor does it estimates the rate of
water usage for an average operational period.

Figure 8-16: Personal Hygiene Assistant (VOGLER, A., 2000)
8.5.2. Food preparation and meals

The meal experience in microgravity is one of the core human activities that cannot be fully reproduced by
an analog on Earth. Knowledge in the area of preparing and eating food in orbit is available in the form of
anecdotes from previous space station and shuttle missions. The crews of past Space Shuttle missions (STS
– 5 and 6) and those of the Skylab indicated that variety and freedom to make improvisations at mealtime
are preferred rather than having a pre-set menu. Commander of the Skylab 4, Gerald P. Carr, rated the
frozen food as best, thermo-stabilized food as next best and rehydrated food as the worst. The crew also
preferred pantry style food stowage (PERNER, C. and Langdoc, W., 1994).
To summarize, three main factors make eating and food preparation complicated in microgravity:
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Traditional cooking techniques (i.e. boiling, stove heating) are either not feasible or not practical.

•

Food with crumbs and powdery by-products pose dangers to the spacecraft instruments.

•

Cleanups are complicated.
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Figure 8-17: FLOW in parabolic flight and in concept (VOGLER, A., 2000)

The social gathering during mealtime is cherished and known to all cultures of the world. Replicating the
table setting in orbit has benefits on crew interaction but this goal has been a challenge to scientist and
designers alike. A modular table system named FLOW was designed and tested in analog scenarios by
space architect students from the University of Technology Munich. FLOW is intended to be a personal
workstation but each one can be pieced together to become a large table. Prototypes of FLOW were
validated in several proof-of-concept studies in underwater and parabolic flights (see Figure 8-17).
The following summarizes the results of the analog study in anecdotal form:
•

Ingress and egress of FLOW can be fast and intuitive, even if the device is not adjusted precisely
according to the user.

•

A rotating spring mechanism was devised for the bungee cords, which can fix objects on the table
surface.

•

Restraints for the user’s feet and hips proved to be secure, and the torso had adequate freedom.

•

Folding and unfolding of FLOW in microgravity proved to be easy for the untrained user.

8.5.3. Clothing

Clothing inside of the spacecraft has a significant impact on the crew’s daily comfort, work efficiency and
personal hygiene making them a necessary factor in analog testing. More important than comfort, the IVA
garments also act as the first layer of protection against all threats inside of the vehicle, such as fire,
radiation and abrasions. During the Apollo missions, the cabin atmosphere was pure oxygen, thus
flammability was a critical issue. After the fire accident of Apollo I, a heavy emphasis was placed on fire
resistance in spaceflight clothing. Nomex® fabrics by DuPont were introduced since the Gemini program
and Beta (fiberglass fabric) and Teflon® (polytetrafluoroethylene) were selected for all Apollo missions
(AZHAYEV, A.N. et al., 1993).
Conversely, the IVA garments also protect the spacecraft from the crew. Underwear and base layers prevent
body by-products such as sweat, peeled skin and hair from entering the cabin environment and into the
instrument panels. Currently on-board the ISS, the IVA clothing is generally very similar to clothes worn on
Earth with a few exceptions:
•

Short, trousers and jackets are made of Nomex®, the flame retardant fabric from DuPont®.

•

Velcro® straps are attached to the surfaces of shorts and trousers for easy storage of flashlight,
pens and Swiss Army knives.

The shirts, socks, and undergarments are 100% cotton and are sometimes not flame retardant. The Russian
cosmonauts are equipped with the Penguin IVA suit that serves as a countermeasure. It simulates the
loading of the spine and back muscles with built-in elastic bands connecting the shoulders and the ankles.
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Russian cosmonauts typically wear the Penguin suits at least 8 hours a day (PERNER, C. and Langdoc, W.,
1994).
In April 2002, the Italian Space Agency conducted an experiment called VEST during the “Marco Polo”
Soyuz mission with Italian astronaut Roberto Vittori. The objective of VEST was to validate on-orbit
functionality of the VEST Clothing System. Once worn, trouser legs, sleeves and the waist may be adjusted
using Velcro®. During the experiment, it was discovered that the crew’s “neutral posture” in microgravity
had a close resemblance to that of snowboarders. From this study, an opportunity for a spin-in of
knowledge and technology from the extreme sports garment industry had been identified (DOMINONI, A.,
2005).
8.5.4. Sleeping

Many astronauts have reported difficulties adapting to sleeping in microgravity. Astronauts from the
Mercury missions slept in their seats and reported cases of “phantom hands” syndrome, where the hands of
the sleeping person would float without the person knowing. Thus, subsequent missions included hand
restraints for sleep in order to prevent damage or accidental triggering of instruments. Because these
symptoms can only be simulated in a zero-g environment, no terrestrial analogs can be used to study the
sleeping issues associated with long-term spaceflight.
These conditions can, however, be studied in space. Skylab was the first U.S. spacecraft to provide private
sleeping quarters to each astronaut. Subsequent crews felt that private quarters were necessary for any longduration mission. Crewmembers on the Space Shuttle have individual preferences with respect to sleeping
accommodations. For example, all crewmembers desire a means to control body temperature, but some
liked to float free rather than be restrained. Some wanted their head and/or whole body to be strapped to a
surface. However, blindfolds and earplugs have been used extensively by almost all crews (PERNER, C.
and Langdoc, W., 1994).
In 1998, SpaceBed was devised and tested on a parabolic flight by architecture students from the Technical
University of Munich. The design focused on low mass, low storage volume, highly hygienic materials and
ergonomically improved restraints. The inflatable head support secures the head, yet allows movement
during sleep. Essentially, the SpaceBed is the fusion between a sleeping bag and a stretcher. The sleeping
bag incorporates vapor-wicking textiles for maximum comfort and minimal mass. The straps, which
resemble those on a stretcher or an excursion backpack, allows for a one-size-fits-all design. Results from
parabolic flights are not adequate for credible evaluation of the SpaceBed system performance (VOGLER,
A., 2000). This is due to the short-duration of microgravity, but it is a promising innovation that requires inorbit field-testing.

Figure 8-18: SpaceBed (VOGLER, A., 2000).
8.5.5. Storage

Clutter in microgravity has a greater impact to work efficiency than it has on Earth. From an environmental
psychology perspective, disorganized objects can stimulate a sense of uneasiness and anxiety. During daily
life in orbit, waste items such as bits of paper and pieces of food, need to be effectively disposed of and
stored. The final two prototypes designed by students from the Technical University of Munich are the
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Built-in On-orbit Container System (BOCS) and the Non-Effusing Trash (NET) receptacle. BOCS intends
to improve crew quarter arrangement on the ISS by providing modular and customizable (i.e. colors and
surfaces) utility drawers. Each drawer has a hardcover door, which operates magnetically and opens to 180
degrees using spring-loaded hinges (see Figure 8-19A, B). Results from the parabolic flight indicated that
the push-open magnet mechanism worked well, but that the hinges required further improvement. The NET
receptacle is basically a waste bin with an opening that functions like a camera aperture. The innovative
feature of NET is that it is designed for one-handed use, and that objects in the receptacle are contained by
an aperture lid (see Figure 8-19C). Parabolic flight tests have been used to demonstrate both of these
features (VOGLER, A., 2000).

Figure 8-19: Built-in On-orbit Container System (A, B) and Non-Effusing Trash Receptacle (C) (VOGLER, A.,
2000).
8.5.6. Maintenance

Intra-vehicular activities need to be thoroughly practiced and optimized, especially in the case of critical
tasks such as maintenance. Operations and maintenance were successfully simulated using Virtual Reality
tools. The European Space Agency developed the Virtual Training Editor (VTE) and Virtual Training
Viewer (VTV) for the training and evaluation of various activities in the new ATV vehicle; including
stowage and the implementation of different payload configurations (see Figure 8-20). This solution is
based on the Parallel Graphics Virtual Manuals technology and enables both pre-flight and also on-board
training to refresh the skills of astronaut immediately before a procedure is performed (VTE/VTV, 2006).

Figure 8-20: The Virtual Training Editor (VTE) and Virtual Training Viewer (VTV) (VTE/VTV, 2006)

8.6. Policy and regulations
8.6.1. Space architecture: an interdisciplinary community

Although space architecture is an emerging field, its fundamental nature has been well known since the
beginning of civilization. According to architect professor Ted Hall, “all architecture is Space Architecture;
Earth architecture is just the subset with whose constraints we are most familiar” (ADAMS, C.M., 2009). In
2002, architects and designers with expertise in aviation and spaceflight gathered at the World Space
Congress to create an organized and political body called “Team 11.” Through the founding document
entitled “The Millennium Charter,” this interdisciplinary entity defined a series of fundamental principles of
space architecture including but not limited to sustainability, education and benefits that will have
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implications for future economic and political efforts (The Millennium Charter: Fundamental Principles of
Space Architecture, 2002). In the context of human spaceflight and extraterrestrial settlement, with analogs
as a critical intermediate step, the manifesto from the space architecture community brings relevance to the
human exploration effort.
8.6.2. Standardizations

Both NASA and ESA have documents with requirements regulating the design of any space system that
interfaces with human beings. The NASA-STD-3000 Man-Systems Integration Standard is a NASA-level
standards document and is valid for all NASA human spaceflight programs. It contains design
considerations and requirements for manned space vehicles, habitats and equipment, including those
regulating biometrics, crew safety, health management and architecture. ESA uses the ECSS-E-ST-10-11
standard, which is part of the European Cooperation for Space Standardization (ECSS), and it contains
human factors and ergonomics requirements. These requirements are meant to be adjusted to specific
project specifications. In addition, the Space systems -- Man-systems integration standard (ISO
17399:2003) regulate requirements for space habitat structures, vehicles, equipment, training, and
simulation facilities. These standardizations are based on findings on human factors in spaceflight. As more
research is done in the field, it is expected that the requirements will evolve. Analogs and simulations are
ways by which additional knowledge may be gained and will therefore influence the creation of future
standards.
8.7. Summary
Space architecture is an emerging field that has, in the past, been largely overlooked. However, recently
human factors pertaining to habitat and artifact design are gaining attention, as long-term human spaceflight
and extraterrestrial settlements are planned. As a synergistic union of sociology, psychology, ergonomics,
engineering and design, space architecture provides solutions that enable crew well-being and work
efficiency.
The challenges in analog studies of space architecture are:
•

Human factors and general issues related to design are usually not treated as high priority
development tasks, especially when budget and time are constrained. For example, BIOPLEX and
INTEGRITY were cancelled due to budgetary and programmatic challenges.

•

The field is subjective and there is difficulty in obtaining quantifiable results.

•

Some experiments that might have relevance in human-habitat and human-artifact interaction are
not well documented or publicized. For example, details of Underlab could only be obtained in
fragmented form through a personal interview and no scientific results were obtained.

•

Engineers tend to focus on solving engineering matters first and not treat design as immediately
necessary.

•

Most analogs focus on survivability instead of habitability. The issues of living space design are
perceived as tasks for the distant future, while technical issues are treated as high priority.

•

Past and current analog experiments have low fidelity in architecture and design.

•

Since professional crewmembers undergo intensive psychological selection and training, most
comfort-related concerns are not strongly advocated.

From the above challenges, the reviewed literature shows several opportunities for future work as follows:
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•

Concepts for in-situ resource utilization (i.e. class III habitats) have not been investigated in
analog environments in great detail.

•

Emerging space faring nations such as China and India are pursuing human spaceflight programs,
but no publications in the field of space architecture analogs have been found.

•

Most analogs are either not dedicated to human factor investigations or do not treat habitability in
a holistic way. Even if there are studies done in analogs, the fact that they are not created
primarily to study design usually means that there are limits to how much the parameters can be
changed. This means that it is difficult to create a variety of solutions for comparison purposes.
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•

The behavior of building materials have yet to be investigated in extraterrestrial environments,
because certain space effects such as microgravity are difficult to replicate on Earth (HOWE, S.A.
and Nixon, D.A., 2003).

•

Building techniques for space habitats are difficult to simulate on Earth for the aforementioned
reasons.

Analogs are important for space architecture, as the optimization of design demands many iterations and
test subjects. The key to space architecture is to find solutions to habitat interiors that enable the crew to
perform tasks easily and live comfortably. The psychological health on a long-duration mission has a
significant influence on mission success. Both environmental psychology and ergonomics have to be
considered, while meeting technical requirements.
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Chapter 9
Integrated Studies
9.1. Overview
This chapter will focus on the intangible aspects of analog studies, such as international collaboration,
potential commercialization, and the laws, ethics, and policies that govern them. An extensive comparison
between present analog sites, the relationship between these analogs and the mission type and duration is
also presented. Various improvements to analog studies, such as standardization and the possibility of a
fidelity metric are identified and discussed. Finally, future analogs that integrate multiple aspects of
spaceflight into a single study are carefully examined and analyzed.
9.2. International collaboration
As nations probe the prospects of a human mission to Mars, it is important to pay special attention to the
data that analog studies produce. Russia, the United States, ESA, India, China, and Japan are all making
efforts to improve their human spaceflight programs in order to reach the goal of sending a man to Mars
within the next few decades. The space race of the 1960s between the Soviet Union and the United States is
a thing of the past. Russia and the United States are no longer the only space powers but rather strong
members of a growing international space community. While international collaboration in space projects
has not decreased the total cost of space projects, it has allowed the financial burden to be shared between
participants, effectively decreasing the cost imparted on each of them. One successful example is the
International Space Station, humanity’s largest international project, which has involved 16 countries. The
International Space Station has demonstrated the feasibility and benefits of a truly international human
spaceflight program. The outstanding question is: are there international collaborations in analog studies,
how successful are they, and what is the future of these collaborations?
In 1962, NASA and the Soviet Academy of Science agreed to discuss their interests related to human space
missions and exchange research about human-related data from several tests performed on Earth. As a
result of this agreement, the Space Biology and Medicine group was created in 1972. The group held annual
meetings during the 80s, exchanging data from Soyuz, Apollo, Skylab, and Salyut programs. Meetings
between the U.S. and Russia continue though present day. They continue to share information about the
Shuttle and ISS (MCPHEE, J., White, R., 2008). Two groundbreaking reports were published by the Space
Biology and Medicine Group: “Foundations of Space Biology and Medicine, Joint USA/USSR Publication
in Three Volumes”, and “Space Biology and Medicine, Joint U.S./Russian Publication in Five Volumes”.
Those space agencies which are looking towards a human mission beyond the Moon face many of the same
questions and challenges. International collaboration in analog studies can achieve higher fidelity studies
with a wide variety of technologies and facilities, and forge stronger relationships between countries. There
is no doubt that the sharing of knowledge from these studies can decrease mission risk and increase the
productivity of future space missions. However, the number of astronauts on-board the ISS and the
experiments that they can execute are finite. Even though the ISS is an ideal platform for future studies, the
volume of scientific data returned remains too small for a complete understanding of long-duration human
spaceflight.
If an international collaboration in analog studies were to be immediately created, the data generated by
each agency would not be easily comparable because of the lack of a standardized methodology in the
experimental process. The experimental variables would not be controlled and the data sets gathered would
be different. For any meaningful collaboration, experiments would require a rigorous discussion
beforehand.
D. Sacotte, ESA’s Director of Human Spaceflight Department, clearly supports the international
collaboration for space exploration with these words:
We both believe in the value of international cooperation in all human activities, to reach
ambitious goals and solve global issues. Space, and space exploration in particular, is
something that can best be achieved through cooperation. (ESA, 2007)
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9.2.1. International cooperation in space

An example of this collaboration is cooperation between ESA and NASA on the BIORACK biological
facility of the Spacehab missions. The Spacehab mission flew on three Space Shuttle flights and several
Shuttle-to-Mir missions. In addition, BIORACK was a multi-user facility focused on biological experiments
under microgravity in preparation for the ISS. Spacehab is shown in Figure 9-1 in Atlantis’ payload bay
during integration for the STS-76 mission to Mir. Note the Russian and American flags on the Spacehab
module.

Figure 9-1: Spacehab in the Atlantis payload bay at KSC for the STS-76 mission to Mir (BRILLOUET, C. and
Brinckmann, E., 1997)

In early 2008 NASA and ESA developed their cooperation further and under took an elaborate
“comparative architecture assessment” of their Mars programs. This comparative report analyzed the
possibility of combining their programs. The assessment investigated the complementary aspects of each
agency’s mission architecture and the potential for improvements to both sets of exploration plans. In this
study, NASA and ESA detected some ESA capabilities that could potentially be incorporated into the
NASA programs (NASA AND ESA, 2008).
The Russian and Chinese governments signed an agreement of technical support of spaceflight in 1995.
Since then, China has made significant advances in its human space program. This agreement also included
provisions for the training of Chinese taikonauts at Russian facilities (SOLOMONE, S., 2006). The Chinese
space agency has recently developed its own training facilities in Beijing to provide training to its
taikonauts domestically (JOHNSON-FREESE, J., 2003).
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More recently, Russia and China signed the "Cooperative Agreement between the China National Space
Administration and the Russian Space Agency on joint Chinese-Russian exploration of Mars" In 2007
(DAILY, People's, 2007). China has drastically improved its human spaceflight program with strong
Russian assistance in basic spaceflight practices and technology. Although China has received significant
aid from the Russians, it is trying to invest in its own technology and in improving domestic technology and
processes to further develop the Chinese space program. The most recent agreement between China and
Russia, signed in October 2009 was entitled the “2010-2012 China-Russia Space Cooperation Project
Outline”.

Figure 9-2: International collaboration

The countries currently cooperating with China in space are: Brazil, Chile, France, Germany, India, Italy,
Pakistan, and the UK (CNSA, 2009). On 17 November 2009, United States president Barack Obama met
with Chinese president Hu Jintao and discussed the possibility of U.S.-Chinese cooperation in human and
robotic spaceflight (OFFICE OF THE PRESS SECRETARY, 2009).
Japan signed a cooperative agreement with CSA in 1989 to share opinions about microgravity technology
and Earth observations. The relationship remains strong today. JAXA’s relationship with the United States
has continued to grow since JAXA became involved with the ISS. Japanese collaboration with Europe
started in 1972 and was strengthened during the 1980s with a mutual exchange of telecommunications
technology between Japan, Sweden, and France. Japan has also been collaborating with Russia and
performed a series of experiments onboard Mir. Japan has a desire to strengthen its international
relationships in the space sector (JAXA, 2009).
Canada has historically played a small role in human spaceflight. They have provided the Canadarm for all
of NASA’s Space Shuttles and Canadarm2 for the ISS among other technologies. The Canadian Space
Agency (CSA) also has been collaborating with ESA for over 30 years. Recently, the CSA has become
more involved with ESA’s human spaceflight program. ESA’s policy on international cooperation makes
the CSA-ESA relationship easier to maintain than a relationship with NASA, who is subjected to U.S. arms
control regulations.
9.2.2. International cooperation in analog studies

The International Multidisciplinary Artificial Gravity project was designed by NASA, DLR, and Russia, but
was not successfully developed. The purpose of this project was to set up three ground test facilities,
located at each agency, to test new countermeasures to the effects of spaceflight using artificial gravity.
Substantial effort was invested in coordination, standardization of tests and the implementation of
centrifuge chambers. It was a challenge to facilitate the required organization, configuration management
and standardization plan, and to keep all three facilities updated. Unfortunately, the coordination and
planning phase took more time and money than was expected by NASA, and the U.S. decided to cancel the
project (MCPHEE, J., 2009). From this, all three participants learned the necessity to achieve a balance
between planning, facilities and testing in future international projects.
ESA, DLR, CNES, and NASDA (now JAXA) have collaborated on bed rest studies, researching both the
short- and long-term physiological effects of spaceflight on astronauts. They are continually focusing on the
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microgravity effects on weight-loss, loss of bone mass, and various countermeasures to physiological
problems of long-duration space missions (SCHMITT D., Elmann-Larsen, B., 2001).
The Mars500 project has been developed by ESA and the Institute for Biomedical Problems (IBMP) in
Russia. The purpose of Mars500 is to prepare for a human Mars mission. The six member crew is to be
isolated inside a chamber for 520 days to investigate the operational practices, physiological changes and
psychological effects. Enclosure is due to start in mid-2010. The first phase of the project consisted of a
105-day enclosure that concluded in July 2009 (ESA, 2009).
JAXA is also gaining strength in the space sector, providing technological capabilities as well as ground
facilities for astronaut training and mission operations. JAXA’s Astronaut Training Building houses an
isolation chamber, a hypobaric chamber, and research facilities for health care, space medicine, vestibular
function and bed rest. With these facilities, the Japanese have the capacity to undertake psychological
studies, hypobaric experiments and investigations into space medicine.
A rather active international organization is the Mars Society, which was founded in the U.S., but now has
members worldwide. The Mars Society has chapters in over 51 countries, including many emerging space
nations such as: Chile, Croatia, Cyprus, Ghana, Iceland, Mexico, Peru, and the United Arab Emirates.
FMARS and MDRS are analog facilities developed and operated by the Mars Society with the purpose of
improving the understanding of the human factors associated with a Mars mission, as well of the identifying
and addressing current technological shortcomings.
The above examples aptly demonstrate the potential of international analog collaboration on a variety of
levels. A more defined structure for international collaboration is needed for analog studies in order to
overcome political differences and broaden the horizon of space exploration.
9.3. Law, policy, and ethics
9.3.1. Legal

To look at the future of analog studies in the context of international collaboration, one must have a clear
structure of the agreements and the contracts that support such partnerships. The political interests of
countries cannot be ignored. One must take this into consideration in order to understand the political
sensitivity of partnerships in the space sector. Although NASA is looking to increase its partnerships for
future long-duration space missions, the terms of cooperation seem unbalanced as NASA, even in an
international project, desires control of it (BILLINGS, L., 2006).
One necessary component of a long-duration mission, for example a human Mars mission, is nuclear power.
The U.S. Congress prohibited the use of nuclear reactors, such as the one shown in Figure 9-3, in space in
1996 because of the potential for damage in the event of an accident and the negative public perception of
nuclear power. The procedures to ensure the safety of the crew in a nuclear-powered vehicle are quite
strenuous, but even worse are the restrictions on launching nuclear powered spacecraft, as the U.S.
president must give direct authorization for a launch to occur (PIDGEON, V., 1998). Steps must also be
taken to protect the crew of a nuclear-powered mission from being harmed by the reactor. Furthermore, the
use of nuclear power may cause international, political and legal burdens to a mission if one country
involved in a mission permits the use of space-based nuclear power and another does not. All these
considerations must be taken into account when attempting to simulate a similar nuclear environment in an
analog. Under the current legal restrictions, an exact simulation is not feasible.

Figure 9-3: A model of NASA's space nuclear reactor (GAISER, K., 2008)
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Another legal consideration is participant safety. The consequences of damage to the facility or injury to the
crew must be established before a simulation can begin. In an incident during the first Mars500 simulation,
the crew received a higher temperature warning (more than 30°C) and the carbon monoxide and carbon
dioxide concentrations were detected to be at unsafe levels. The crew sought refuge inside the storage
module, only to later discover that the alarm was due to a technical issue with the air filter and the
condenser (MOLLER, M., 2009). However, even false alarms can present a certain degree of risk, as the
crew had not received training as thorough as that given to astronauts, and thus the response of the crew
during a crisis situation can be unpredictable. The responsibility for a death or any other significant problem
during a simulation must be handled between the partners responsible for the project. In the case of
Mars500, the liabilities of Russia and ESA must be clearly defined prior to the start of the simulation.
Figure 9-4 shows the phase 1 Mars500 crew preparing to enter their habitat standing alongside their
program managers. The Mars500 managers are responsible for defining the liability regime between ESA,
Russia, and the crew.

Figure 9-4: Phase 1 Mars500 crew preparing to enter the habitat alongside management (ESA HUMAN
SPACEFLIGHT AND EXPLORATION, 2009)
9.3.2. Ethics

In an integrated analog test, where the simulation of a long-duration mission is complex, there exists a risk
that crewmembers might be negatively affected psychologically. The purpose of any test is to gather data of
the highest possible fidelity, but the scientific benefits must be balanced against the risk of harm to the
subjects.
The composition of a crew for both spaceflight and analog simulations must be selected based on their
ability to contribute to scientific experiments and the motivation and psychological stability of the
candidates. For long-duration missions, human relationships and intimate desires cannot be ignored.
Because of this, candidates must be emotionally stable and possess enough self-control to prevent romantic
conflict and sexual harassment or assault. There is a documented case of sexual harassment during the 8month SFINCSS simulation in 2000, when on two occasions, a Russian crewmember tried to kiss a
Canadian woman against her will. The consequence of this act was the installation of locks on personal
compartments (MCKEE, M., 2005). These issues, if they arise during a simulation, could affect the results
of the tests or cause further conflicts.
9.3.3. Policy

Extreme environments and remote wilderness areas have become a prime focus of the scientific community
for performing research and mission stimulations, but many of these sites may also hold an attraction for
tourists. Treaties, agreements, and protocols have become necessary to avoid the exploitation of natural
resources at analog sites. International agreements are necessary if the site is located in an area without
explicit sovereignty, such as the polar regions. Analog sites located within the territory of a state are
obligated to follow its laws.
Analog sites at Antarctica are subject to the Antarctic Treaty System, which was publicly announced in
1991 as the Madrid Protocol. Several other conventions and recommendations have resulted in the Protocol
on Environmental Protection to the Antarctic Treaty, which reserves Antarctica for peaceful purposes and
ensures the freedom of scientific research. This entered into force on 15 January 1998 and defines a number
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of obligations and prohibitions addressing many activities in Antarctica. All activities, scientific and
recreational, are subjected to the treaty’s provisions, which require environmental impact assessments,
waste disposal plans, and the protection of Antarctic flora and fauna. The member states party to the treaty
must ensure that these provisions have been implemented at the national level and are followed for all
Antarctic activities under their jurisdiction
Analog sites in the territory of a state are subject to its laws, leading to differences between sites. Therefore,
NOAA’s Aquarius underwater laboratory off the coast of Florida in the Florida Keys National Marine
Sanctuary is obligated to follow the United States’ National Environmental Policy Act of 1969.
9.4. Economic assessment of analogs
Space industry, by nature, requires trailblazing research and development, both within the sponsoring
agencies and the companies working to support them. A prime goal is to develop new and innovative
technologies that can survive and function in the harsh environment of space. For this reason the industry
generally hires the best-in-class technical and scientific talent to study these problems, sometimes taking a
number of years before a solution is found. Both analytical and practical means are used by teams of
scientists and engineers to understand and address these important technical challenges. The responsible
teams may also use analog sites to mimic the space environments, such as the Moon or Mars, and thereby
provide the capacity to test the impact of this environment on humans, robots, and other hardware. The
following analysis provides an economic assessment of analogs and a critical review of their efficacy in
commercializing new space technologies.
9.4.1. Research methodology and unreliable data

In order to exhaustively evaluate the state of analogs, research was undertaken on over 40 analog sites. A
template, such as the one in Table 9-1, was developed to assemble the key elements available in documents
related to the analog site. Finally, a detailed search was conducted for recent documents on the
commercialization and historic evolution of analogs. In many instances, information was simply not
available. In many other cases, the information that was available was inauthentic or out of date. For
example, Biosphere 2 (see Table 9-1), while better documented than most other analogs, provides
conflicting information with regards to cost and maintenance. This research has, however, adhered to the
data available from the source, even that which is slightly dated, as opposed to using sources that may not
be authoritative or reliable.
The fact that this research did not locate (in many cases) even basic financial information on the analogs
does not mean that it does not exist. It does, however, mean that not enough importance has been accorded
to this subject by analog sponsors.
9.4.2. Analog ownership

Despite this general dearth of information, through research focused on more than forty analogs, four
classes of owners were identified. Each of the analog sites are built and operated for a unique, specific
purpose, even though the underlying goal was to simulate the space environment. The four categories of
analog owners are:
•

Space agencies: Agencies tend to create analogs with the resources allocated to them through the
budgetary process. Generally, they are not very explicit about commercialization plans of these
analogs, the cost-structure analysis, or processes used for determining the most effective way of
developing and utilizing the analog.
Space agencies represent 61.6% of the current analog sample.

•

Academics: These are similar to the space agencies and tend to justify creation of an analog
based on scientific and engineering objectives. Additionally, there may be an inherent (and
genuine) tension between the academic mandate and the process of commercialization. However,
building a sound resource plan that defines the most efficient use and the guardianship of the
analog and its related resources can in fact tie into how the analog is perceived and its survival
capability under arduous financial circumstances.
For example, Biosphere 2, now managed by the University of Arizona, uses tourism to generate
funds for its upkeep which is a distinct departure from its original mandate (BIOSPHERE 2 UNIVERSITY OF ARIZONA). A departure from this general state of affairs for this segment
was also found in the University of Hawai’i’s Aquarius Underwater Laboratory. This project is
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fairly creative, in that it segments its services by price-differentiation to cover market segments
that may need quick results as well as those who can wait longer (NASA - AQUARIUS).
Research centers and universities represent 12.8% of the current analog sample.
Associations: These, in general, tend to create analogs using sponsor funds, and hence are
necessarily geared towards justifying their existence to a constituent group that provides funding.
It was generally found that associations provide elaborate business plans, complete with potential
opportunities for sponsorships, and try to establish a win-win situation for themselves and the
industry through data sharing and media placements. Mars Society’s "Mars analog Research
Stations" program has done a phenomenal job of marketing itself to promote its interests along
with that of its sponsors (EURO-MARS). However, it is also notable that an association, by the
very nature of its mandate, is not necessarily profit oriented, and is focused primarily on covering
the cost of construction and maintenance.

•

Associations also represent 12.8% of the current analog sample.
Private sector companies: Companies tend to create analogs with private funds and are
responsible to a group of shareholders and stakeholders who generally demand a return on their
investment, along with cash generation potential. It was found that they try to commercialize the
analog in any way possible. Furthermore private companies also focus on productizing their
work.

•

Private sector companies represent 12.8% of the current analog sample.
Entrepreneurial initiatives have tried to develop analogs for multiple purposes, including for promoting
space exploration. Biosphere 2, for example, was created by Space Biosphere Ventures in 1987 at a cost
$200M (funded by Texan billionaire Ed Bass),
To elucidate the laws of biospherics; to create the corporate capacity to design, build,
operate, and consult on the management of artificial biospheres; and to assist in the
improvement of the ecological impacts of the human impacts on the Earth’s biosphere.
(ALLEN, J.)
Biosphere 2 has had mixed financial success since it had to abandon its mission in 1994when Columbia
University took over its management, ending all closed systems research. In 2007, Biosphere 2 and the
adjoining property were sold to a land developer for $50M. The University of Arizona received the mandate
to manage the Biosphere 2 dome and it currently showcases plant and soil ecology to eco-tourists.
Additionally, the project received $3M of funding from Science Foundation Arizona in December 2008
(JONES, L.).
Table 9-1: Sample analogs

Name

Cost of
utilization

Construction & maintenance cost

Owner type

The Aquarius
Underwater
Laboratory

$ 100,000 for 10
days

The cost of operating Aquarius is
between $1.3 and $1.5 million a
year

Academic

Biosphere 2

No cost indicated

$150 million

Academic (was created
by a company)

Flashline Mars
Arctic Research
Station

No cost indicated

Euro-Mars

No cost indicated

Mars-Oz

No cost indicated
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Project final cost was $1.3M, raised
through sponsorships with major
companies.
The budget for set-up and
operations through the first two
years of operations is estimated at
$500,000
These comparisons suggest a
construction cost of the order of
$650,000 and an annual operating
cost of $110,000.

Association

Association

Association
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9.4.3. Paths to Analog Commercialization

Through an extensive survey several ways of commercializing analogs have been identified:
•

Test facilities: Every test facility, which simulates at least one condition of space, may be
considered as an analog. The scope for test services is therefore fairly broad. In addition to the
industrial customers (not in space-related industries) for whom analog-based testing would be
most useful (particularly before deploying the products in the market), even “consumer” oriented
entities could benefit tremendously from such testing facilities.
In particular, it is easy to visualize specialized analog sites that can cater to specific market
niches. There are several microgravity analogs that allow for variable microgravity durations and
g-levels needed by consumers. These may range from parabolic flights to drop towers, as well as
sounding rockets, the space shuttle, or the ISS (PEETERS, W, 2002). The possibility to estimate
cost of microgravity per kg-hour gives the consumer the opportunity to choose the solution best
adapted to his or her needs. Microgravity experiments may be purchased for high-performance
alloy casting, crystal growth, particle technologies, energy production and management,
biotechnology, and medicine (PEETERS, W, 2002).

•

Tourism: Analogs sites can also be used for entertainment purposes. Through Star City’s
Cosmonaut Training Program one can experience strong g-forces and the adrenaline rush that an
astronaut would feel during a launch. Star City offers two categories of centrifuge experiences,
one is a 7m and the second an 18m centrifuge, with the latter providing a more intense
experience. These types of experiences are particularly favored by enthusiasts and aspiring
amateur astronauts (INCREDIBLE ADVENTURES). Additionally, similar facilities now exist in
the U.S. and Europe. For example, the Big Shot Thrill Ride in Las Vegas emulates the trajectory
of a spacecraft at launch and descent, and is very popular among tourists from across the globe.
One can also tour the Baikanour Cosmodrome facility (Baikonur Tour: Cosmodrome) and NASA
Johnson Space Center in Houston to discover the history and technologies associated with the
evolution of the global space program. Finally, one can also relive the life of an Astronaut at Star
City through “A day as an Astronaut” program which allows ordinary citizens to experience
Astronaut training (INCREDIBLE ADVENTURES).

•

Media: Analogs, especially when they simulate long-duration manned missions of other celestial
bodies, have proven to attract more media attention, making it easy to find financial sponsors
through product placements and other creative marketing activities (EURO-MARS). It is also
possible to use such a facility after the analog has been concluded as a tourist attraction, as was
done by Biosphere 2.

•

Spin-off: Spinoffs represent attractive technology off-ramps for both space agencies and the
industry at large. For large space agencies, they represent a return on investment from the
expensive research they have undertaken, and a regulatory mandate they need to fulfill given that
they are backed by taxpayers. Additionally, space agencies view this as a way to build
relationships with companies from whom they can source technologies for their own pressing
needs and learn about the technological breakthroughs occurring in the private sector.
Similarly, for companies that license a technology from a space agency, it can mean an instant
shortcut on years of research and savings of millions of dollars, not to mention that some
technologies cannot be developed in isolation and are developed incidentally to other efforts.
Furthermore, it also allows entrepreneurs to exclusively focus on developing applications of these
technologies and marketing them to potential customers, essentially creating an efficient
economic engine.

9.4.4. NASA and ESA spin-off policies
9.4.4.1. NASA commercialization efforts

Accounting for these vignettes has also been systematically undertaken by NASA, which has partnerships
with technology incubators and laboratories and possesses an active technology spin-off program. For
example, NASA’s Innovative Partnerships Program (IPP) is focused on both technology transfer (through
spin-offs) and seeking solutions to NASA’s pressing technical challenges. In addition to funding small
businesses to carry out innovative research, IPP programs also share the cost of research and development,
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provide seed funding to small businesses and offer prizes for innovative research. NASA’s
commercialization efforts have made a strong impact in the areas of health, medicine, transportation, public
safety, the environment, and agricultural resources (COMSTOCK, D.A and Lockney, D., 2007)
A strong body of regulatory and legal institutions supports NASA’s commercialization efforts. The most
prominent of these are the Small Business Innovation Development Act of 1982, the Federal Technology
Transfer Act of 1986, the National Technology Transfer and Advancement Act of 1995, and the
Technology Transfer Commercialization Act of 2000. Additionally, the NASA Authorization Act of 2005,
which specifically requires NASA to develop a commercialization plan from technologies resulting from its
new Moon and Mars initiative, and the 2006 NASA Strategic Plan buttress the role of NASA in spurring
innovation through supporting small businesses and building tech-transfer relationships with private
industries. NASA’s Spinoff magazine has published over 1600 commercial success stories over the last 25
years (COMSTOCK, D.A and Lockney, D., 2007).
A great beneficiary of NASA’s technology commercialization efforts has been the entertainment and
amusement park industry. They have successfully leveraged NASA’s simulator and software systems to
create high-g rides such as Big Shot Thrill Ride in Las Vegas where one can experience several g’s at a
height of about 600m above ground level.
9.4.4.2. ESA commercialization efforts

ESA’s case is similar to that of NASA, with several vibrant technology commercialization initiatives. It
promotes technology transfer through the EIROforum conference, an intergovernmental organization
comprised of seven institutions, which have strong records in research and development. EIROforum’s goal
is to efficiently transfer leading-edge technologies into the private sector to enhance the quality of life of
European citizens (ESA).
Starting in 1997, ESA has specifically created programs for the inclusion of small and mid-sized businesses
in the agency’s technology procurement process while also allowing them to access ESA’s technical
facilities and tools. To promote this, ESA specifically publishes Announcements of Opportunities for small
businesses, and reserves the award of proposals for this segment (ESA).
ESA has also created the Advance Research in Telecommunication Systems (ARTES) program to allow the
communications satellite industry to perform research in collaboration with ESA. For example, ARTES-3
and -4 were two missions dedicated to the development of telecom products, including equipment and
services, while ARTES-8 focuses on the development and deployment Alphasat, a telecommunication
platform demonstrating a variety of user services (ESA).
Finally, ESA manages a Technology Transfer Program Office in the Netherlands whose sole mission is to
manage the transfer of space technology and systems to non-space applications (ESA).
9.4.4.3. Success stories

A popular spinoff that came out of NASA-based research done by the faculty of the University of Florida in
the area of air revitalization and water recovery became a poster-child for space technology
commercialization. The principals of this research used the faculties’ understanding of the technology and
market to launch the company MTS. This company commercialized silica-titanium composite technology
to remove 98% of the volatile organic compounds (VOCs) from pulp and paper mills and 99% of the
mercury from coal fired power plant flue gas. The addressable market size of their products is estimated at
$2-5B per year with Fortune 500 clients including power companies that use coal-based power plants
(MAZYCK, D.W., 2006).
NASA additionally lists an overview of important spinoffs and achievements each year in its Spinoff
publication, of which the most recent was published in November 2009. Its 2008 anniversary issue
highlights most prominent technologies derived from NASA research over the last 50 years.
The value of companies like MTS lies not only in proving the value of commercialization, but also in
placing NASA on the side of initiatives that are helping fight global warming and harmful effects of climate
change. These companies allow NASA to make a strong case for more funding from the government given
the overall impact of their work on the quality of life of the citizens.
Several studies have tried to measure the economic and social impacts of investment in space research,
often using traditional macroeconomic and case study analysis. However, the biggest criticism of such
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studies has been around the measurement of the impact of a certain technology. Recently, studies have
emerged using the “1% rule”, which indicates what a 1% saving on the losses due to a particular problem is.
Osteoporosis, for example, costs the U.S. and EU approximately $60B in direct costs annually and up to
$200B when other indirect costs are taken into account. Hence, a 1% saving ($2B/year) demonstrates the
potential value that can be created by research and commercialization in this area. The key benefit of using
the 1% rule is that it provides a measure independent of the actual performance (SALAZAR, 2008).
9.4.5. Identified Gaps

This research identified a number of gaps, which highlight the tendency of the analogs to be science and
engineering oriented, and to neglect economics and commercialization. This could be because the primary
design-drivers for analogs have, historically, been engineering and scientific concerns, focused on the study
of specific aspects of human physiology, psychology, or robotics. From this perspective, it may be that the
overall cost-benefit approach has not yet been fully interwoven within the overall framework of the analogs.
Listed below are some findings related the gaps in financial data and availability of spaceflight analog
related commercial literature:
•

Gaps in economic and financial data availability: In general, it is the conclusion of this
research assessment that the economic and financial information necessary for a true economic
analysis of analogs is still extremely poor. Data on cost-structure, revenues, and viability of
commercial use if they even exist, are few and far-between, and often not readily available. As a
direct consequence of this lax data collection and reporting, there exists nothing approaching a
database on the subject.

•

Gaps in economic studies of the analog market and of its opportunities for
commercialization: As a result of the above gap in data availability, it is difficult to find an
authoritative financial study pertaining to the analogs and the opportunities to commercialize
them based on quantifiable measures. The critical information, which is lacking relates to the cost
of conceptualizing, developing, and operating these analog sites. Also not well understood is the
size of, and segments within this market, where a commercial entity thinking of developing
analogs as a business could develop a reasonable strategy, particularly one focused on a narrow
sliver of the market through creation of a niche analog service.

•

Gaps in knowledge management: Despite the amount of resources invested in the creation of
analogs, no robust knowledge aggregation and management tool was found. Each analog has
specific learning associated with its development, and it is highly likely that knowledge gained to
solve the unique issues of analog creation is lost once the analog has been concluded, without a
holistic assessment.
Additionally, since every product and technology geared for space usage has to be tested in a
facility to analyze its particular characteristics, information which is critical for evaluating its
commercialization potential. Lack of an organized system to track and manage this information is
an impediment to commercialization and may lower the return on investment in analogs.
Filling this gap is critical. Studying, compiling, and sharing information about analog projects and
their associated economics would be more than useful, and could in fact catalyze
commercialization of analogs in the future.

•

Gaps in assessment of analog operational efficiency: No studies have been found discussing the
return on investment of the resources invested in an analog project. Once again, the focus seems
to have been purely (and understandably) on science, and it is clear that the scientific and
engineering results were the only concern. Accordingly, the current research has not found any
major study on the best practices associated with managing of resources to enhance efficiencies in
analog creation and operations.

9.4.6. Economic summary

It is clear from this preliminary research that analogs have potential for developing breakthrough
technologies and expanding knowledge by virtue of simulating the space environment, and that the analogs
sector has yielded commercialization opportunities, albeit from sources which were not originally
anticipated.
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Additionally, it is also evident that space agencies have played a positive role regarding the
commercialization efforts related to space technologies. NASA’s Spinoff is a classic example of the best-inclass use of public funds, and ESA’s initiatives to develop local industry through space investment are
laudable.
This research, taken in a purely analog-oriented context however, has not yielded any policy documents that
highlight the role of the private sector in the development and operations of analogs. Analogs, by and large,
remain the domain of space agencies and nonprofits such as universities and associations. In fact, this
research found that private analog sites (such as Biosphere 2) developed by investors were only moderately
successful given their lofty initial goals. Hence, it is not conclusive or clear whether analogs are sustainable
or achievable over a long period as a pure business model, or if they are fundamentally dependent on public
support for long-term success.
This analysis is further clouded by lack of research conducted in the area of analogs (specifically analog
commercialization), and by the overall lack of data. The key take away from this research is that the lack of
data needed to evaluate the efficiency, operations, and commercialization potential of technologies from
analogs may in fact be a lost opportunity given the high investment in analogs. Additionally, lack of good
knowledge-management tools may also be prohibiting further advances in analogs and in their best
practices and uses.
While it is possible to use results from other space studies to determine the overall societal impact of
investment in analogs (such as the $3.50 return for every dollar invested in space industry), lack of concrete
data prohibits analysis of return on investment from specific analogs. As described, this can be daunting for
private companies wanting to provide analog as a service through creation of space analogs and similar test
sites.
9.5. Comprehensive discussion of analogs
As it is the focus of this report, special attention is given to analysis and discussion of the results relevant to
long-duration space missions. In fact, with recent international interest in lunar exploration, Americans,
Russians, Chinese, Indians, Europeans and Japanese have announced intentions to create a manned lunar
base, potentially leading to a future human mission to Mars. Because of these aggressive goals, it is
imperative to correctly predict the effects of long-duration travel on humans. Identifying these effects will
provide astronauts with a genuine simulation of mission characteristics and parameters to accurately
evaluate the risk and human performance capabilities.
9.5.1. Analog comparisons

In the NASA Analogs Database, an online method was implemented to compare various analogs (WARD,
B., 2007). The main objective of the website is to provide a source of information and a collaboration tool
for analog activities that are relevant to NASA’s exploration program. This data is publically available
freely accessible.
The Survey of Past, Present and Planned Human Space Mission Simulators performs a comprehensive,
comparative survey of many analog missions to date (MOHANTY, S. et al., 2008). It is a condensed and
updated version of the detailed ESA Technical Report produced for the FIPES Study that involves a Design
Study for a Facility for Integrated Planetary Exploration Simulation conducted by the company Liquifer
Systems Group (LSG) (LIQUIFER SYSTEMS GROUP, 2006).
In 2008, the Massachusetts Institute of Technology submitted a report in response to the Design
Competition of the Pacific International Space Center for Exploration Systems, PISCES (GUEST, A.N., et
al., 2008). The content of the project was an examination of the landscape of analog sites and the
formulation of a fidelity metric to rank them. The report includes a survey of sites of interest like the Mars
Desert Research Station, the Haughton-Mars Project, the Flashline Mars Arctic Research Station, and
NASA’s Extreme Environment Mission Operations expedition series at the underwater Aquarius lab.
9.5.2. The matrix

Previous research has focused on specific niches of analog studies and has compared them within these
groups. No study has ever compared purely physiological studies, like bed rest, to analog missions, like
FMARS. Each analog type simulates a different, but equally important aspect of spaceflight. Corresponding
with the comprehensive research of this review, a matrix has been created to provide a simple visual aid to
the reader. This matrix can be found in the appendix.
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The top rows of the matrix provide a quick reference to the key aspects of the analog study including
gravity levels, duration, environment, and atmospheric pressure. The columns are broken up into broad
categories of analog studies, such as spaceflight, isolation, underwater, analog missions, laboratories,
robotics, and Virtual Reality (VR). The matrix is designed to help the reader see what aspects of spaceflight
a specific analog study can recreate. In addition, a reader with a specific research topic can easily determine
which analog studies they should focus their attention to.
The goal of the matrix is to quickly and effectively identify both successful operations and gaps in research.
With little effort, one can look at the matrix and see that there are no analogs to date that can recreate every
aspect of a long-duration human spaceflight mission, and none include a closed biological life support
system along with EVA simulations. Furthermore, no analogs combine the robotics usage of NASA’s
Desert RATS with extended operations such as those conducted in FMARS. However, one can also easily
see that only the proposed Mars500 mission conjoins extended confinement with EVA simulations. This
mission is likely to produce valuable results on human performance in extended confinement.
9.6. Improvements and future of analog research
9.6.1. Standardization

As presented in previous chapters, there is a large variety of analog studies that have been or are being
undertaken throughout the world. Despite the large number of studies and the variety of results obtained,
these tests are conducted independently of one another and the documentation of performance is insufficient
for the great majority of studies.
To perform constructive risk mitigation of the reference mission, it should be possible to actively measure
risk during an analog study. The lack of consistent and efficient risk management is still a large gap in
current analog studies.
Moreover, there has been little collaboration between the different sponsoring organizations. If achieved,
international collaboration would bring great improvements, especially with respect to data comparison and
analysis. Jancy McPhee has proposed four different levels of cooperation between space agencies: with
each new step encouraging increased collaboration. The simplest level involves a formal data exchange
agreement in which the agencies agree to share certain parts of the data they collect. The next level would
be to implement a standard such that data sharing would be more valuable. McPhee then suggests a full
sharing of standardized data along with joint planning of analog studies. This allows each participating
member to focus on one aspect but to collectively accumulate data on multiple aspects. Finally, the highest
level of collaboration involves a complete international collaboration including standardized data sets
available to all involved parties (MCPHEE, J. and White, R., 2008).
Although these proposed methods have great potential, no international collaboration on this scale has
successfully been achieved. This lack of data and variable sharing yields conflicting data sets between the
analog studies. Furthermore, the variables investigated in each study are different. The inconsistent data sets
and the lack of control over experiment variables imply that a comprehensive scientific review of work to
date is impossible. In order to create a thorough analysis of future space missions, it is necessary to merge,
complete, and classify the different elements, implementing standardization in both the data gathered and
the variables changed in each analog study. While separate analog studies accumulate knowledge in a
specific topic, that information must be standardized and shared in an efficient way for dissemination to
ensure future mission success.
9.6.2. Fidelity metric

Despite NASA´s Analog Database presenting an extensive list of analog studies, there is no reliable
technique to evaluate historical, current, and proposed analog studies on their level of fidelity compared to
actual spaceflight. A metric to evaluate the accuracy of an analog study’s simulation of spaceflight is
required in order to improve spaceflight analog research.
The Fidelity Evaluation Framework began the discussion and implementation of trade studies and metrics
to compare analogs. However, in this first methodology the metrics were inconsistent across comparisons
(MOHANTY, S. et al., 2007).
By collecting, editing, and filling out existing analog trade study metrics (MOHANTY, S. et al., 2007)
(SNOOK, K.J. and W.W., Mendell, 2004) a Systems Engineering Process for the Development of Analog
Missions for the Vision for Space Exploration was developed (DEEMS, E. and Baroff, L., 2008). The
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proposed work was to determine a consistent set of fidelity metrics. The list, suggested by Deems, covers a
wide range of topics where the metrics are classified as functional, operational and behavioral. The process
of comparison and rating was to be completed by multiple evaluators, and averaged.
All previous work done has lead to the development of a fidelity metric system to evaluate analog sites and
missions. However, all of the proposed solutions try to narrow the scope of the study, applying the fidelity
metric to a reduced set of analog sites and forgetting simple experiments that are also fundamental analogs
for a long-duration mission. No metric exists that can compare a wide variety of analog studies to a true
reference spaceflight mission.
Each analog needs to be rated on how well it can simulate a long-duration human mission. The criteria for
rating will inherently vary depending on the mission of reference. For example, a lunar mission would need
less emphasis on long-duration confinement and the loss of bone mass from microgravity and more of an
emphasis on EVAs and human-robotic interaction. In contrast, a mission to Mars would require a
simulation of long-duration confinement in an enclosed structure, followed by intense EVAs with robotic
assistance, and finishing with a second long-duration confinement.
Every facet of spaceflight needs to be evaluated on its importance to the reference mission. These weights
can then be multiplied by how well a specific analog study replicates that variable. The summation of each
of these modified factors for a given analog study can determine how well an analog study replicates the
reference mission. This will allow organizations proposing future analogs to preemptively rate their study
and easily identify techniques to increase its fidelity.
9.6.3. Future high-fidelity analog studies

The matrix in the appendix aptly demonstrates that there are now analog studies that replicate virtually
every aspect of spaceflight. Future analog studies will require more integrated systems encompassing
multiple aspects of spaceflight. One cannot expect researchers to combine physiological studies with
confinement, isolation, and EVAs. For example, it is unethical and infeasible to subject crews to bed rest to
replicate muscle atrophy and the loss of bone mass while remaining confined and isolated for months.
However, it is rather simple to envision an analog study that could combine confinement, isolation, a closed
biological life support system and extensive EVAs with robotic assistance. Currently, this study is hindered
by cost and technology. The robotics proposed to be used in future lunar missions is not yet ready for
complete field operations. More field tests with analogs like Desert RATS are required to improve the
designs and operational techniques before they are ready for long-duration, maintenance-free operations,
even on the Earth. Once designs and procedures are finalized, a high-fidelity integrated analog study of
descent duration is necessary to validate operational methodologies prior to an actual human mission on
another planetary body.
9.7. Summary
Legal and ethical obstacles to analog studies exist, but are not insurmountable. International cooperation in
analog studies with well-defined standardization to ensure free access to data sets and experimental
variables is a necessity for further analog studies. A metric needs to be created which can evaluate past,
current, and future analog studies on how well each can replicate a given reference mission. This will
ensure that future analog studies are building on the foundations laid by previous studies.
Financial data on analog studies is nearly nonexistent in publicly available sources. Creating market
analyses of the spaceflight analog industry is difficult. A detailed analysis of the analog marketplace is
required to spur future commercialization of the analog industry. Open financial data will allow private
companies to enter the industry and identify new markets that are not apparent to space agencies or nonprofit organizations.
Future analog studies will inherently be of higher fidelity. They will need to integrate multiple aspects of
spaceflight including isolation, confinement, a robust life support system that may be biological in nature
and robot assisted EVAs. This is a necessary precondition to any human mission that intends to use these
technologies.
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Chapter 10
Conclusion
"With the experience and knowledge gained on the
moon, we will then be ready to take the next steps of
space exploration -- human missions to Mars and to
worlds beyond (BUSH, G.W., 2004)."
President George W. Bush
In 2004, NASA, an international icon for human spaceflight, accepted a new Vision for Space Exploration
to go to the Moon, Mars, and beyond. Following NASA’s example, many nations have also begun to focus
on long-duration human missions. The inherent dangers and lack of information about the effects of these
missions necessitate analog studies now more than ever. Through the comprehensive discussion presented
in this review, an in-depth analysis of past, current, and future analogs identify gaps in research. By
identifying the gaps, current analogs can be enhanced and new analogs designed to ensure the success of
future crewed exploration missions.
As outlined in the introduction, a number of important gaps in analog research have been identified.
Throughout the various disciplines and topics presented in this review, common holes were found. Despite
the goal of overcoming all gaps, improving analogs is a challenging task that should be approached in steps,
beginning with addressing issues that affect all aspects of analogs. Some general areas in need of
improvement are as follows:
•

Integrating a variety of space-faring nations into analog studies is not being done on a regular
basis. However, the major space nations are realizing that without international collaboration a
mission to Mars is not possible. To prepare for the future, analogs must study the ramifications of
including dissimilar cultures in a confined, high stress environment.

•

Current analog studies have only been performed on Earth or in LEO. There are many
physiological, psychological, and technical problems that become relevant outside of Earth’s
sphere of influence. The only way to accurately study these effects is to physically go outside of
this sphere, which has not been achieved since the Apollo missions.

•

In order to prepare for a long-duration mission it is crucial to test elements for the full mission
length. This is the only way to ensure that both technical and human factors can accomplish the
mission successfully.

•

As each mission involves a complex combination of human factors it is necessary to perform an
integrated study to observe how these elements interact. This integrated study must start by
evaluating the fidelity of current analogs and then combining the best aspects into integrated
analogs, which address multiple challenges.

Using mutual gaps as a starting point, the following possible paths of analog development are proposed for
future research:
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•

A complete analog roadmap for a human mission to Mars or the Moon. A package of analog
scenarios to test all aspects of the specific mission including cost analysis and risk mitigation.

•

An all-inclusive analog for long-duration human missions to the Moon or Mars. This is one
analog site that includes as many high fidelity aspects of long-duration missions as possible. This
is an Earth-based analog that is performed over an entire mission duration to study the interfaces
and interference between different aspects of the mission.

•

Adapting and improving the ISS to simulate the spaceflight components of long-duration human
missions, like the journey to Mars. These studies could include habitability factors, psychology,
animal testing, and microgravity effects.

•

Improving the proposed matrix. The matrix will be used as a database for future studies. It will
propose an evaluation metric, method for standardization of results, and a tool for creating future
analogs including commercialization opportunities.
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Create an experiment based on ISU students performed on the ISU grounds studying
confinement, psychology, international crew interactions and mission control elements. The
results would be shared with the international community.

As humanity looks towards the stars, the developments of new exploration technologies will be essential.
From the sampling of concepts presented in this review it is evident that the possibilities for the
improvement and expansion of analog studies are endless.
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Appendix 1
List of Analogs
Current missions
Spaceflight
International Space Station (ISS):

ISS has been permanently manned by a crew of at least 3 since March 2001. Expeditions last for six months
where international crews live in microgravity, perform EVAs, and conduct a variety of scientific and
biologic experiments (KAUDERER, A., 2009).
Shuttle:

The space shuttle first launched April 21, 1981 carrying international crews of 2 to 8 people to space.
Shuttle missions have lasted 17.5 days in orbit. Crews deploy spacecraft, assemble ISS, conduct EVAs, and
perform experiments (WILSON, J., 2006).
Soyuz:

Russian spacecraft launched empty for the first time in 1966 and with a crew in 1967. The Soyuz Spacecraft
is part of a whole program, which also included rockets. With more than 230 built and flown it’s the most
successful and the most long-lived manned spacecraft. Thanks to this rich history a lot of knowledge has
been acquired, particularly in the human physiology area.

Underwater
NASA Extreme Environment Mission Operations (NEEMO):

Since 2001, NASA has been sending astronauts to Aquarius, an underwater habitat located 5.6 km off the
coast in the Florida Keys, 19 m underwater and operated by the National Oceanic and Atmospheric Agency.
NASA astronauts live and work underwater in a hyperbaric atmosphere for a period of 1-2 weeks,
simulating EVAs and the psychological aspects of confined environments (KAUDERER, A, 2007).
Neutral Buoyancy Laboratory:

Located in the Sonny Carter Training Facility under the direction of the NASA’S Johnson Space center in
Texas, it consist of a huge swimming-pool 202ft in length, 102 ft in width, and 40 ft in depth. Used to train
astronauts to perform EVA for future missions, it has been also used as an analog for robotics and
psychology.

Analog missions
Haughton-Mars Project (HMP):

A Martian analog in terms of terrain, HMP is located in the high Canadian arctic on Devon Island. It is
operated by the Mars Institute and supported by the SETI institute. Since 1996, HMP has been an
international, interdisciplinary field research project focusing on studying the evolution of Mars. HMP also
supports an exploration program testing new technologies, robotics, human factors, and operational knowhow to plan future missions to the moon and Mars (MARS INSTITUTE, 2008).
Flashline Mars Arctic Research Station (FMARS):

Operated by the Mars Society since 2002 on Devon Island in the high Canadian Arctic, FMARS houses
international crews of 6 for 21-100 days under Mars-like situations. Simunats (simulated astronauts) must
operate with communications delay, conduct EVAs in space suits, and live in a Mars lander-like habitat
while conducting scientific research using experimental technologies for potential use in a Mars mission
(KIRK, A., 2009).
Mars Desert Research Station (MDRS):

MDRS has been operated by the Mars Society since 2000. International crews of 4-7 live in an 8-meter
diameter Mars-like habitat located in the desert near Hanksville, Utah, USA for a week while performing
in-situ research as if they were on a Martian EVA. Various technologies and human factors are investigated
during these tests (MARS SOCIETY, 2009).
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Pacific International Space Center for Exploration Systems (PISCES):

PISCES hosted its first analog field test in November 2008 under the oversight of the Pacific International
Space Center for Exploration Systems located in Hawai'i. It is utilized to perform lunar analog testing of
various lunar surface systems architecture including ISRU technology, software, operations, and habitats
during field exercises lasting 1-2 weeks (PISCES Projects and Accomplishments, 2007).

Robotics
Desert Research And Technology Studies (Desert RATS):

Since 1997 Desert RATS has brought together multiple NASA centers and other partners in various deserts
in the United States. Space suits, tools for astronauts, robots, and other technologies are put to the test for
10 days in the harsh desert of the American southwest. The goal of each Desert RATS field test is to
investigate how various robotic and human technologies interact and cooperate to conduct a variety of
simulated scientific studies for the Moon and Mars (SEIBERT, M., 2009).
JPL Mars Yard:

The Mars Yard is about 20-meters on a side and located at JPL in Pasadena, California, USA. It is used to
test robotic mobility systems and autonomous navigation systems in Mars-like soil with a variety of rocks
scattered about (VOLPE, R., 2008).

Close life support systems
Closed Ecological Experiment Facilities (CEEF):

CEEF is a simulation facility started in 1990’s, which is focused on ecological tests. It is coordinated by the
Institute for Environmental Science located in Rokkasho, Japan. It consists of 3 buildings: Closed GeoHydrosphere Experiment, Closed Animal Breeding & Habitation Experiment, and Closed Plantation
Experiment. These experiments include animals, plants, and humans. The results from these tests help to
understand the environmental closed systems for future long-duration missions (IES, 2002) (YASHUHIRO,
T. et al., 2005).
Controlled Environment Systems Research Facility (CESRF):

CESRF was built with public and private funding in Canada at the University of Guelph Ontario
Agricultural College and opened in 2001. It consists of 20 sealed chambers used to study plant growth and
development, photosynthetic gas exchange, air quality and nutrient solution control technologies under
variable pressure conditions (BAMSEY, M. et al., 2009).
Micro-Ecological Life Support System Alternative (MELiSSA):

The MELiSSA project, run by ESA and currently in its first phase, is developing a modern CELSS to create
a sustainable ecosystem. This system is being designed to feed the crew, recycle all organic waste, remove
CO2, regenerate O2, and recover wastewater. To date, the MELiSSA concept employs only biological
methods to complete these processes, but physical treatment is also being investigated as a supplement to
waste processing. The integrated MELiSSA system is currently set to begin operations in 2015. MELiSSA
plans to have the ability to achieve a closed liquid and gas loop fulfilling 100% of the oxygen requirements
and at least 20% of food requirements for one person (HENDRICKX, L. et al., 2006).
Controllo Ambientale Biorigenerativo (CAB):

The Bioregenerative Life Support program, CAB (Controllo Ambientale Biorigenerativo), is a project of
the Italian Space Agency (ASI) Medicine & Biotechnology scientific program in partnership with Thales
Alenia Space Italia. It began in 2006 with a feasibility study of a controlled biological system to support
long-duration space missions. The components of the CAB program are food and oxygen production, CO2
regeneration, water purification and waste management (LOBASCIO, C. et al., 2007).
BIOS-3:

BIOS-3 was an ecological facility enclosing 315 m3 in four compartments. Construction of BIOS-3 finished
in 1972 in Krasnoyarsk, Siberia and experiments continued until 1984. Crews of 1 to 3 men lasted for as
long as 180 days with no resupply from the outside. Various atmospheric and water purification techniques
were utilized with all oxygen produced in-situ via photosynthesis. It has recently been reactivated and
modernized to conduct further CELSS experiments on advanced plant growth and waste management
(TIKHOMIROV, A., 2009).
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Advanced Water Recovery System (AWRS):

AWRS, run by NASA’s JSC is researching and designing a new water recovery system for ISS to decrease
the required consumable mass by over 95%. It is using biological processing while consuming 50% less
power than the original design (BONASSO, P. et al., 2003).
Laboratory Biosphere (LB):

Run by the same group who created Biosphere 2, LB has created a small-scale closed ecosystem
experimenting with a variety of food crops near the original Biosphere facility in Arizona. They are also
experimenting with a variety of lighting techniques to optimize plant growth (PATTERSON, R.L. et al.,
2008).
The South Pole Food Growth Chamber (SPFGC):

The South Pole Food Growth Chamber’s (SPFGC) production room, covering a 250 m2, was designed and
built by the University of Arizona in cooperation with the Sadler Machine Company. The South Pole
“greenhouse” is climate controlled and has automated atmospheric CO2 enrichment, hydroponic nutrient
delivery, and acid injection systems. It captures waste heat from the lighting system to supplement the
warming of the fresh air supply. SPFGC produces a total of 2.8 kg/day from over 14 different edible crops
(PATTERSON, R.L. et al., 2008).
Plant-based Unit for Life Support (PULSA):

The PULSA is facility funded by Italy’s ENEA at the Italian Antarctic bases of Terra Nova Bay and Dome
C (Concordia base). The facility is a 40 m2 closed hydroponic greenhouse containing its own climate
conditioning system. It also treats and recycles some of its waste and is fully automated during germination
and production phases. The facility has been in operation since 2000 growing lettuce and tomatoes, and
generates results analogous to a space mission. (CAMPIOTTI, C.A., 2003) (CAMPIOTTI, C.A., 2006).

Laboratory
Flight Analog Project (FAP):

FAP is run by NASA's Johnson Space Center and coordinates a variety of bed-rest studies to simulate the
microgravitational effects of long-duration spaceflight. Test subjects live in a bed for upwards of 120 days
and are subjected to various countermeasures. Pre- and post-studies are conducted to measure the change in
muscle tone and bone mass. This data is compared to similar measurements made on astronauts (RIEGER,
G., 2009).
Human-related altitude chamber:

The altitude chambers are located at NASA's Johnson Space center in Houston, Texas, USA. There are
multiple altitude chambers that can simulate a wide variety of thermal and barometric situations. It has been
testing physiological and psychological aspects of both the atmospheric pressure and confinement for
almost 40 years (RIEGER, G., 2009).
Dry immersion:

Dry immersion simulates the microgravitional effects on humans. In this experiment, the subject of study is
positioned horizontally inside a "bed bath", which uses a plastic film to separate the subject from the water.
This person maintains this position continuously for 7 – 28 days. Before, during, and after the immersion,
the participant is subjected to a variety of tests to determine the functionality of muscles, heart, and blood
pressure (KORYAK, Y., 2001).
Centrifuge:

A centrifuge is a piece of equipment driven by an electric motor and puts an object in rotation around a
fixed axis and applies a force perpendicular to the axis. Centrifuges can be used to simulate gravity is being
researched for future long-duration space missions. Simulated gravity can help in reducing bone decalcification and muscle atrophy that remains the biggest deterrent to long-duration micro-gravity
environment.
Drop Tower:

Drop towers are used to produce weightlessness by releasing the subject of the study from a significant
height and studying the resulting effect of weightlessness with various sensors during the free-fall. The
Marshall Space Flight Center produces 4.6 seconds of weightlessness, while the drop facility at Bremen can
produce extended weightlessness for up to 10 second. The duration of microgravity depends on the height
of the drop tower.
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Tail Suspension Tests:

Tail suspension tests are used by suspending mice by the tail at various angles and for various durations to
create a simulated weightlessness condition. It is primarily used to observe and evaluate the bone
demineralization and muscular atrophy in a laboratory environment.

Virtual
Interactive Mars Habitat:

Interactive Mars Habitat is a virtual simulator managed by Nexterra Inc. The website is based on a fictional
mission proposed by 2017 for a crew of 6 members and duration of 2.5 years. This project started in March
2002 and its goal is to allow people to explore a 3D model of a Mars habitat, discovering the science,
technology, and hazards of the mission with respect to: the layout, laboratories, EVA preparation, airlock,
infirmary, sleeping compartments and private areas, kitchen, entertainment room, restrooms, greenhouse,
and both pressurized and robotic rover (IMH).
Virtusphere:

Virtuasphere is an immersive virtual reality environment, consisting of a large hollow sphere mounted on a
platform that allow the sphere to rotate freely as the user walks and a head-mounted display which provides
the virtual environment. The user can interact with virtual objects using a special manipulator. It can be
used for many applications, ranging from military training to entertainment.

Miscellaneous
Concordia:

Concordia is a station located in the Antarctica supervised in collaboration by ESA, IPEV, and PNRA. The
16 crewmembers perform research in a variety of topics including medical, physiological, and
psychological issues associated with long-duration missions, like isolation, confinement and bacteria
evolution. They also assess their environment control and waste management techniques. Concordia has
been in operation since 1993 and ESA joined the consortium in 2004 (ESA, 2009).
Parabolic flights:

Parabolic flights are used to perform experiments in simulated microgravity. An aircraft flies on a 10kilometer parabolic arc that can simulate a range of reduced-gravity conditions for durations of 25 seconds
for microgravity and up to 40 seconds for Martian gravity. Each flight can execute up to 40 parabolas over
two hours. NASA uses its McDonnell Douglas C-9 aircraft and ESA uses an Airbus A300 for this purpose.
Zero Gravity Corporation is selling commercial parabolic flights on a modified Boeing 727. On-board these
flights, universities, space agencies, and private companies can perform experiments related to reduced
gravity that may entail science or a technology demonstration (YANIEC, J. and del Rosso, D., 2007).
Antarctic McMurdo Station:

Installed in 1955, the Mcmurdo station is an American Antarctic research center. Owned by the USA, it is a
part of the United States Antarctic Program, and act as the main logistic hub for this program. As the largest
community in Antarctica (able to support up to 1,258 residents), its main function is science. Particularities
of this location, especially during winter, were used to study the effects of Isolation and Confinement on
psychology (NATIONAL SCIENCE FOUNDATION, 2009).
Halley Research Station:

Halley Research Station, run by the British Antarctic Survey, is dedicated to the study of the Earth’s
atmosphere. Five stations have been built until now; due to the approximately 1.2 meters of snow
accumulate each year. Those environmental particularities create the opportunity to study the Halley
Stations as an Analog for extraterrestrial habitats. In order to avoid the station to be buried by snow, the
main buildings of Halley V are supported by steel platforms that are raised each year to keep them above
the snow surface. Halley VI is planned to have steel legs as HV, but skis will be installed on the bottom of
these legs. The building will have the capacity to relocate from time to time. The completion is expected in
late 2011 (NATIONAL ENVIRONMENT RESEARCH COUNCIL, 2007).
High Altitude Balloon:

High Altitude Balloons are balloons filled with helium or hydrogen that carry scientific instrument into the
stratosphere as long as radio transmitters, cameras, GPS receivers and other electronic equipment. They
travel in what is called “near space”, a part of the Earth's atmosphere where air is really thin, but where
height is not enough to allow satellite to orbit.
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Sounding Rockets:

A sounding rocket is a rocket that carries scientific instruments during sub-orbital flights. The term
“sounding” means that it is used to sound, or to take measurements.
Oil Platform:

An offshore platform is a structure designed to house workers and machinery needed to drill wells in the
ocean, extract oil and/or natural gas, process the produced fluids, and ship or pipe them to the shore. On
those locations, danger and anxiety are permanent; isolation and confinement are constant. Those factors
are important stressors, which have, important consequences on the immune system. Therefore, some
studies use oil platform environments as a physiological analog for space missions.
Polar Stations:

Stations located in Antarctica or the Arctic experience many aspects similar to space and therefore are used
as an analog for many aspects. On the psychological side, the reliance on technology, the isolation, and
difficulty leaving the habitat allow polar stations to mimic psychological stressors experienced by
astronauts.
The Architecture and design aspects (interior decoration and boredom effect of long-duration mission) are
also studied and Polar Station environment is also used to test rover and robotic capabilities.

Past missions
Spaceflight
Mir:

The first Russian space station, Mir was launched in 1986 and the entire station was deliberately de-orbited
in 2001. It was continuously occupied for 10 years by crews of 3, but could house 6 for short durations.
Missions on Mir lasted from 2 - 14 months where astronauts performed scientific experiments and
maintained the space station, both inside and outside. NASA collaborated with the Russians in the 1990's
and sent several US astronauts to reside with Russian crews (ZAK, A., 2009).
Salyut:

First launched in 1971, Salyut was the first space station program undertaken by Soviet Union. Made of one
short-lived module and conceived to carry research on the problems related to life in space. Nine models
were put into orbit between 1971 and 1982. Salyut, a manned station, provided the opportunity to study
psychological aspects of long-duration spaceflight, consequences on muscles and the effects of radiation.

Underwater
Ben Franklin Underwater Research Laboratory:

Ben Franklin was a manned submarine in 1969, capable of having 6 crewmembers. Owned by the inventor
Jacques Piccard, NASA took the opportunity to put one of its scientists onboard for a 30-day mission to
study human reactions in a confined environment (FELDMAN, G.C., 2006) (BELEW, L.F., 1977).
Tektite I and II:

Tektite I and II were undersea missions sponsored by NASA and developed in 1969 and 1970 respectively.
In Tektite I, 4 crewmembers stayed 58 days researching marine life and performing medical and
psychological evaluations. This was the first long-duration, scientific, undersea mission. Tektite II included
ten missions with 5 crewmembers each lasting 10-20 days. One of these missions had an all-female crew
for 14-days providing the first information about female behavior in a confined environment (SCARLATA,
R.W., 1969) (MILLER, J.W. and Koblick, I.G., 1995).
Sealab:

This was developed by the United States Navy to test the validity of human long-duration isolation and of
saturation diving. Sealab program was composed of three steps; Sealab I (1964), II (1965) and III (1969).
Thanks to the particular situation of Sealab (extreme difficulty and dangerousness to leave), issues studied
were mainly related to psychology and robotics.

Close life support systems
Biosphere-2:

Biosphere-2 was a 12,700m2 enclosed and sealed structure near Oracle, Arizona, USA. Biosphere-2
investigated a closed ecological system complete with an ocean, desert, mangrove forest, rain forest, and
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savanna. A crew of 8 lived in the biosphere for two years and grew most of their food in-situ. Immense
group psychological problems were prevalent and resulted in two factions being formed (NELSON, M. and
Demster, W.F., 1996).
Biosphere-2 Test Module:

The Biosphere-2 Test Module enclosed 480m3 and was a precursor closed ecological facility to Biosphere-2
constructed in 1986 in the United States. The test module investigated sealing techniques, materials, and
ecology that would be used in the full-scale Biosphere-2. A single crewmember lived in the test module for
a duration of 3, 5, and 21 days (NELSON, M. et al., 1992).
Lunar Mars Life Support Test Project (LMLSTP):

LMLSTP is a series of 4 projects developed by NASA JSC, during the years of 1995 and 1997. A crew of
up to 4, stayed inside a closed environmental chamber for 15 to 90 days. The first experiment lasted 15 days
with one crewmember and focused on air revitalization. Later phases containing up to 4 people, were used
to investigate water recycling, nutrition, microbiology, medical issues, physiological and psychological
changes, as well as crew training for long-duration missions (LANE, H., Sauer, R., Feeback, D., 2002)
BIOS-1 & BIOS-2:

BIOS 1 & 2 were Russian experiments that began in 1965. Their focus was the atmospheric regeneration
using Chlorella algae, later adding water recycling in 1968. A crew of 3 people lived inside the Moscow
facility for one year. All food was provided at the beginning of the test, but water and oxygen were recycled
(ECKART, P, 1996).
BIO-Plex:

BIO-Plex was planned to be built at NASA's Johnson Space Center in Houston, Texas, USA. It was to
simulate a closed ecological system with plants and crew to investigate the best practices for the human and
autonomous operation of the ecological system. Various technologies were to be investigated in this closed
environment with "missions" lasting up to one year. Construction of this complex was never started, but full
software simulations were created (KORTENKAMP, D. et al., 2008) (TERRY, O., 1999).
CELSS Antarctic Analog Project (CAAP):

CAAP, developed jointly by NASA Ames Research Center and the NSF is experimenting with 27 different
crops during 90 days of operations at the U.S. South Pole Station to understand greenhouse operations of a
planetary base. They aim to provide 515 grams of edible biomass per crewmember per day and operate with
a strict power budget.
NASA Breadboard Project:

It is located at the Kennedy space center (NASA). The Breadboard project began in 1986 as a part of the
Advanced Life Support Program. Closed chamber with a total surface of 2150m², it was designed to
provide food, water and atmospheric regeneration needs for one person. The main element was the Biomass
Production Chamber which incubated a 20m² hydroponic plant array. This project provided knowledge in
water & atmospheric recycling, food production, waste management and altered atmospheric composition.

Isolation
Canadian Astronaut Program Space Unit Life Simulation (CAPSULS):

CAPSULS was a 7-day test, conducted by the Canadian Space Agency in the installation of the Defense
and Civil Institute of Environmental Medicine in Toronto, Canada in 1994. The purpose of this project was
to test human factors, physiological and psychological changes, telemedicine, and the operational aspects of
a short-duration mission with 6 crewmembers (CSA, 2006) (MOHANTY, S. et al., 2008).
EXEMSI-92:

The Experimental campaign for European Manned Space Infrastructure was a project developed by ESA in
collaboration with the Norwegian Underwater Technology Centre at a DLR installation in Cologne,
Germany in 1992. EXEMSI-92 tested psychological and physiological factors of 4 crewmembers, as well as
operational issues of a 60-day mission. Environmental control life support, food storage, and isolation were
topics of study (MOHANTY, S. et al., 2008).
Underlab:

An analog site in the Frasassi caves of Italy that studied chronobiology, or the synchronization of humans to
lunar and solar cycles. Sociologist Maurizio Montalbini lived in complete isolation for nearly a year,
breaking the world record for complete isolation. Daniele Bedini designed the habitat.
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ISEMSI-90:

The Isolation Study of European Manned Space Infrastructure conducted by ESA at the Norwegian
Underwater Technology Centre in Norway, was a 28-day test that focused on psychological and
physiological issues within a male crew of 6 in 1990. The environmental control life support, waste
management, and operational factors were well covered in this study (MOHANTY, S. et al., 2008).
Human Behavior in Extended Spaceflight (HUBES):

The focus of HUBES was to simulate real space missions on-board the Mir station. It was a project of ESA,
with the collaboration of the Norwegian Underwater Technology Centre in Bergen, Norway and developed
at the IBMP facility in Moscow, Russia. The project began September 1, 1994 and lasted 135 days with a
crew of 3 Russians. They looked at a variety of factors to better understand the psychological issues
involved in long-duration missions and improve crew selection, training, and monitoring processes (ESA,
1994).
Simulation of Flight of International Crew on Space Station (SFINCSS-99):

The SFINCSS-99 was a project managed in collaboration by NASDA and CSA in the facilities of IBMP in
Moscow, Russia in 1999. It simulated a long-duration mission emphasizing the interaction of 3 crews of 4
people each, including 1 woman. Each crew was composed of a variety of cultures and enclosures varied
from 110- to 240-days. Cardiovascular and hormonal changes due to long-duration isolation were also
studied. The results helped to understand the tension and conflicts that could surge in a multinational and
mixed-gender mission (SANDAL, G.M., 2004) (CUSTAUD, M. et al., 2004).
Skylab Medical Experiments Altitude Test (SMEAT):

The Skylab Medical Experiments Altitude Test (SMEAT) was conducted in 1972 by NASA/JSC in a test
chamber with an atmosphere at 34.5kpa comprised of 70% oxygen and 30% nitrogen. The experiment
lasted 56 days and focused on medical and physical aspects of the 3 crewmembers, water and waste
management, and life support control systems (LANE, H., Sauer, R., Feeback, D., 2002) (WILLSHIRE,
K.F., 1984).
Regenerative Life Support Study:

This was a study done in September 1970, lasting 90 days conducted by the McDonnell Douglas
Astronautics Company, in Huntington Beach, CA. With 4 crew members, the study focused on life support
systems like air, water, waste and food management, as well as crew health monitoring. During the study,
the water and oxygen were fully recycled, and all food was provided at the beginning (LANE, H., Sauer, R.,
Feeback, D., 2002).
Apollo Ground Based Tests:

These were two tests done in preparation for the Apollo missions in 1966 and 1968 performed in a vacuum
test chamber containing the Apollo Command/Service Module, at NASA/JSC. The goal of the test was to
simulate a complete Apollo mission with the full spacecraft in a vacuum with an emphasis on the
atmospheric control system, atmospheric composition, overall operations, and a variety of biomedical
issues associated with a hypobaric atmosphere. It is noteworthy that both the cabin pressure and
atmospheric composition vary from 101.3 kpa, 60% O2, 40% N2 to 34.5 kpa, 100% O2 during the launch of
Apollo. This was successfully replicated in the test. A crew of three worked for up to 184 hours replicating
the complete Apollo mission. The first complete test experienced several failures. The final test gave good
parameters of cabin and suit environment. There was no intention of water or atmospheric recycling
systems (LANE, H., Sauer, R., Feeback, D., 2002).

Future missions
Close life support systems
Environmental Habitat (envihab):

Envihab is planned to be built by the DLR at their campus in Cologne, Germany. It is to investigate a closed
environment, physiological effects of microgravity on test subjects, and the psychological aspects of
confinement and isolation (KOCH, B. and Gerzer, R., 2008).

Isolation
Integrated Human Exploration Mission Simulation Facility (INTEGRITY):

INTEGRITY is a simulation facility proposed to be built at NASA's Johnson Space Center. It is designed to
house a crew for 180 - 1000 days and test out various life support, robotic, and EVA technologies with
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strong international and commercial participation. A mission control facility provides support for the crew
during the experiment (HENNINGER, D. et al., 2002).
Mars500:

Jointly run by ESA and Russia's Institute for Biomedical Problems and located in Moscow, Russia,
Mars500 is due to confine a crew of 6 for 520 days to simulate the complete duration of a short-stay
Martian mission. The simulation will also entail a 30-day surface exploration phase in a Mars-like
simulation facility. Mars500 will investigate the physiological and psychological aspects of confinement for
spaceflight. A 105-day test experiment was completed in July 2009 as a precursor mission to the full 520day mission, due to start in mid-2010 (ESA, 2009).

Analog missions
Euro-MARS:

Euro-Mars is a European effort sponsored by the Mars Society to place an analog site in Iceland. It will
entail an 8-meter diameter habitat divided into 3 decks. International crews of 6 will live in the isolated and
confined habitat for 6-12 months while conducting science on EVAs, utilizing Mars-like technology, and
wearing space suits. Euro-Mars will have a dedicated mission control and can facilitate testing new
technology for Mars missions such as a facility for in-situ production of fuel and tele-operated robots (THE
MARS SOCIETY UK, 2009).
Mars-Oz:

Mars-Oz is a Martian analog site in Arkaroola, Australia, sponsored by the Mars Society. The habitat at
Mars-Oz is planned to be a bent biconic lifting body shape, a new aerodynamic shape for Martian entry,
descent, and landing. The habitat will also be equipped with wheels. The primary goal of Mars-Oz is to
investigate the capabilities and utility of this mobile habitat in Mars-like terrain (MARS SOCIETY
AUSTRALIA, 2007).

Miscellaneous
MEXO-HAB Projects

The Mex-AeroHab Station is a proposed Martian analog study on the Mexican volcano Pico de Orizaba at
an altitude of 5,000 meters. A similar plan called the Mex-LunarHab is also being proposed. These analog
projects are the results of collaboration between the Institute for Advanced Sciences, the Mexican Space
Society, and The Mars Society Spain. The goal of the Mex-AeroHab station is to use the volcanic site for
scientific research related to radiation, low atmospheric pressure, topography, etc. (RAYGOZA and B.J.,
2002).
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